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Summary:

To explore genome organization and function in the HIV infected brain, we applied single nuclei
transcriptomics, cell-type specific chromosomal conformation mapping, and viral integration site
sequencing (1S-seq) to frontal cortex from individuals with encephalitis (HIVE) and without
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(HIV+). De-repressive changes in 3D genomic compartment structures in HIVE microglia were
linked to transcriptional activation of interferon (IFN) signaling and cell migratory pathways,
while transcriptional downregulation and repressive compartmentalization of neuronal health
and signaling genes occurred in both HIVE and HIV+ microglia. 1S-seq recovered 1,221 brain
integration sites showing distinct genomic patterns as compared to peripheral lymphocytes,
with enrichment for sequences newly mobilized into a permissive chromatin environment after

Page 2

infection. Viral transcription occurred in a subset of highly activated microglia comprising 0.003%
of all nuclei in HIVE brain. Our findings point to disrupted microglia-neuronal interactions in HIV

and link retroviral integration to remodeling of the microglial 3D genome during infection.

eTOC blurb:

Plaza-Jennings et al. study HIV genome integration patterns in infected brain and link the

spatial organization of the chromosomal material in brain immune cells to gene expression
changes at single cell resolution, including disruption of neuronal support functions and dynamic
interrelations between neuroinflammation and viral insertion into the host genome.
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INTRODUCTION

HIV enters the brain within the first two weeks of infection, and biomarkers of central

nervous system (CNS) inflammation as well as neurologic symptoms have been observed
in acute HIV diseasel=3. Considering that roughly 7x10° microglial cells, the primary CNS
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cell type infected by HIV, reside in an adult human brain®~7, the CNS is potentially a large
reservoir site?:8. HIV-associated neurocognitive disorder (HAND) affects 20-50% of the 37
million people living with HIV (PLWH), with the milder forms of HAND predominating in
the era of combined antiretroviral therapy (CART)%-11,

Genomic and transcriptomic exploration of the HIV-infected human brain is critical to
developing treatments for HAND and HIV cure strategies. However, to date, genomic
studies in the HIV infected brain have primarily focused on bulk tissue gene expression
profiling and demonstrated neuroinflammation and metabolic alterations!2:13, Herein we
describe the first cell-type-specific integrative genomics studies, including HIV integration
site sequencing, chromosomal conformation (‘3D genome’) mapping, and single nucleus
transcription, of frontal lobe tissues from individuals who were HIV-infected with
encephalitis and without encephalitis.

RESULTS

Transcriptomic profiling of the HIV-infected brain at a single nucleus resolution

Using dual-labeling RNA fluorescence in situ hybridization (FISH) for HIV transcripts

and immunohistochemistry for microglial markers, we first confirmed high levels of HIV
RNA expression in encephalitic brain in microglia (Figure 1A). Next, in order to obtain
deeper, cell-type specific resolution of transcription in HIV-infected and uninfected brain,
we performed 10X Chromium single nucleus RNA-sequencing (SnRNA-seq) of frontal
lobe, including Frontal Cortex gray matter and underlying subcortical White Matter (FC/
WM), of HIV uninfected (HIV-, n=3), HIV infected (HIV+, n=3) and HIV infected with
encephalitis (HIVE, n=7) samples (Figure 1B, Table S1). We profiled a total of 69,843
nuclei to an average depth of 119,797 + 32,766 reads and a median of 2,401 + 221 expressed
genes/nucleus (Supplementary file S1). Consistent with previous studies 1412, we identified
17 cell type clusters, including excitatory (Exc1-7) and inhibitory neuronal subtypes
(Inh1-3), oligodendrocytes (Ol), oligodendrocyte progenitor cells (OPC), astrocytes (Ast),
endothelial (Endo), lymphoid cells (Lymph), microglia/CD163+ perivascular macrophages
(Mg), and immune oligodendroglia (ImOI; Figure 1C-D, for marker gene expression see
Supplementary file S2). ImOlI are a previously described, rare cell population with marker
gene expression of both oligodendrocyte and immune-related genes6:17,

Next, we screened single nuclei for the presence of HIV transcripts and observed HIV-
mapping transcripts in all cell types in HIV (Figure S1A). Highly expressed transcripts

are associated with low-level contamination in snRNA-seq, potentially accounting for

false positive calls in our single-nuclei HIV expression profiles1819, Thus, we performed
snRNA-seq of intermixed HIVE and naive mouse brain tissue (Figure SLA-E), and thereby
determined a stringent read count threshold of >5 HIV-mapping reads required for a nucleus
to be considered HIV RNA+, which removed 99.8% of all contaminated nuclei (Figure
S1D-F). Overall, 4.8% of nuclei in the HIVE Mg cluster (133/2,756) and in HIVE ImOI
(10/209) were HIV RNA+, while the proportion of astrocytes, lymphocytes, and neurons
harboring HIV RNA-expressing nuclei was lower by at least one order of magnitude (~0.1
—0.3%, or 1-3 HIV RNA+ nuclei/cluster) (Figure 1E-F). Consistent with these findings,
CD4, encoding the primary viral receptor?%, was only detectable in Mg and ImOlI clusters.
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Low expression of CD4 was observed in the lymphoid cluster likely due to low ante-mortem
CD4 counts in HIVE donors (Table S1), who comprised 87% of all lymphoid nuclei.
Expression of CCR5and CXCR4, the two major viral co-receptors2L, was low across all
different FC/WM cell types with the exception of robust CXCR4 expression in the Lymph
cluster (Figure S1G). Finally, in contrast to sensitive PCR methods confirming HIV DNA

in 3/3 HIVV+ brains for which we performed snRNA-seq (Table S1), we did not detect HIV
transcripts in any nucleus from HIV+ brain (Figure S1A), while it was readily detectable in
5/7 HIVE brains.

Transcriptomic alterations in HIVE microglia linked to large scale reorganization of
chromosomal compartments

Cell culture models of immune cells undergoing activation have shown broad changes

in chromosomal conformation?2-26, while 3D reorganization of any immune cell in vivo,
including microglia, has not been examined. To explore, we generated genome-scale Hi-C
chromosomal contact maps for microglia and neurons from two HIVE brains with confirmed
HIV expression by snRNA-seq, together with age-and sex- matched controls (Table S1).
Microglial and neuronal nuclei were isolated using fluorescence-activated nuclei sorting
(FANS) with microglia- (Interferon regulatory factor 8, Irf8) and neuron-specific (NeuN)
markers (Figure 2A, Figure S2A), followed by /n situ Hi-C 3D genome profiling with
>200M valid intrachromosomal chimeric reads/sample (Supplementary file S1). Pairwise
correlations found that the largest Hi-C difference was by cell type followed by diagnosis
(Figure S2B). To explore encephalitis-related changes to microglial genome structure, we
first focused on megabase-sized (~0.1-10Mb) chromosomal compartments, divided into
gene-dense A-compartments with active gene expression and gene-poor B-compartments
with low levels of active gene expression (Figure 2B, see Methods). We observed a slight
but significant shift in the proportion of the genome found in the A compartment in

HIVE (47.3%) vs. HIV- microglia (46.2%, Chi-square p=0.0045, Figure 2C). Analysis also
revealed significant changes in A/B compartmentalization (detected by dcHIC, Pgj<0.05)
encompassing 196Mb, or 6.4% of (haploid) genome in HIVVE brain as compared to HIV-
(Figure 2D). 118Mb showed a significant increase in the PC1 eigenvector (HIVE >

HIV-) corresponding to a switch to a more open conformation in HIVE microglia and
76Mb showed changes in the opposite direction, corresponding to compartment remodeling
towards a more closed state (Figure 2D, Supplementary file S3). Of note, there was minimal,
negative correlation (R=—-0.065) of NeuN+ APC1 and Irf8+ APC1 values for compartment
bins undergoing a significant eigenvector change in HIVE vs. HIV- Mg (Figure S2C).
Likewise, APC1 values for compartment bins with a significant eigenvector change in both
cell types showed a negative correlation (R=-0.29, P = 5.4x10714) (Figure S2D). Therefore,
Hi-C compartment alterations in HIVE are highly specific for microglia and not shared by
surrounding neuronal nuclei.

Importantly, functional pathway analysis revealed that genes positioned within genomic loci
with significantly increased A-compartmentalization in HIVE microglia showed significant
enrichment for interferon (IFN) and other cytokine signaling pathways as well as myeloid
chemotaxis and migration pathways (Figure 2E, Supplementary file S3—4). Furthermore,
regions of increased A compartmentalization in HIVE included a total of 1,940 genes that
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were expressed at significantly higher levels in HIVE (N=7) as compared to HIV- (N=3)
microglia from our snRNA-seq data (Wilcoxon signed rank test, P = 0.002, Figure 2F,
Supplementary file S3). Of these, N=335 genes that switched eigenvector direction from
B—A showed significant enrichment in immune functions, including cytokine signaling,
viral response, inflammatory pathways, and T-cell differentiation pathways (Figure S2E).
Another set of N=1,231 genes switched from Ajqy—>Anigh and were enriched for metal ion
stress response pathways due to a group of metallothionein genes involved in the immune
response and in mediating monocyte resistance to HIV-induced apoptosis (Figure S2F) 27:28,
Genes that switched from Bpigh—>Bjow (N=308) were also enriched for immune functions,
including lymphocyte chemotaxis, IFN, and interleukin pathways (Figure S2G).

In striking contrast to these associations between A-compartmentalization and
transcriptional upregulation of IFN and other cytokine and immune signaling genes in

the HIVE microglia, gene ontologies of genomic loci undergoing repressive compartment
remodeling were enriched for various homeostatic functions, such as cell adhesion,
regulation of synaptic signaling, and neurodevelopment (Figure 2G, Figure S2H-I,
Supplementary file S4), and were overall expressed at lower levels in HIVE microglia as
compared to HIV- (Wilcoxon signed rank test, P = 6.5 x 10~7, Figure 2H).

To further test the link between compartment switching and transcriptional reprogramming
in HIVE microglia, we inverted our order of analysis by first calling N=218 differentially
expressed genes (DEGS) in the snRNA-seq Mg cluster (DESeq2, logx(Fold change) > 1, Py
< 0.7) and then assigning their respective compartments (Figure 21, Supplementary file S1).
Top functional pathways for the N=157 upregulated genes, as with A-compartmentalized
genes, were related to immune signaling, including the interferon (IFN) response with

key transcription factors STA7Z and STATZ, and IFN-stimulated genes /SG15, IF16,

IFI27, IFI44, and /FIHI (Figure 2J, Supplementary file S4). In addition, upregulated
expression with A-compartmentalization included several members of the guanylate binding
proteins (GBPs), GBP1, 2, 4, and 5, which mediate NFAT-dependent transcription in
myeloid cells and interact with the inflammasome to regulate cytokine production and
pyroptosis (Figure 2J)2°. In contrast, pathway enrichment for the N=61 downregulated and
B-compartmentalized genes was limited to cell adhesion genes (Figure 2K, Supplementary
file S4).

