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Abstract

Microglia and macrophages are essential for homeostatic maintenance and innate

immune response in the brain. They are the first line of defense against infections

such as HIV/SIV in the brain. However, they are susceptible to infection and function

as viral reservoirs even under effective viral suppression. While current antiretrovi-

ral regimens successfully suppress viremia and improve quality of life and lifespan,

neurologic complications persist and are in part attributed to activated microglia. We

sought to test the hypothesis that brain microglia return to a more homeostatic-like

state when viremia is suppressed by combination antiretroviral therapy. Using the

SIV-rhesus macaque model, we combined single-cell RNA sequencing, bioinformat-

ics, and pathway analysis to compare gene expression profiles of brain myeloid cells

under 4 conditions: uninfected, SIV infected, SIV infected with cART suppression, and

SIV encephalitis (SIVE). Our study reveals greater myeloid diversity and an elevated

proinflammatory state are associated with untreated SIV infection compared with

uninfected animals. The development of encephalitis and suppression of viremia both

reduced myeloid diversity. However, they had converse effects on the activation state

of microglia and inflammation. Notably, suggestive of a restoration of a homeostatic

state in microglia, gene expression and activation of pathways related to inflamma-

tion and immune response in cART-suppressed monkeys were most similar to that in

uninfectedmonkeys. Untreated SIV infection shared characteristics, especially in brain

macrophages to SIVE, with SIVE showing dramatic inflammation. In support of our

hypothesis, our study demonstrates that cART indeed restores this key component of

the brain’s homeostatic state.

Summary: ScRNA-seq of rhesus monkey microglia reveals clusters of cells in activated

states in the setting of SIV infection,which is primarily reversedby suppressing viremia

with combination antiretroviral therapy.
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1 INTRODUCTION

SIV and HIV are primate lentiviruses with a high degree of genomic,

structural, and virologic similarity. In vivo, both viruses cause persis-

tent infection. Infection of nonhuman primates (NHPs) by SIV mimics

many central aspects of HIV infection in humans, including immune

deficiency, opportunistic infections, andCNSdisease.1–9 Theamenabil-

ity of this model to antiretroviral therapy (ART) creates a valuable

system in which to mimic the conditions found in people with HIV

(PWH), including the effects of chronic infection and the persistence

of viral reservoirs. NHP infection by SIV remains the best model

to date for the study of HIV pathogenesis and treatment, including

neuropathogenesis.10–14

In monkeys, as in people, the viral targets include not only CD4+

T cells but also brain macrophages and microglia.15,16 While studies

on the brain prior to the current era of treatment largely focused on

dementia and encephalitis, both the clinical and neuropathologic pic-

tures have changed following the introduction of combination ART

(cART), where both the neurocognitive and neuropathologic findings

are less profound, and the relationship to the prior pathogenic mech-

anisms unclear.17–20 Our understanding of CNS HIV infection and its

effects have evolved along with the transition of HIV from a lethal

infection to a treatable condition, however much is still unknown.

Regardless of treatment, several aspects remain unaltered: produc-

tive HIV infection in the brain is limited to macrophages and microglia,

and neuronal dysfunction is indirect due to alterations in the infected

cells that can affect neurons.21,22 Such a process leads to a condi-

tion referred to by various terms depending on the pandemic era and

diagnostic criteria, such as HIV-associated dementia, minor cognitive-

motor disorder, asymptomatic neurocognitive impairment, and mild

neurocognitive disorder.23,24 These is known collectively as the HIV-

associated neurocognitive disorder;24 an alternate term now used by

some is neuroHIV.

The brain has a variety of cell types. There are dozens of differ-

ent neurons, the key cells that carryout vital functions. In addition,

there are many nonneuronal cell types in the brain, including the cells

known collectively as glia: astrocytes, oligodendrocytes, andmicroglia.

Furthermore, there are various progenitor cells, support cells such

as endothelial cells and pericytes, and CNS-associated macrophages

(CAM, also known as border-associated macrophages). Both microglia

and macrophages are part of the myeloid innate immune system.