Of note, from the 157 DEGs upregulated in HIVE Mg, 70% were found in the microglial
A compartment in HIVE as compared to 60% in HIV- (Chi-square p=0.07, Figure 2L),
with significant preference for Ajo—>Anigh compartment switching (Figure 2M) and
overall increased A-compartmentalization in HIVE (up-regulated DEGs, 5-fold enrichment
over chance, hypergeometric p<8x10-12, Figure 2N). A representative example, the
STAT1/STAT4 locus, is shown in Figure 20. We did not observe significant changes

in compartment location of downregulated DEGs (Figure 2L, N). Together, these results
suggest that HIV induces open chromatin configuration in microglia that accompanies
transcriptomic activation of inflammatory pathways.
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3D genome remodeling at IFN-related loci is partially recapitulated by IFN-y stimulation of
cultured microglia

In macrophages, IFN stimulation causes similar changes to 3D genome structure as
influenza viral infection3C. Because IFN-y related genes were enriched in regions of A-
compartmentalization in our HIVE microglia, we hypothesized that 3D-genome remodeling
may be caused in part by IFN stimulation. To explore, we performed /n s/t Hi-C on

HMC3 immortalized microglia stimulated with IFN-y or a vehicle control (BSA) for 24
hours (Figure S3A-B). Indeed, similarly to HIVE microglia, 7.2% of the HMC3 genome
underwent compartment switching upon IFN-y stimulation, including 130Mb and 93Mb
with significant A and B compartmentalization respectively (Figure S3C). APC1 values
were modestly but significantly correlated between HMC3 cells and HIVE microglia for
regions of compartment switching in HIVE microglia (R=0.17, p=1x10~13) and for regions
of significant compartment switching in both HIVE microglia and HMC3 cells (R=0.23,
p=0.002; Figure S3D-E). Regions with significant switching in both were enriched for
IFN-y response, stress, and antiviral pathways (Figure S3F). Thus, while global changes to
3D genome structure show only limited correlation between in vivo and in vitro models,
IFN stimulation drives changes to 3D genome structure specifically at IFN-regulated loci
both in HIVE microglia /n vivo and in the HMC3 cell culture model. Illustrative examples
include the previously discussed STATZ locus on chromosome 2 and a large ~2Mb stretch of
chromosome 16, containing the immune-related genes NLRC5, CCL 22, the metallothionine
genes, CX3CL1, HERPUDI, and NUP9I3, with each of these loci showing a significant
increase in PC1 in both HIVE microglia and in IFN-stimulated HMC3 cells (Figure S3G—
H).

Microglial plasticity of chromosomal domains and loops linked to altered gene expression

The structural organization of chromosomes is mediated by two main forces — phase
separation mechanisms driving the spatial segregation of A and B chromatin compartments
and ATP-dependent loop extrusion by CTCF, YY1 and cohesin that furnishes topologically
associated domains (TADs) and loops31-33. Peripheral myeloid cells exposed to microbial
environments orchestrate a rapid inflammatory response that includes changes both in
TAD domain landscapes and compartments34. Therefore, after having seen that HIVE

was associated with broad remodeling of compartment architecture, we explored TAD

and loops alterations in brain microglia. We first mapped genome-wide TAD insulation
scores, a measure comparing the strength of intra-TAD chromosomal contacts in comparison
to boundary crossing contacts3®. HIVE in comparison to HIV- microglia, showed a
significant genome-wide increase in insulation score, indicating weaker domain boundaries
(Wilcoxon rank sum P=7x10711, Figure S4A). Using ENCODE YY1 and CTCF ChIP-seq
reference datasets from GM12878 and CD14+ monocytes respectively, we saw significant
enrichment of CTCF and YY1 binding specifically at sites with the top 10% largest TAD
insulation changes in HIVE Mg, consistent with the role of YY1 and CTCF as regulators
of TAD domain insulation and loop formation (Figure S4B) 3638, The same regions

were significantly associated with compartment remodeling, with regions of significant B
compartmentalization showing large insulation score increases (Figure S4C-D).
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Chromosomal loops, defined as distinct contacts between two loci in the absence of similar
interactions in the surrounding sequences3®, showed large-scale remodeling genome-wide
between groups, with N= 5,959 loops specific to HIVE, N=2,799 loops specific to HIV™,
and N=1,493 loops shared between HIVE and HIV™ microglia (Supplementary file S5), with
highly significant overlap of CTCF binding with loop anchors ( 57% of all HIVE and HIV-
loop anchors (Z=272, p<0.001), 54% of differential loop anchors (Z=55, p<0.001, Figure
SAE). Genes specific to the span of HIVE loops were enriched for functions including

STAT signaling, cell adhesion, and nervous system development (Figure 3A, Supplementary
file S4). Furthermore, microglial DEGs, which included multiple oligoadenylate synthetase
(OAS) cluster genes on chromosome 12, encompassing OASZ, 2, and 3, defined as IFN-
stimulated genes encoding RNases capable of cleaving viral RNAs*0, were significantly
enriched in HIVE-specific loops (Figure 3B—C). No enrichment was observed for HIV-
loops. We performed further loop analysis controlling for read depth?!, and identified 342
loops gained and 329 loops lost in HIVE (Figure 3D, Supplementary file S5). HIVE-gained
loop anchors contained 473 genes (Supplementary file S5), representing pathways similar
to those observed in compartment and differential expression analysis, including synapse
organization and cell migration (Figure 3E, Supplementary file S4). These included 9 DEGs
(hypergeometric representation factor=4.4, p<2.5x1074), including SELL, LRRC4C, FLT1
as regulators of cell motility and the long non-coding RNA L/NC00513, an important
regulator of type I-IFN signaling that promotes STAT1 and STAT2 phosphorylation 42-45, In
contrast, HIVVE-lost loops, containing 511 genes (Supplementary file S5), lacked significant
GO enrichment.

Finally, we also identified multiple loop anchors with conserved loop remodeling in HIVE
microglia and IFN-y treated HMC3 cells (Supplementary file S5), including GBP and other
loci showing A compartmentalization and upregulated expression in HIVE microglia (Figure
S4F).

The microglial transcriptome and 3D genome in the HIV+ brain without encephalitis

Our studies described above in HIVE microglia revealed transcriptomic reprogramming
and widespread reconfiguration of chromosomal conformations encompassing hundreds of
megabases, revealing a functional divergence defined by de-repression of immune-related
loci, in sharp contrast to the repressive compartmentalization of microglial genes linked to
neuronal support functions. We next explored whether similar types of alterations exist

in HIV+ brains that had not progressed to encephalitis. We examined the microglial
transcriptome in the snRNA-seq datasets from our 3 HIV* samples that had been processed
in parallel to the 10 HIVE and control specimens. Indeed, there was a significant linear
correlation (Pearson R=0.41, p=1x10~11) between the log,(fold change) in expression in
HIVE and HIV+ vs. HIV- Mg for the 218 DEGs initially identified in HIVE microglia,
suggesting that many of the HIVE Mg gene expression changes may be present, to a

lesser extent, in HIV+ Mg (Figure S5A). Furthermore, differential expression analysis of
HIV+ vs. HIV- microglia, utilizing the same significance threshold used for HIVE vs.
HIV- comparisons (logx(FC)>1, pagj<0.7), produced 855 DEGs (Figure S5B). 800 genes
down-regulated in HIVV+ were highly enriched for nervous system and synaptic processes
(Figure S5C), gene ontologies closely related to the group of genes showing repressive
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compartmentalization and decreased expression in HIVE (Figure S5D-E). This included
Netrin-G1 ligand LRRC4C/NGL 1, which has been implicated in microglial accumulation
at axonic compartments of cortico-spinal projection neurons 46. However, in contrast to
HIVE, microglial transcriptomes from HIV+ brain lacked upregulation of IFN or other
immune-related pathways.

To further corroborate these differences in the genomic response of HIVE and HIV+

Mg, we generated a Hi-C map for Irf8+ Mg nuclei from an HIVV+ (non-HIVE) brain.
There was a significant positive correlation between APC1 values in HIVE and HIV+ Mg
for those regions with a significant compartment switch in HIVE (R=0.38, p<2.2x10716;
Figure S5F), and even a stronger correlation for the 339 100kb bins that underwent a
significant compartment switch in both HIVE and HIV+ (R=0.52, p<2.2x10716; Figure
S5G). Remarkably, pathway enrichment analyses revealed that both HIV+ and HIVE
microglia exhibit repressive compartment remodeling at BCL2L 1, PNOC, and PARKN/
PARKIN, which encode broad regulators of auto- and mitophagy implicated in synaptic
plasticity and neuronal injury and metabolism (Figure S5H) 4749, These findings further
confirm that the genomic response of Mg residing in the HIV infected brain includes
widespread alterations at gene loci regulating microglia-mediated effects on neuronal health
and signaling, which are not limited to late-stage disease with encephalitis.

Neuronal and non-neuronal integration site mapping in the HIV infected brain

Our single nuclei transcriptome profiling showed that HIV RNA is detectable in a subset
of HIVE microglia, with a smaller contribution of other, overwhelmingly non-neuronal, cell
types (Figure 1E-F). Therefore, for genome-wide integration site sequencing (1S-seq), we
sorted neuronal (NeuN+) and non-neuronal (NeuN-) FC/WM nuclei by FANS (Figure 4A)
and performed integration site (IS) sequencing (1S-seq; Figure S6A-B). We validated our
IS-seq methods in 4 JLat lymphocyte lines each harboring a single, previously published
IS (Figure 4A, Figure S6C). Based on 1S-seq from sequential dilutions of JLat clones with
uninfected Jurkat DNA, we estimate an overall 1.6% sensitivity of IS detection, a number
that is 6-fold higher than previous studies using similar methodology (Figure S6D) 0.
Importantly, DNA FISH labeling of nuclei from HIVE brain with an HIV-specific probe
showed a single integrated provirus in each infected nucleus, suggesting that surviving,
infected cells in the brain are not targeted for repeated infection, similar to what has been
observed in peripheral lymphocytes (Figure 4A) 5152,

We then generated 53 cell-type specific 1S-seq libraries from FC/WM NeuN+ and NeuN-
nuclei from 25 unique donors (n=7 HIVE, n=18 HIV+; Table S1), in addition to 20

HIV- control 1S-seq libraries (8 from uninfected Jurkat cultures, 12 from HIV- FC/WM
sorted nuclei from 6 unique donors). An additional set of 28 libraries, prepared from 14
HIV+, non-encephalitic donors and 8 HIV- samples, failed to produce sufficient library for
sequencing, indicating low or absent viral integration (Table S1). We identified n=1,254 IS,
the overwhelming majority from NeuN- (n=1,221/1254, 97%, Supplementary file S6). Of
note, 1S were detected in 85% (6/7) of HIVE and 28% (5/18) of HIV* donors, including 2
subjects diagnosed with CD8+ T-cell encephalitis, an unusual inflammatory brain disorder
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affecting cCART-medicated and treatment-naive individuals, and 1 elite controller (Figure
3B)%3.

We compared the NeuN- IS-seq map with three independent T-cell datasets: 1) n=3,603
compiled IS from patient T-cells infected in vive®*-59, 2) n=687 IS from /n vivo infected
peripheral blood mononuclear cells (PBMCs) computed from publicly available raw
sequencing files®®, 3) newly generated n=52,190 IS from Jn vitro infected Jurkat cells
(Supplementary file S6). NeuN- nuclei showed a significantly lower rate of recurrent
integration events, defined as >1 separate integration event into the same gene (Figure 4C,
Figure S6E). However, clonal integration, indicative of proliferation of infected cells, was
of similar magnitude in NeuN- nuclei (16% average across donors) compared to the /n vivo
T-lymphocyte (18%) and PBMC (12%) datasets. Clonal events in the Jurkat cells, harvested
48h post-infection, were much lower (0.6%) (Figure 4D, Figure S6F).

IS genomic annotations in NeuN- HIVE showed, similar to peripheral T-cells, a preference
for proximal promoters, introns, and 3’UTRs (Figure 4E, Figure S6G). However, NeuN-
HIVE showed significantly more integration into distal intergenic regions Figure 4F).
Consistent with the overall association of intergenic DNA with B-compartment status, we
observed significantly higher rates of integration into the B compartment (22% vs. 8%,
p<2.2x10716; Figure 4G) and overall lower PC1 values (Figure 4H) among NeuN- 1S
compared to T-cell using published Hi-C Jurkat Hi-C®0. However, integration in the A
compartment was still overall favored in both the brain and T-cells where 46% and 48% of
the whole genome were found in the A compartment respectively (Chi-square p<2.2x10716
for both).

Next, we explored local epigenomic features at viral insertion sites by studying T-cell IS in
relation to Jurkat ChlP-seq datasets and similarly, NeuN- IS in relation to NeuN- ChIP-seq
datasets (see Methods and Supplementary file S1). These included transcription-facilitative
histone H3 lysine 4 trimethylation (H3K4me3) and lysine 27 acetylation (H3K27ac), and
repressive H3K9me3 and H3K27me3 marks, together with open chromatin profiles by the
Assay for Transposase Accessible Chromatin. Indeed, in both NeuN- and Jurkat, IS were
located ~104 bp from the nearest open chromatin region but were 108-108bp from the nearest
repressive mark (Figure 41-J, Figure S6H).

Interestingly, we observed that LEDGF and CPSF6, the two cellular factors involved in
mediating integration site selection in T-cells, were expressed at significantly lower levels

in microglia as compared to all other cell clusters in our snRNA-seq data (Figure S61-J).
Leveraging ChlP-seq data from U20S cells (Supplementary file S1) revealed enrichment
for CPSF6 binding at T-cell but not NeuN- IS (Figure S6K-L). Of note, a recent IS

study in the C20 microglial cell line did not observe the same differences in IS patterns

as we observed here compared to T-cells®1. However, based on published RNA-seq data,
expression of LEDGFand CPSF6 is significantly higher in C20 cells as compared to
primary microglia (Figure S6M-N). Both in our snRNA-seq data and published RNA-seq
datab2, this discrepancy in expression appears to be greatest for LEGDF. Thus, while general
IS patterns in the brain are similar to T-cells, we observe differences in the rates of recurrent
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integration, integration into intergenic and B-compartmentalized regions, and expression and
binding of integration targeting host factors.

Viral integration is associated with microglial transcriptional and 3D-genomic features

Of note, genes containing IS (IS genes) were expressed at significantly higher levels in
microglia, ImOI, and Lymph clusters as compared to non-immune cell types in the brain
(Figure 5A). This is in line with our snRNA-seq data, which showed viral transcription
predominantly in the Mg and ImOI clusters (Figure 1E-F). Similarly, microglia showed the
highest levels of expression for IS genes most variably expressed across our eight principal
cell types (Figure 5B). To examine this further, we grouped all expressed transcripts from
HIV-, and separately, from HIVE Mg, into 8 bins of increasing expression (12.5% of
expressed genes/bin with bin 8 containing the most highly expressed genes) and determined
for each bin the proportion of IS genes it contained. Strikingly, the proportion of IS

genes found in each bin showed a steady increase with consecutively higher bin number
(Poisson linear model p<2.2x10716). IS genes were overrepresented in the bin of most
highly expressed genes (bin 8, Figure 5C). This effect was seen both in HIV- and HIVE
Mg, with only a slight increase in the proportion of IS genes found in bins 7 and 8 in

HIVE (69.8% vs 67.4%, Chi-square p=0.3). These findings would be consistent with the
hypothesis that microglial genes highly expressed at baseline are at high risk to be targeted
for integration when the brain becomes infected with HIV. Global patterns of integration into
regions of microglia-specific gene expression and permissive epigenomic features can be
observed on a genome-wide scale and are exemplified by chromosome 19, the chromosome
with the highest IS density (Figure 5D-E).

Viral integration is linked to infection-related reorganization of the microglial genome

In vitro T-cells show 3D genome reorganization in acute immune activation models that
impacts integration site selection8?. Interestingly, we observed a significant increase in the
proportion of IS in the A compartment in HIV+ as compared to HIV- (81% vs. 77%, Chi-
square p=0.005, data not shown) and in HIVE as compared to HIV- microglia (82% vs. 78%,
Chi-square p=0.02 respectively; Figure 6A). Of those IS found in regions undergoing A
compartmentalization in HIVE (N=65) or HIV+ (N=82), N=37 switched in both conditions
(Supplementary file 3). These findings indicate that a subset of integration sites may be
dependent on disease stage, including presence of encephalitis.

Overall, 7.6% of IS were found in regions of compartment switching in HIVE (Figure 6B),
primarily driven by sequences undergoing significant A-compartmentalization (Chi-square
p=0.06, Figure 6B). Furthermore, domains harboring IS showed a significant decrease

in insulation score in HIVE as compared to HIV- microglia (Figure 6C-D), an effect
extremely specific given that on a genome-wide scale, HIVE Mg showed a significant
increase in insulation scores compared to HIV-Mg (Figure S4A). These findings strongly
suggest that chromosomal domains undergoing dynamic remodeling in HIVE microglia
with high insulation, a potential indicator for open chromatin facilitative to transcription®3,
are specifically at risk for HIV integration. Furthermore, in good agreement with the
aforementioned CTCF and YY1 chromatin occupancies at TAD domains with insulation
score alterations in the HIVE vs. HIV- Mg (Figure S4B), loci dually defined by a viral
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integration site and’a robust (top 10t percentile) insulation score change in the HIVE
microglia also showed significant enrichment for CTCF and YY1 binding (Figure S60).

Viral transcription is linked to microglial activation

Integration is a critical step in the HIV life cycle because it allows for efficient transcription
of viral genes®4:65, Thus, we studied viral transcription using our snRNA-seq data.
Surprisingly, HIV was the second most highly expressed transcript in HIV RNA+ microglial
nuclei (Figure 7A), suggesting that HIV takes over the cellular transcriptional landscape.
Indeed, we observed that HIV RNA+ nuclei tended to cluster together when we performed
sub-clustering of HIVE microglia, even though HIV transcripts were excluded when
performing the sub-clustering (Figure 7B). Furthermore, principal component analysis of
HIV RNA+ and RNA- microglia from each of our 5 HIVE donor samples in which we
detected viral transcription, showed a highly consistent shift along PC1 and PC2 for HIV
RNA+ microglia (Figure S7A), indicating a shared effect of active viral transcription on
cellular gene expression across these different subjects. We counted 69 genes downregulated
in HIV RNA+ vs. RNA- Mg nuclei, enriched for cell adhesion and neuronal support
functions (Figure 7C-D). Over half of these genes are targets of CTBP2 and SUZ12, both
components of Polycomb Repressive Complex 2 (PRC2) that also showed higher levels

of transcription in HIV RNA+ microglia (Figure S7B-C). There were 20 significantly
upregulated genes in HIV RNA+ microglia, enriched for phagocytic and cell migratory
functions (Figure 7C, E).

Importantly, very similar gene ontologies and functional pathways emerged in our ShRNA-
seq and Hi-C analyses comparing the entire pool of HIVE brain microglia vs HIV- brain
(Figure 2). Thus, we compared gene expression changes in HIV RNA+ vs. HIVV RNA-
microglia to HIVE vs. HIV- microglia and found a highly significant positive linear
relationship (Figure 7F), suggesting that viral transcription occurs in activated microglia
that drive differential expression in HIVE. In line with this, for key immune genes,
HLA-Band STAT1, we observed a gradient in expression that was lowest in HIV-
microglia, intermediate in HIVE microglia not harboring HIV transcript, and highest in
HIV RNA+ HIVE microglia (Figure 7G). HIVE HIV RNA- microglia still showed evidence
of activation, as there was a high degree of correlation between HIVE HIV RNA- and
RNA+ differential expression as compared to HIV- microglia (Figure S7D). However,

the magnitude of the fold change in expression of DEGs was higher for HIV RNA+ as
compared to RNA- microglia, further reinforcing that HIV RNA+ Mg are the most activated
(Figure S7E). Taken together, these findings suggest that viral transcription, detectable on
the level of the single nucleus, is linked to a subset of highly activated microglia.

DISCUSSION

Deeper understanding of the invasion and spread of HIV in the brain and its clinical
sequelae, including HAND, requires insight into the epigenomic and transcriptomic context
of retroviral infection in the human brain. Here, we built an integrative dataset from 79
sequencing files, including snRNA-seq, Hi-C, 1S-seq, and ChIP-seq, providing a critically
needed neurogenomics resource from postmortem brain of infected donors and controls.
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While HIVE is no longer common in the CART era, it is useful as a model to understand
how active, unrestricted viral infection impacts the brain, as all individuals undergo a period
of unrestricted viral replication prior to initiating cCART®6:67_ In support of this, patients
occasionally have neurologic symptoms during acute infection, so it is possible the brain at
this stage may resemble more of a HIVE-like state58. It will be interesting to utilize simian
immunodeficiency virus (SIV) models or humanized mouse models to assess whether the
neurogenomics of acute infection resonates with some of the findings reported here for

the HIVE postmortem brain®:70. Moreover, HIVE remains a significant concern for an
estimated 9 million PLWH worldwide believed not to be on cART’2, given that in the
pre-cCART era approximately one quarter of patients develop HIVE in the setting of severe
immunosuppression’273,

In any case, our single nuclei profiling, and earlier work in HIVE bulk tissue’*7°, all point
to elevated expression of interferon (IFN) response and complement cascade genes, and
decreased expression of genes related to bioenergetics and neuronal function, indicating an
adaptive shift in the microglia of the infected brain from homeostatic, neuronal support
functions to inflammation. It is remarkable that non-encephalitic microglia from HIV+ brain
show conserved changes in gene expression and 3D genome remodeling at genes related to
neuronal health and synaptic function, even in the absences of significant viral integration
and transcription. This may represent an early insult that contributes to HAND and to the
observed neuronal dysfunction and death in HIV infection in the absence of direct neuronal
infection’®,

Importantly, according to our microglia-specific Hi-C data from HIVE and non-infected
controls, chromosomal conformations at the site of differentially expressed genes undergo a
profound reorganization, with altogether 182 megabases of microglial genome—in total
length roughly equivalent to the size of human chromosome 5—undergoing a change

in A/B compartment structures, together with rewiring of hundreds of contact-specific
loops and genome-wide alterations of the kilo-to megabase-scaling TAD domains. We
show that 3D genome changes in HIV infected brain are highly cell type-specific and
associated with corresponding reprograming of the nuclear transcriptome. Specifically, in
encephalitic brain microglia, sites of up-regulated gene expression, including many genes
involved in interferon response and viral defense pathways, undergo a reconfiguration to

a transcriptionally more permissive and open chromatin environment. At a subset of loci,
similar changes were observed in IFN-y stimulated cultured microglial cells, suggesting that
IFN stimulation in part drives 3D remodeling in HIVE.

Critically, these immune activation-associated changes to microglia are linked to viral
infection, both in terms of integration and viral transcription. We observed a strong
preference for integration into A compartment open chromatin, similar to previous reports in
T-cells 5456.60.77 and found preliminary evidence, pending confirmation in larger cohorts,
that a subset of integration sites may be dependent on disease stage, including presence

of encephalitis. In addition to activation of immune signaling pathways, HIV-derived
transcripts or proteins could impact the cell’s epigenomic organization and chromosomal
conformations via additional mechanisms. Illustrative examples exist for other types of
viruses. For example, the NS1 protein in influenza virus-infected peripheral macrophages
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interferes with transcriptional termination, resulting in abnormal read-through of elongating
RNA polymerase Il across hundreds of kilobases, with the net effects of locus decompaction
and chromosomal contact changes /8. Another RNA virus, SARS-CoV-2, causes global 3D
genome defects in susceptible lung cells and rewiring of chromosomal contacts and loops at
odorant receptor gene loci in the olfactory sensory mucosa 7980,

We also observed high levels of viral transcription in activated microglia, underscoring the
capability of HIV for extremely productive, and ultimately detrimental, seeding and spread
in the brain’s susceptible cell population. The presence of a small population of clonal
integration sites points to the ability of infected cells to replicate and expand the pool of
CNS virus. Regardless of directionality, we saw that immune stimulation and infection are
linked, suggesting that microglial activation potentiates infection in some way.

Importantly, we also observed different patterns of IS selection in the brain as compared to
T-cells, with lower rates of recurrent integration and higher rates of intergenic integration in
brain, which may be caused by lower levels of expression of the integration targeting factors,
LEDGFand CPSF&, in brain microglia. In macrophages, rates of genic integration are
inversely correlated with expression of LEDGF®L, with L EDGF ablation in macrophages
leading to higher rates of intergenic integration82:83, Furthermore, in microglia integration
was highly biased for genes in the top 12.5% of most highly expressed genes, while in
T-cells preferential integration has been observed in the top ~40% of most highly expressed
genes’”:84, However, whether this is a biological difference of integration in microglia

or the result of nuclear vs. whole cell RNA-seq more accurately capturing the active
transcriptional landscape is not clear. Cell-type specific differences integration site targeting
have implications for HIV cure strategies as latency reversing agents used in shock-and-kill
approaches have different efficacy depending on target site®.

Limitations of the study:

According to the present study, genomic integration sites showed significant changes in

3D structure in HIVE as compared to HIV-. While we cannot determine causality with
neurogenomic approaches, the most likely explanation is that infection and inflammation
mobilize chromosomal conformations, which in turn increases the susceptibility of genomic
loci, primarily those that re-localize into a more open chromatin environment, to become
more favored for integration. We believe this is a more likely scenario than specific viral

IS driving changes to the 3D genome, considering that the majority of IS are unique, and
with our Hi-C method using ensembles of nuclei as input, any single integrant effect is likely
to be diluted out. However, whether the 3D genomic changes we observed are present in

all microglia or a subset of infected or more activated microglia is unclear. Of note, Irf8,

the protein which we used to sort the microglial nuclei, has been shown to be upregulated

in reactive microglia, and thus we may have biased towards these cells 8. Future studies,
mapping Hi-C chromosomal conformation at single cell resolution, will be required to test
these hypotheses conclusively. In addition, much larger cohorts will be required to assess the
impact of important comorbidities, including substance use.
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In any case, datasets presented here will provide a rich resource to better understand cell-
type, sequence- and chromatin status-specific mechanisms that govern HIV integration,
expression and eventually, silencing in the human brain.

STAR Methods Text

Resource availability

Lead contact—Requests for further information related to methods and reagents should be
directed to the Lead Contact, Schahram Akbarian (schahram.akbarian@mssm.edu).

Materials availability—This study did not generate new or unique reagents.

Data and code availability

. Sequencing datasets reported in this paper are available via dbGaP with the
accession number phs003080.v1.pl

. Original code is available on Mendeley Data at doi:10.17632/ccj4trmsxc.1

. Any additional information required for reanalysis of the reported data is
available upon request from the Lead Contact.

Experimental model and subject details

Human tissue—Human autopsy brain samples were collected by the Manhattan HIV
Brain Bank (MHBB, U24MH100931), using protocols under the supervision of the Icahn
School of Medicine at Mount Sinai (ISMMS) Institutional Review Board. Written informed
consent was obtained either from decedents or their primary next of kin. Brain processing
and histologic assessment were completed as previously described 87. A list of donor 1Ds
and demographic information can be found in Table S1.

Cell lines and cell culture—HMC3 cells were obtained from ATCC (CRL-3304) and
grown in EMEM (ATCC) supplemented with 10% FBS (Corning), 1200U/mL penicillin,
and 100pg/mL streptomycin (Gibco). JLat clones 8.4, 9.2, 10.6, and 15.4 were obtained
from the NIH HIV Reagent Program (ARP-9847, —9848, —9849, and —9850). JLat and
Jurkat cells were maintained in RPMI 1640 (Gibco) with 10% FBS (Corning) 100U/mL
penicillin, and 100pg/mL streptomycin, and 292 pg/mL glutamine (Gibco). HEK293T cells
were maintained in DMEM (Gibco) supplemented with 10% FBS (Corning), 100U/mL
penicillin, 100ug/mL streptomycin, and 292 ug/mL glutamine (Gibco).

Virus production and infection—HIV strain NL-43 GFP (NLGI) was prepared in
HEK?293T cells 8. The plasmid was amplified in Stbl3 chemically competent E. Coli (NEB)
and isolated using the Qiagen midi-prep kit. HEK293T cells were transformed with the
NLGI plasmid using PolyJet (SignaGen) as per the manufacturer’s instructions. Supernatant
was harvested from transfected cells after 48 hours, filtered through a 0.2um syringe filter,
and frozen at —80°C until use. Jurkat cells were infected with 75ng p24 equivalent of virus
mixed with 8ug/mL Polybrene (Milipore Sigma), they were centrifuged at 1,200g for 90
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minutes at 16°C and incubated overnight. Cells were washed and the media was changed the
following morning. Jurkat cells were harvested 48 hours post infection.

Method details

Nuclei isolation—Nuclei were isolated from 200-300mg of human postmortem frontal
lobe tissue (cortex and underlying white matter) as previously described 8. Briefly, tissue
was homogenized in a hypotonic lysis buffer (0.32M sucrose, 5mM CaCl,, 3mM Mg(Ace)o,
0.1mM EDTA, 10mM Tris-HCI pH 8, ImM DTT, 0.1% Triton X-100). A sucrose gradient
(1.8M sucrose, 3mM Mg(Ace),, ImM DTT, 10mM Tris-HCI pH8) was layered under the
homogenate and nuclei were pelleted via ultracentrifugation at 24,000rpm for 60 minutes at
4°C.

For snRNA-seq nuclei were resuspended in ImL 0.04% BSA in DPBS. In cases where
mouse and human tissue were mixed, cortical tissue from wild-type C57BL/6 mice was
combined with human tissue prior to homogenization.

For Hi-C, Tissue was homogenized as described above, and tissue homogenate was fixed in
1% formaldehyde at room temperature for 5 minutes, followed by quenching with 250mM
glycine at room temperature for 5 minutes. Fixed nuclei were then spun down and washed
once with 50% lysis buffer and 50% sucrose buffer prior to ultracentrifugation. Nuclei were
resuspended in ImL 0.1% BSA in PBS and immunostaining was performed.

For bulk RNA-seq, nuclei were unfixed and isolated as described above except that
tissue was first dounced in 1mL lysis buffer with 400U RNase inhibitor (Takara,
2313A). Following ultracentrifugation, nuclei were resuspended in 0.1% BSA prior to
immunostaining.

For I1S-seq, nuclei were isolated as described above. Following ultracentrifugation, they were
resuspended in 0.1% BSA in PBS prior to immunostaining.

Fluorescence in situ hybridization—For DNA FISH of postmortem brain, nuclei
extraction was performed as described above. The nuclei pellet was resuspended and fixed
in 4% formaldehyde for 10 minutes at room temperature, followed by purification in DPBS.
For staining of J-Lat cells, the cells were fixed with 4% formaldehyde for 10 minutes at
room temperature and resuspended in DPBS. Approximately 100 uL of either nuclei or cell
solution was pipetted onto a charged glass slide before incubation at 60°C for 10 minutes

to dehydrate the nuclei. After a brief wash with DPBS, the slides were processed per the
RNAscope Multiplex Fluorescent v2 protocol (Advanced Cell Diagnostics). Nuclei were
treated with protease, hydrogen peroxide, and incubated with sense DNA probes against
the HIV gag-pol gene sequence (Probe-V-HIV1-gagpol, Advanced Cell Diagnostics) for

2 hours at 40°C. Amplifier sequences were polymerized to the probes and treated with

Opal 570 dye. Nuclei were briefly incubated in DAPI and mounted in VECTASHIELD
antifade medium. Imaging was performed at 63x magnification on a Zeiss LSM780 confocal
microscope.
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For RNA FISH, human cingulate cortex (approximately 100 mg block) from HIV+ and
HIV- tissue was drop-fixed in 4% formaldehyde for 6 hours at 4°C, followed by overnight
incubation in 30% sucrose. Sections (20 um) were cut on a freezing microtome and
mounted on charged slides. The tissue was processed as described for DNA FISH, with

the exception of a longer protease incubation and use of an RNA-specific probe against gag-
pol (Probe-V-HIV1-gagpol-sense-C2, Advanced Cell Diagnostics). Tissue was incubated
with an Ibal antibody (ab178846, Abcam) overnight at 4°C and the following day an
Alexa-647 goat anti-rabbit (A-21245, Invitrogen) antibody was incubated for 1 hour at room
temperature. Prior to mounting in VECTASHIELD, the slides were incubated for 30 seconds
in TrueBlack Lipofuscin Autofluorescence Quencher (Biotium) and rinsed with 1x PBS.
Images were acquired at 20x and 63x on a Zeiss LSM780 Confocal microscope.

SnNRNA-seq

Library preparation: snRNA-seq was performed using the Chromium platform (10x
Genomics, Pleasanton, CA) with the 3’ gene expression (3’ GEX) V3.1 kit, using an input of
~16,500 cells. Libraries were sequenced in paired end mode on the NovaSeq (Illumina, San
Diego, CA) at an average depth of 176,000 reads per nucleus (range 24,000-200,000).

Data processing: Sequencing data was aligned to a combined pre-mRNA GRCh38 and
HXB2 reference genome using the Cell Ranger Single-Cell Software Suite (version 3.0.0,
10x Genomics). Filtered count matrices were loaded into R and empty droplets were
detected and removed from each sample with Debris Identification using Expectation
Maximization (DIEM) 18, Doublets were detected and removed using DoubletFinder 9.
After inspection, two samples which were of low quality were removed (mhbb 154, mhbb
78). This resulted in 69,843 nuclei from 13 samples that passed quality control.

Seurat was used to perform normalization and variance stabilization for each sample prior
to merging®192. We used Harmony to correct for donor effects 9. UMAP dimensional
reduction and graph-based clustering were performed on the harmonized dataset in Seurat.
After inspection, one cluster that contained low quality nuclei (low read counts and high
percent of mitochondrial reads) was removed. Cell cluster identity was assigned based on
canonical marker gene expression. We performed further sub-clustering of the microglia
cluster. After sub-setting to the cells of interest, HIV was removed as a gene from the
dataset. We applied Seurat and Harmony as described above for the full dataset to correct
for donor effects and perform graph-based clustering. A cluster that appeared to contain
doublets, which expressed canonical neuronal marker genes and had higher average number
of genes and UMIs detected per nucleus, was identified and removed.

For visualization of gene expression, read counts were hormalized for each nucleus using
log normalization (In(1+feature count/total counts)). Log normalized counts were then used
to generate plots using Seurat.

Differential expression analysis: Genes lacking expression in fewer than 10 cells were
removed, and HIV was removed as a gene from the data. Read counts were summed

within each donor for each cluster to create pseudobulk counts. To determine cluster marker
gene expression, DESeq2 was applied with a design of ~ 0 + cluster 4. Each cluster was
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then compared to all other clusters to determine marker genes. For differential expression
between conditions (HIV-, HIV+, HIVE), the count matrix was split into sub-matrices for
each cluster. We then used DESeq?2 with a model of ~ 0 + condition and identified DEGs by
contrasting one condition from another. Differential expression analysis of HIV RNA+ and
RNA- microglia was performed similarly. Pseudobulk count matrices were generated within
each donor for RNA+ and RNA- microglia and DESeq2 was used with a model of ~ HIV
RNA. Gene ontology enrichment was performed using ShinyGO.%

Analysis of mixed human and mouse sSnRNA-seq: Samples that contained mouse nuclei
(mhbb037, mhbb038, mhbb059, mhbb079, mhbb078) were aligned to a combined mm10,
GRCh38, and HXB2 reference genome. For each nucleus, the proportions of mm10- and
GRCh38-mapping reads were calculated and nuclei with >60% of reads mapping to a single
genome were considered to be arising from that species (Figure S1B-C, E). Human nuclei
were then filtered using DIEM and DoubletFinder prior to being integrated with the other
samples.

For determining HIV read thresholding, nuclei with <600 or >3000 genes detected and

>3% of reads mapping to human or mouse mitochondrial genes were removed. Nuclei were
identified as human or mouse as described above, and the number of reads mapping to
HXB2 in mouse nuclei was determined. For visualization, samples underwent normalization
and variance stabilization using SCTransform (Seurat) followed dimensional reduction using
UMAP as described above.

Immunostaining and fluorescence-activated nuclei sorting—For Hi-C, fixed
nuclei were stained with NeuN-488 (MAB377X, Millipore; 1:1000) and Irf8-PE (U31-644,
BD Biosciences, 1:250) antibodies. Nuclei sorted for bulk RNA-seq were stained with
NeuN-488, Irf8-PE, and Olig2—647 (ab225100, Abcam, 1:500). For 1S-seq, nuclei were
stained with NeuN-488 (MAB377X, Millipore; 1:1000). All antibodies were incubated for 1
hour at 4°C protected from light. DAPI was added at a concentration of 5ug/mL just before
FANS. Nuclei were sorted using a BD Biosciences FACSAria Il machine. For Hi-C, fixed
nuclei were sorted into PBS and were pelleted in PBS with 17% sucrose buffer by spinning
at 4,000rpm for 5 minutes at 4°C. Nuclei pellets were flash frozen on dry ice and stored at
—-80°C. For bulk RNA-seq, nuclei were sorted directly into Trizol-LS and snap frozen on dry
ice. For 1S-seq, nuclei were pelleted in PBS with 17% sucrose buffer prior to lysis and DNA
extraction as described below.

Bulk RNA-seq library preparation and analysis—RNA was extracted from nuclei
following manufacturer instructions for Trizol-LS. The aqueous phase containing RNA

was then further purified using the RNA Clean & Concentrator kit (Zymo, R1013). RNA-
seq libraries were prepared using the SMARTer Stranded Total RNA-Seq Kit v2 Pico

Input Mammalian (Takara, 634412). Libraries were sequenced on the Illumina MiSeq
platform. Shallow sequencing was used as the aim was to confirm cell-type identity.
Following sequencing, reads were trimmed using the default settings of TrimGalore
(https://github.com/FelixKrueger/TrimGalore) and aligned to GRCh38 using STAR (settings
--sjdbOverhang 100 --twopassMode Basic) 9. Reads were counted using featureCounts
(settings --ignoreDup -t ‘gene’ -p -O) 97. Read counts were log normalized using the
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DESeq? rlog function and log normalized read counts were used to generate heatmaps of
marker gene expression 94,

Hi-C

IEN stimulation: HMC3 cells were treated with 200U/mL IFN-y (Miltenyi) in 0.1% BSA
or 0.1% BSA alone (vehicle control) for 24hr before harvesting. For each treatment, three
replicates were performed. Cells were removed from the plate and fixed for Hi-C as per the
Arima Hi-C Kit protocol (A51008, San Diego, CA). Approximately 50,000 cells were put
into Trizol-LS prior to fixation for RNA for gPCR.

gPCR: RNA was extracted from cells in Trizol-LS as per manufacturer instructions.

The aqueous phase containing RNA was then further purified using the RNA Clean &
Concentrator kit with on column DNase treatment (Zymo, R1013). RNA was reverse
transcribed using Superscript RT (Invitrogen, 18091050). qPCR of cDNA was performed
using SYBR Green PCR master mix (Applied Biosystems) with primers for GAPDH
(Origene), HLA-A%, HLA-Dra%, STAT1, and STAT2190, Data were normalized to GAPDH
as a housekeeping gene and were analyzed using the AACt method.

Library preparation: Nuclei pellets frozen post-FACS and HMC3 cell pellets were thawed,
and Hi-C was performed using the Arima-HiC Kit (A51008, San Diego, CA) according to
the manufacturer’s instructions. Following enrichment of biotinylated fragments and DNA
purification, end repair and adaptor ligation was performed using the Swift Biosciences®
Accel-NGS® 2S Plus DNA Library Kit (San Diego, CA), according to the manufacturer’s
instructions. DNA libraries were amplified with the Kapa Hyper Prep Kit (07962347001,
Wilmington, MA). Libraries were sequenced on the Illumina NovaSeq platform to an
average depth of ~212 million valid cis-chimeric reads per sample (San Diego, CA,
Supplementary file S1)

Sequencing alignment and contact map generation: We applied HiC-Pro (v2.11.4) to
generate contact matrices of HIV- and HIVE microglia 191, Briefly, Bowtie2 (parameters:
--very-sensitive -L 30 --score-min L,—-0.6,-0.2 --end-to-end --reorder) was used to align
Hi-C reads to hg38192, Uniquely mapped read pairs were assigned to restriction enzyme
fragments (Dpnll, Hinfl; /igation sites = GATCGATC, GANTGATC, GANTANTC,
GATCANTC) to filter out invalid ligation products. The resulting valid pairs were then
used to generate Hi-C contact maps at 10kb, 40kb, and 100kb resolutions. Hi-C contact
maps were normalized using Iterative Correction and Eigenvector decomposition (ICE) via
HiC-Pro. Pooled contact maps for HIV- microglia and HIVE microglia were used for the
downstream analysis to maximize read depths. We used plotgardener to visualize Hi-C
datasets (e.g. contact maps, insulation scores, loops) 193,

Compartment analysis: We applied dcHiC (https://github.com/ay-lab/dcHiC.git) to HIVE
and HIV- microglial contact maps at a 100kb resolution. The resulting output contains
genomic coordinates, principal component (PC) values for HIVE and HIV- microglia, and
significance (p-values and adjusted p-values) of compartment changes between HIVE and
HIV- microglia. Genomic regions with positive and negative PC values were classified
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as compartment A and B, respectively. We also identified regions with differential
compartment signatures between HIVE and HIV- microglia using a threshold of pagj< 0.05.
Regions with a significant increase in PC1 were then further classified as either B—>A if
there was a complete reversal of eigenvector direction from negative in HIV+ to positive

in HIVE, or Ajgw—>Ahigh/Bhigh—>Biow When the PC1 value was either positive or negative

in both HIV- and HIVE respectively. Regions with a significant decrease in PC1 were
similarly classified as either A—=B, Anigh—>Alow, OF Bjow—>Bhigh, We intersected differential
compartments with gene coordinates (Emsembl v93) to identify genes that are located in
regions with differential compartment signatures. We then used ShinyGO to perform gene
ontology analysis on genes located in differential compartments.

Insulation score analysis: We calculated insulation scores from contact maps at a

10kb resolution using matrix2insulation.pl from the Github repository: https://github.com/
dekkerlab/cworld-dekker.git (parameters: --is 480000 --ids 320000 --im igrMean --nt 0
--s5 160000 --yb 1.5 --nt 0 --bmoe 0). Insulation scores were then converted to TAD
boundaries by /nsulationZtads.plin the same Github repository. For each 10kb bin, the
absolute difference in insulation was calculated and the bins with the top and bottom 10%
largest changes in insulation score were identified. Data were aligned to hg38 using bwa
mem with default settings 104, We called peaks using MACS2 with the input ChIP file

for background and the settings -B -p .000001 --keep-dup auto 195, We performed overlap
permutation tests with regioneR to test for overlap between ChIP peaks and insulation score
change regions (n=1000 permutation) 106,

Loop analysis: Loops were called using mustache from contact maps at 10kb resolution of
three conditions: HIVE, HIV-, and condition-agnostic (we merged contact maps of HIVE
and HIV- to create a chromatin contact map with a higher read depth and resolution) 41.
HIVE and HIV- specific loops were identified using the setdiff function in R. To identify
genes in HIVE and HIV- specific loops, the entire span of the genome contained within
the loop was used. To perform differential loop analysis, we combined loops from HIVE,
HIV-, and condition-agnostic. We queried the raw contact frequency of each sample at
loop anchors, normalized contact frequencies with the read depth (sum of counts at loop
anchors for each sample) and performed differential loop analysis using a linear regression
model. Loops with linear regression p < 0.05 were called as differential loops. Difference
in contact frequency at differential loops between HIVE and HIV- was further validated
by aggregated peak analysis (APA) using hicpeaks (https://pypi.org/project/hicpeaks/). For
analysis of genes in differential loops, we identified genes with either of the 10kb anchor
regions.

Microglial enhancer identification—\We obtained previously published human primary
microglia H3K27ac ChIP-seq data from dbGaP (Supplementary file S1) 107. Reads were
aligned to hg38 using bwa mem with default settings 194. Enhancers were called by MACS2
using a p-value threshold of p<0.0001 and a narrowPeak setting 195, Super enhancers were
called using Rank Ordering of Super-Enhancers (ROSE) with the parameters - s12500
-12500 108,109_
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IS-seq

Library preparation: Pelleted nuclei from FANS were resuspended in nuclear lysis

buffer (1X Tris-EDTA pH 8, 0.5% SDS), incubated with 40ug/mL RNaseA (12091-039,
Invitrogen) for 15 minutes at 37°C, followed by overnight incubation with 50ug/mL
proteinase K at 37°C. Genomic DNA was then isolated using phenol chloroform extraction.
DNA from cultured cells was extracted using the Qiagen DNeasy Blood & Tissue Kit (cat.
69504).

Integration site libraries were prepared using a linker-mediated PCR (LM-PCR) approach
as previously described 110, This approach allows selective amplification of viral integration
sites by using one primer specific for the HIV LTR and another specific for adaptors that
have been ligated to fragmented DNA. First, 1ug of DNA was sonicated to an average

of 900bp using the Covaris S220 with a peak incident power of 105, duty factor 5% and
200 cycles/burst for 50s at 4-10°C. Sonicated fragments were isolated with SPRIselect
beads (Beckman Coulter) at a ratio of 0.7X according to the manufacturer’s instructions.
Fragmented DNA was end repaired and A-tailed using the NEBNext Ultra End Repair/
dATailing module by incubation at 20°C for 30 minutes followed by 65°C for 30 minutes.
End-repaired DNA fragments were ligated with adaptors at a final concentration of 20 uM
using the NEBNext Ligation module by incubation at 16°C overnight. Adaptors contained
a unique linker sequence, a unique molecular identifier sequence (UMI), and a common
linker sequence shared among all samples. Adaptors were partially double stranded at

the common linker sequence, while the UMI and unique linker sequences were a single
stranded overhang. Adaptors were pre-annealed prior to use by mixing each strand to a final
concentration of 20uM and cooling from 95°C to 4°C at a rate of 0.5°C per 90 seconds.
Each sample for a given run utilized a different adaptor (see Sherman et al., 2017 for adaptor
sequences).

Following adaptor ligation, the DNA was again purified using SPRIselect beads at a ratio
of 0.7X and was split into 4 parallel reactions for nested PCR. In each round, one primer
was complementary to the adaptor and the other primer was complementary to the HIV
LTR sequence to selectively amplify the IS. For both rounds, primers were added at a

final concentration of 15uM and a blocking oligo, which prevented amplification from the
5" HIV LTR, was added at a final concentration of 25uM. PCR was performed using the
Advantage 2 polymerase (Clontech) according to the manufacturer’s directions. The first
round PCR had the following cycle parameters: 95°C 1 min; 5X [95°C 30 sec, 80°C 30
sec, 70°C 1:00]; 20X [95°C 30 sec, 80°C 30 sec, 67°C 1:00]; 72°C 4 min; 4°C hold. 2ul

of the product from the first round PCR were used for the second round amplification, with
the parameters: 95°C 1 min; 5X [95°C 30 sec, 80°C 30 sec, 70°C 1:00]; 15X [95°C 30

sec, 80°C 30 sec, 67°C 1:00]; 72°C 4 min; 4°C hold. The adaptor-specific and LTR-specific
primers used in the second round PCR reaction introduced the P5 and P7 sequences needed
for lllumina sequencing. The LTR-specific second round primer also included a unique
sequencing barcode.

Following second round PCR, the 4 parallel reactions for each sample were pooled together
and SPRIselect beads were used to clean the DNA at a ratio of 0.7X. Libraries were
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quantified using the KAPA Library Quantification Kit (KK4873). For each set of libraries
prepared, we included a positive control of DNA from infected Jurkat cells and a negative
control of DNA from HIV- brain or uninfected Jurkat cells. Positive control libraries were
not sequenced, negative control libraries were only sequenced in cases where there was
amplification and sufficient library was produced to sequence. Final libraries were submitted
for sequencing on either the HiSeq 2500 or NovaSeq platforms (Illumina, San Diego, CA).

Bioinformatic identification of 1S: UMIs were first extracted from the reads using UMI-
tools, and then reads were trimmed for HIV LTR sequence and the linker sequence using
Cutadapt. Only read pairs for which both the LTR end and linker end had exact matches

for both trimmed sequences continued to downstream analysis. We aligned trimmed reads to
hg38 using Bowtie2 (settings -p 4 -1 150 -X 1000) and converted reads into a bed file that
contained the coordinates of the ends of read 1 and read 2 in order to encompass the both
the site of integration (where the LTR-genome junction is located) and the sonic breakpoint
(coordinate where the linker ligated).

For each library, reads for which the LTR end was within 5 bp and the sonic end was

within 15 bp were collapsed as PCR duplicates and the total number of duplicate reads was
counted. For analysis of JLat clones, sonic ends were collapsed within 5bp of one another
due to the high level of clonality. Only integration sites with >1 read supporting them were
considered as valid. Clonal integration sites were defined as those for which the integration
site was the same, but the sonic breakpoint was >15 bp apart or >5bp for JLat clones. Any
integration sites found in more than one sample, excluding clonal integration sites that came
from 2 different assays performed on the same donor, were removed. Any integration sites
mapping to non-standard chromosomes were removed prior to analysis.

IS characterization—Brain integration site distributions were compared to 3 different
T-cell control sets: 1) a compiled dataset of published /n7 vivo T-cell integration sites 54-59,
2) integration sites we sequenced from infected Jurkat cells, 3) a published 7n vivo T-cell
dataset for which sequencing data was available ®8 and we analyzed using our pipeline. We
annotated genomic features using ChlPseeker!1l,

ChlP-seq

Library preparation: Normal healthy control frontal cortex tissue gray matter was used
to prepare H3K27me3 (n=3 donors) and H3K9me3 (n=3 donors) ChlP-seq libraries. 200—
300mg of tissue was homogenized as described above. For H3K9me3, tissue homogenate
was fixed with 1% formaldehyde for 10 minutes and quenched with 125mM glycine for
another 10 minutes rotating at room temperature. Nuclei were isolated and FANS was
performed with the NeuN antibody as described above. For H3K27me and H3K9me3
ChIP, after FANS, one million NeuN- nuclei were pelleted and resuspended in 300pl

of micrococcal nuclease digestion buffer (10mM Tris pH 7.5, 4mM MgCl, and 1mM
Ca2+), and digested with 2 uL of MNase (0.2U/pl) for 5 minutes at 28°C to obtain
mononucleosomes. The reaction was quenched with 50mM EDTA pH 8. Chromatin was
released from nuclei with the addition of hypotonic buffer (0.2mM EDTA pH 8, containing
PMSF, DTT, and benzamidine.
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All ChIP samples were then incubated with the appropriate antibodies (H3K27me3,

Cell Signaling C36B11; H3K9me3, Abcam ab8898) at 4°C overnight. The DNA-protein-
antibody complexes were captured by Protein A/G Magnetic Beads (Thermo Scientific
88803) by incubation at 4°C for 2h. Magnetic beads were sequentially washed with low-
salt buffer, high-salt buffer, and TE buffer. DNA was eluted from the beads, treated with
RNase A, and digested with Proteinase K prior to phenolchloroform extraction and ethanol
precipitation. For library preparation, ChIP DNA was end-repaired (End-it DNA Repair
kit; Biosearch Technologies) and A-tailed (Klenow Exo-minus; Biosearch Technologies).
Adapters (Illumina) were ligated to the ChIP DNA (Fast-Link kit; Biosearch Technologies)
and PCR amplified using the Illumina TruSeq ChIP Library Prep Kit. Libraries with

the expected size (~275bp) were submitted to the New York Genomics Center for next-
generation lllumina sequencing on the HiSeq 2500.

Analysis: A mix of publicly available and newly generated ChiP-seq data were used (see
Supplementary file S1). Both publicly available and new generated ChlP-seq data were
aligned to hg38 using bwa mem and called peaks using MACS2. Libraries were subsampled
to a similar sequencing depth. For H3K27ac, H3K4me3 and ATAC narrow peaks were
called; for H3K27me3 and H3K9me3 broad peaks were called. In cases where there was

>1 sample, consensus peaks across multiple samples were called as those occurring in at
least 2 samples. Blacklist regions were removed. For CTCF and YY1, consensus peaks were
downloaded directly from ENCODE.

Quantification and statistical analysis

Statistical analysis—Analyses were performed using R 4.1.2. Statistical tests are
indicated in the figure legend. P-values of <0.05 were considered significant for chi-square,
ANOVA, and Wilcoxon tests. For snRNA-seq analyses, DESeq2 was used to compare
expression across summed, pseudobulk data for comparisons of interest. P-values were
obtained using the Wald test and multiple comparison correction was performed using

the Benjamini-Hochberg method. For differential expression analysis of HIVE vs. HIV-
microglia, genes were considered differentially expressed if they either had an adjusted
P-value of <0.05 or if they had a logy(fold change)>1 and an adjusted p-value<0.7
(unadjusted p<0.16). For differential expression analysis of HIV RNA+ vs HIV RNA- HIVE
microglia, genes with an adjusted P-value<0.05 were considered differentially expressed.
Gene ontology enrichment utilized the hypergeometric test to derive nominal P-values which
were then false discovery rate corrected, and categories with an FDR<0.05 were considered
significant. Pearson correlations of differential expression results were performed using the
log,(fold change) values from DESeq2 results. Hypergeometric P-values used to compare
the overlap between genes sets were obtained using an online tool (http://nemates.org/MA/
progs/overlap_stats.html) using a background of 58,219 genes in the human genome.
Permutation tests used to study the overlap between genomic coordinates were performed
using regioneR with n=1000 permutations and all canonical chromosomes as a genomic
background 106,
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Highlights:

Microglial 3D genome remodeling represses neural genes in HIV and HIV
encephalitis

Further microglial 3D genome changes in HIV encephalitis are related to IFN
stimulation

HIV targets genomic regions that switch to a more open state in HIV infection

HIV is actively transcribed in a subset of highly active microglia
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Figure 1. Cell type specificity and prevalence of HIV RNA+ nuclei in HIVE.
(A) Triple stained HIVE brain section with HIV RNA FISH (red), Ibal (purple), and

DAPI (blue). (B) Sample number and workflow of 10X Chromium single nucleus RNA-
sequencing. (C-E) All samples (n=13) clustering and gene expression. (C) Uniform
Manifold Approximation and Projection (UMAP) plot showing identified cell clusters

for n=69,843 total nuclei. Excitatory neurons (Exc1-7), inhibitory neurons (Inh1-3),
oligodendrocytes (Ol), oligodendrocyte progenitor cells (OPC), endothelial cells (Endo),
astrocytes (Ast), lymphoid cells (Lymph), microglia (Mg), and immune oligodendroglia
(ImOI). (D) Marker gene expression for each cluster, each row scaled to the maximum

of expression for that gene. (E) UMAP plot displaying log normalized expression of HIV
transcripts. (F) Percentage (mean + S.E.M) of HIV RNA+ HIVE nuclei (n=7 samples, 1 dot
= 1 donor) for clusters with HIV RNA+ nuclei. See also Figure S1.
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Figure 2. Chromosomal compartment remodeling and transcriptomic alterations in HIVE

microglia.

(A) Representative FANS plot for sorted NeuN+/neuronal and Irf8+/microglia nuclei

for in situHi-C. (B) Schematic A/B Hi-C compartment designation based on the
eigenvector value of principle component 1 (PC1). Arrows illustrate the different classes
of compartment switches between HIVE and HIV- microglia. (C) Bar plot, proportion of
genome in A/B compartments in HIV- and HIVE microglia (P, chi-square). (D) Bar graph
summarizing dcHiC genome-wide compartment remodeling in HIVE vs. HIV- microglia.
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X-axis shows Mb of genome undergoing the compartment switches indicate on the Y-

axis. A-compartmentalization (APC1 HIVE-HIV- >0, FDR<0.05) shown in light blue;
B-compartmentalization (APC1 HIVE-HIV- <0, FDR<0.05) in dark blue. Inset pie chart
shows the total percent of significant A- and B- compartmentalization in the genome. (E,
G) Gene ontology enrichments and (F, H) differential expression for genes undergoing A-
compartmentalization (E,F) or B-compartmentalization (E,F) in HIVE as compared to HIV-
microglia. (F, H) Paired line plots showing average log normalized expression of genes in
compartments with significant PC1 increase in HIVE microglia. For visualization, randomly
selected subsets of 200 genes are shown. P-value reflects Wilcoxon signed rank test across
all genes with expression levels > 25t percentile in either HIV- or HIVE microglia; (F)
n=1030, (H) n=566. (1) Volcano plot, -logig(adjust p-value) (Y-axis) and log,(Fold Change)
(X-axis) for snRNA-seq differential expression of the microglial cluster (Figure 1C, Mg)
from n=3 HIV- and n=7 HIVE brains. Dark red dots mark genes with padj<0.05. Light red
dots, genes with log,(FC)>1 and padj<0.7. (J-K) Biological process GO enrichment for up-
(J) and downregulated (K) genes with N dataset genes/total GO category genes indicated.
Vertical black line marks significance FDR=0.05. (L) Proportion of up- or downregulated
microglial DEGs in A and B compartments. P, chi-square. (M) Bar plot, x-axis marks
number of 10kb bins undergoing compartment switching that contain a DEG. P, Fisher’s
exact test compared to the proportion of the whole genome that underwent the indicated
compartment switch. (N) Overlap between up- and downregulated DEGs in HIVE vs. HIV-
microglia and all genes that underwent compartment switching. P, hypergeometric test,
representation factor 35. (O) Representative browser shot of 144kb window on chromosome
2, showing STAT1/STAT4 gene locus with Hi-C PC1 eigenvector value (top two tracks) at
a 10kb resolution, and snRNA-seq normalized read counts for the Mg cluster (bottom two
tracks). See also Figures S2, S3 and S5.
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Figure 3. Chromosomal loop remodeling and transcriptomic alterations in HIVE microglia.
(A) Gene ontology enrichment for genes found in HIVE chromosomal loops. Black line

indicates significance threshold at FDR=0.05. Numbers indicate the number of genes in

the dataset/the number of genes in the GO category. GO categories: cell adh. via plasma
mem., cell adhesion via plasma membrane; nervous sys. dev.; nervous system development;
STAT R sig. path., STAT receptor signaling pathway; cell pop. prolif., cell population
proliferation. (B) Bar graph showing the number of DEGs that are found only in HIVE
loops, only in HIV- loops, or in neither HIVE nor HIV- specific loops. Hypergeometric
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test for the overlap between the DEGs and genes in HIV- or HIVE-specific loops using all
genes as a background. (C) Hi-C contact frequency maps of HIVE (top half above diagonal)
and HIV- (bottom half below diagonal) microglia and loops shown for a representative
locus on chromosome 12. Zoomed in view shows (from top to bottom): normalized read
counts from snRNA-seq of HIVE Mg, normalized read counts from snRNA-seq of HIV-
Mg, enhancers called from microglial H3K27ac ChIP-seq data, CTCF ChIP peaks from
CD14+ monocytes, Hi-C loops from HIVE mg, Hi-C loops from HIV- microglia. (D)
Contact frequency maps shown for examples of differential loops that were called on pooled
loops from HIVE and HIV-. For all loops, normalized contact frequencies in HIVE and
HIV- were queried using a linear regression model and loops with p<0.05 were considered
significant. Numbers of loops gained and lost in HIVE and the number of genes located

in the anchors of gained/lost loops are indicated. Aggregate peak analysis (APA) scores

are shown. (E) Gene ontology enrichment for genes found in HIVVE gained loops. Black
line indicates significance threshold at FDR=0.05. Numbers indicate the number of genes

in the dataset/the number of genes in the GO category. GO categories: Neuron dev., neuron
development; synapse org., synapse organization; cell comp. morph., cellular component
morphogenesis. See also Figure S4.
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Figure 4. Genomic and epigenomic features of IS in human brain.
(A) Representative FANS plot for sorting of NeuN+ and NeuN- nuclei for FC/WM IS-

seq and JLat cells for comparison. HIVV DNA FISH from HIVE nuclei (left) and JLat

cells (right), arrowheads indicate positive signal. Genome-wide IS circos plots (left, brain
n=1,254 IS; right, 4 JLat clones n=4 1S). (B) Boxplots show number of 15/100,000 nuclei
(y-axis). Diagnosis (Dx) is indicated on the x-axis. CD8 E, CD8 encephalitis; Neg. Ctrl.,
uninfected Jurkat cell DNA. (C-D) Percent of recurrent (C) and clonal (D) IS for NeuN- and
in vivo T-cell 1S54-59, Significance testing by chi-square (C) or two-way ANOVA (D). (E)
Spie charts comparing proportional IS distribution across 8 genomic features as indicated.
Dashed circle demarcates equal (expected) proportions and % denote the IS feature percent.
Chi-square test. * 0.01 < p < 0.05, ** 0.001 < p < 0.01, *** 0.0001 < p < 0.001, ****
p<0.0001 (Bonferroni multiple comparison factor x 8, significance threshold at p = 0.00625)
(F) Spie chart comparing NeuN- IS distribution to T-cell. Chi-square test. (G) Bar plot
showing the proportion of NeuN- or /n vivo T-cell IS found in A/ B compartments in HIV-
microglia or uninfected Jurkat T-Cell Hi-C data respectively. P, Chi-square. (H) Empirical
cumulative distribution function graph of NeuN- and T-cell IS for PC1 values. NeuN- IS
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are compared to HIV- microglia Hi-C data and T-cell IS are compared to uninfected Jurkat
Hi-C (two-sample Kolmogorov-Smirnov test, red line Dpyax). (1-J) Violin plots showing
distance between NeuN- or T-cell IS and the nearest corresponding peak from NeuN- or
Jurkat specific open and repressive chromatin marks. Kruskall Wallis rank sum tests. See
also Figure S6.
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Figure 5. Viral integration is associated with microglial transcription and genome structure.
(A) snRNA-seq FC/WM violin plots showing cluster-specific expression of all genes

containing IS in HIVE samples (n=7). For cell types composed of more than 1 subcluster,
values were averaged across all cells. P, Wilcoxon rank sum (Mg vs. other cell types).

(B) Heatmap showing expression centered and scaled by gene for top 300 IS genes most
variably expressed across cell types. (C) Graph comparing IS gene expression levels in
HIVE and HIV- microglia, divided into 8 equal groups (12.5% of genes/group, ranked

by successively higher expression). Dotted line 12.5%. P, Poisson linear regression. (D-E)

Mol Cell. Author manuscript; available in PMC 2023 December 15.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Plaza-Jennings et al.

Page 40

Genome-wide and chromosome 19 specific circos plot displaying, from the outside in,
NeuN- IS, heatmap of log scaled HIVE Mg snRNA-seq read counts, HIVE Mg Hi-C PC1
value, and NeuN- H3K27ac ChlP-seq reads. See also Figure S6.
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Figure 6. Viral integration is associated with 3D-genomic restructuring in HIVE.
(A) A/B compartment proportions of NeuN- IS in HIV- and HIVE Mg. P, chi-square.

(B) Bar graph, dcHiC IS compartment remodeling (HIVE compared to HIV- microglia).
X-axis, Mb of genome in 100 kb bins with IS and significantly changed PC1. Y-axis,
different compartment switches (HIV- to HIVE), (light blue) A-compartmentalization
(DPC1 HIVE-HIV- >0, FDR<0.05), (dark blue) B-compartmentalization (DPC1 HIVE-HIV-
<0, FDR<0.05). (C) Violin plot, insulation score at IS in HIV- and HIVE microglia.
Wilcoxon rank sum test. (D) Hi-C contact frequency maps of HIVE (top half) and

HIV- (bottom half) microglia shown for representative integration sites (gray lines) on
chromosome 11. Insulation score plotted below. See also Figure S6.
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Figure 7. Viral transcription is associated with microglial activation.
(A) Rank plot, log normalized expression of each gene in HIV RNA-expressing (RNA+)

HIVE. (B) HIV RNA expression mapped onto sub-clustered microglia from HIVE brains
with viral transcription (n=5) (C) Gene expression volcano plot (HIVE HIV RNA+ vs. HIV
RNA- nuclei). Blue dots mark genes with padj<0.05. (D-E) Bar plots showing biologic
process GO enrichment with N dataset genes/total GO category genes indicated for down-
and upregulated genes as indicated. Red line FDR=0.05. (F) Pearson correlation, log,(fold
change) in gene expression HIV RNA+ vs. RNA- HIVE microglia (Y-axis) and all HIVE
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microglia vs. HIV- microglia (X-axis) for genes with unadjusted pval<0.05 in at least
one comparison. (G) Violin plots, log normalized expression HLA-B and STAT1 in HIV-
microglia, HIVE HIV RNA- microglia, and HIVE HIV RNA+ microglia. See also Figure
S7.
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conjugated

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Recombinant Anti-lbal antibody [EPR16588] Abcam Cat# ab178846, RRID:AB_2636859
Goat anti-Rabbit 1gG (H+L) Highly Cross-Adsorbed Invitrogen Cat# A-21245, RRID:AB_2535813
Secondary Antibody, Alexa Fluor™ 647

Anti-NeuN Antibody, clone A60, Alexa Fluor®488 Millipore Sigma Cat# MAB377X, RRID:AB_2149209

IRF8 Mouse anti-Human, PE, Clone: U31-644

BD Biosciences

Cat# 566373, RRID:AB_2739716

Recombinant Alexa Fluor® 647 Anti-Olig2 antibody
[EPR2673]

Abcam

Cat# ab225100, RRID:N/A

Tri-Methyl-Histone H3 (Lys27) Rabbit mAb

Cell Signaling Technology

Cat# 9733, RRID:AB_2616029

Anti-Histone H3 (tri methyl K9) antibody - ChIP Grade Abcam Cat# ab8898, RRID:AB_306848
Bacterial and virus strains

One Shot Stbl3 Chemically Competent £. coli NEB Cat# C737303

HIV: NL-43 GFP (NLGI) Cohen et al., 1999 N/A

Biological samples

Human brain specimens

The Manhattan HIV Brain
Bank

https://icahn.mssm.edu/research/manhattan-hiv

Chemicals, peptides, and recombinant proteins

Penicillin-Streptomycin (10,000 U/mL) Gibco Cat#15140122
Fetal Bovine Serum, 500 mL, Regular, USDA approved Corning Cat#35-011-CV
Origin (Heat Inactivated)
Penicillin-Streptomycin-Glutamine (100X) Gibco Cat#10378016
Polybrene Milipore Sigma Cat#TR1003G
Recombinant ribonuclease inhibitor Takara Bio USA, Inc. Cat#2313A
TrueBlack Lipofuscin Autofluorescence Quencher Biotium Cat#23007
PureLink™ RNase A Invitrogen Cat#12091039
SPRiselect for Size Selection Beckman Coulter Life Cat#B23318
Sciences
PolyJet™ In Vitro DNA Transfection Reagent Cat#SL100688
Clontech Labs 3P Advantage® 2 Polymerase Mix Clontech Labs Cat#639201
Pierce™ Protein A/G Magnetic Beads Thermo Scientific Cat#88803
TRIzol™ LS Reagent Invitrogen Cat#10296028
DAPI (4°,6-Diamidino-2-Phenylindole, Dihydrochloride) Invitrogen Cat#D1306
SYBR™ Green PCR Master Mix Applied Biosystems Cat#4309155

Human IFN-y1b research grade

Miltenyi Biotec

Cat#130-096-873

VECTASHIELD Antifade Mounting Medium with
Propidium lodide (PI)

Vector Laboratories

Cat#H-1300-10

Opal 570 Reagent Pack Akoya Biosciences Cat#FP1488001KT
Critical commercial assays
Arima-HiC Kit Arima Genomics Cat#A51008
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REAGENT or RESOURCE SOURCE IDENTIFIER

Plasmid Midi Kit Qiagen Cat#12143

RNA Clean & Concentrator-5 kit Zymo Research Cat#R1013

SMARTer® Stranded Total RNA-Seq Kit v2 - Pico Input Takara Bio USA, Inc. Cat#634412

Mammalian

RNAscope Multiplex Fluorescent v2 Assay Advanced Cell Diagnostics | Cat#323110

Chromium Next GEM Single Cell 3’ Kit v3.1 10x Genomics Cat#1000268

Chromium Next GEM Chip G Single Cell Kit 10x Genomics Cat#1000120

Dual Index Kit TT Set A 10x Genomics Cat#1000215

SuperScript™ IV First-Strand Synthesis System Invitrogen Cat#18091050

Swift Biosciences® Accel-NGS® 2S Plus DNA Library Kit | Swift Biosciences, Inc Cat#21024

Kapa Hyper Prep Kit Roche Cat#07962347001

DNeasy Blood & Tissue Kit Qiagen Cat#69504

NEBNext® Ultra™ 11 End Repair/dA-Tailing Module New England Biolabs Cat#E7546S

NEBNext® Ultra™ 11 Ligation Module New England Biolabs Cat#E7595S

KAPA Library Quantification Kit Roche Cat#KK4873

End-It DNA End-Repair Kit Biosearch Technologies Cat#ER0720

Exo-Minus Klenow DNA Polymerase Biosearch Technologies Cat#KL11101K

Fast-Link kit Biosearch Technologies Cat#LK0750H

TruSeq ChIP Library Preparation Kit Illumina Cat#lP-202-1012

Deposited data

Raw sequencing data This paper dbGaP phs003080.v1.pl

Code This paper doi:10.17632/ccjatrmsxc.1

Experimental models: Cell lines

HMC3 ATCC Cat#CRL-3304

Human T Lymphocyte, J-Lat Full Length Cells (8.4) NIH HIV Reagent Cat#ARP-9847
Program

Human T Lymphocyte, J-Lat Full-Length Cells (9.2) NIH HIV Reagent Cat#ARP-9848
Program

Human T Lymphocyte, J-Lat Full Length Cells (10.6) NIH HIV Reagent Cat#ARP-9849
Program

Human T Lymphocyte, J-Lat Full Length Cells (15.4) NIH HIV Reagent Cat#ARP-9850
Program

Jurkat NIH HIV Reagent Cat#ARP-177
Program

HEK293T ATCC Cat#CRL-3216

Oligonucleotides

Probe-V-HIV1-gagpol-sense-C2

Advanced Cell Diagnostics

Cat#317701-C2

Probe-V-HIV1-gagpol

Advanced Cell Diagnostics

Cat#317691

Table 1

HIV integration site sequencing oligos, see Supplementary

Sherman et al., 2017

N/A

Primer: GAPDH Forward:
GTCTCCTCTGACTTCAACAGCG

sequence from Origene,
ordered from IDT

CAT#: HP205798
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Primer: GAPDH Reverse:
ACCACCCTGTTGCTGTAGCCAA

sequence from Origene,
ordered from IDT

CAT#: HP205798

Primer: HLA-A Forward: CAGACGCCGAGGATGGCC Huang et al., 2004 N/A
Primer: HLA-A Reverse: Huang et al., 2004 NA
CACACAAGGCAGCTGTCTCACA

Primer: HLA-DRa Forward: Wu et al., 1999 NA
CGAGTTCTATCTGAATCCTG

Primer: HLA-DRa Reverse: Wu et al., 1999 NA
GTTCTGCTGCATTGCTTTTGC

Primer: STAT1 Forward: ACTCAAAATTCCTGGAGCAG Zuo et al., 2020 N/A
Primer: STAT1 Reverse: ACGCTTGCTTTTCCTTATGTT Zuo et al., 2020 NA
Primer: STAT2 Forward: ATGCTGCAGAATCTTGACA Zuo et al., 2020 N/A
Primer: STAT2 Reverse: TAGTTCAGCTGATCCAAGAAG Zuo et al., 2020 NA
Software and algorithms

Cell Ranger 10X Genomics https://support.10xgenomics.com/single-cell-

gene-expression/software/overview/welcome

Debris Identification using Expectation Maximization

Alvarez et al., 2020

https://github.com/marcalva/diem

DoubletFinder

McGinnis et al., 2019

https://github.com/chris-mcginnis-ucsf/
DoubletFinder

Seurat Butler et al., 2018 https://github.com/satijalab/seurat

Harmony Broad Institute https://portals.broadinstitute.org/harmony/

DESeq2 Love etal., 2014 https://bioconductor.org/packages/release/bioc/
html/DESeq2.html

ShinyGO Ge et al., 2020 http://bioinformatics.sdstate.edu/go/

TrimGalore Braham Informatics https://www.bioinformatics.babraham.ac.uk/
projects/trim_galore/

STAR Dobin et al., 2013 https://github.com/alexdobin/STAR

Bowtie2 Langmead et al., 2012 https://github.com/BenLangmead/bowtie2

HiC-Pro Servant et al., 2015 https://github.com/nservant/HiC-Pro

plotgardener

Kramer et al., 2022

https://phanstiellab.github.io/plotgardener/

dcHiC

Chakraborty et al., 2022

https://github.com/ay-lab/dcHiC

matrix2insulation.pl

Dekker Lab

https://github.com/dekkerlab/cworld-dekker

MACS2

Zhang et al., 2008

https://github.com/macs3-project/ MACS

HiCPeaks

Rao et al., 2014

https://github.com/Xiao TaoWang/HiCPeaks

ROSE: Rank Ordering of Super-Enhancers

Young Lab

http://younglab.wi.mit.edu/
super_enhancer_code.html

Cutadapt

Rahmann Lab

https://cutadapt.readthedocs.io/en/stable/

ChlPseeker

Guangchuang et al., 2015

https://guangchuangyu.github.io/software/
ChlPseeker/
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