Although microglia are placed in the glia category, and macrophages

can arise from blood-borne monocytes, both microglia and CAM

have a distinct origin from the extraembryonic yolk sac early in

development.25,26 These cells respond to virus infection by exhibiting

an inflammatory state. Thus, they likely drive HIV neuropathogene-

sis, where even in the current cART era, a low level of ongoing HIV-1

viral replication and/or production of early viral protein(s) by activated

microglia likely promotes the symptomatology of neuroHIV, as well as

serve as a reservoir for the virus during cART suppression.16

A focus on brain microglia and macrophages in different stages of

HIV infection is key to determining the effect of HIV on the brain.

We have long studied the immune cells, predominantly microglia, from

the brains of SIV-infected rhesusmonkeys under various conditions. In

addition to studying fresh cells, we cryopreserve cells and have shown

that these represent a good source of material for a variety of studies,

including single-cell RNA-sequencing (scRNA-seq).27,28 Toassess these

key cells in the brain under a variety of relevant conditions, here we

used scRNA-seq to examine the transcriptome of brain myeloid cells

(microglia and macrophages) from 4 groups of monkeys: uninfected,

SIV infected without treatment (SIV untreated), SIV infected with

cART-treatment (SIV treated), as well as those with SIV encephalitis

(SIVE).

2 METHODS

2.1 Experimental model and subject and
macrophage/microglia preparation details

Twelve males, 3–7-years-old rhesus macaques were purchased from

Alpha-Genesis Primate Research Center (Yemassee, SC), PrimGen

(Hines, IL), or New Iberia Research Center (New Iberia, LA). The mon-

keys tested negative for the indicated viral pathogens: SIV, SRV, STLV-

1, Herpes B-virus, and measles; and bacterial pathogens: salmonella,

shigella, campylobacter, yersinia, and vibrio. Macaques were housed

in compliance with the Animal Welfare Act and the Guide for the

Care and Use of Laboratory Animals in the NHP facilities of the

Department of Comparative Medicine, University of Nebraska Medi-

cal Center (UNMC). The primate facility at UNMChas been accredited

by the American Association for Accreditation of Laboratory Ani-

mal Care international. The UNMC Institutional Animal Care and Use

Committee reviewed and approved this study under protocols 08-

035-07-FC, 11-032-05-FC, and 16-073-FC. Animals were maintained

in a temperature-controlled (23 ± 2◦C) indoor climate with a 12-h

light/dark cycle. They were fed Teklad Global 25% protein primate diet

(#2055; Envigo,Madison,WI) supplementedwith fresh fruit or vegeta-

bles and water ad libitum. The monkeys were observed twice daily for

health status by the animal care and veterinary personnel.

Information on the animals and the samples used for analysis is

presented in supplemental Table 1. Nine of the 12 animals were intra-

venously inoculated with stocks of SIVmac251. The 3 animals that

developed SIVE and the 3 with chronic, untreated SIV infection (SIV-

untreated group) were inoculated with an in vivo (rhesus monkey)
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passaged stock from our laboratory,29 the 3 with chronic SIV infec-

tion that were treated with antivirals to suppress viremia (SIV treated)

were inoculated with an in vitro passaged stock (CEMx174 cells) pro-

vided by the Virus Characterization, Isolation and Production Core

at Tulane National Primate Research Center (Covington, LA).30 The

antiviral-treated animals have been previously described.7 Briefly, 5-

weekspostinfection, they receivedaonce-daily subcutaneous injection

of 1 ml/kg of body weight containing 40 mg/ml emtricitabine (Gilead,

Foster City, CA), 20 mg/ml tenofovir (Gilead), and 2.5 mg/ml dolute-

gravir (ViiV Healthcare Limited, Research Triangle, NC), continued

until the time of necropsy. Necropsy plasma viral loads were deter-

mined by Seimens (Emeryville, CA) using a bDNA assay, or by SNB

using quantitative reverse transcription-PCR (qRT-PCR) as previously

described.31

At necropsy, deeply anesthetized (ketamine plus xylazine) animals

wereperfused intracardiallywith sterile PBS containing1U/ml heparin

to clear blood and blood-borne cells from the brain vasculature. Brains

were harvested for histopathology and molecular studies, and approx-

imately half of the brain was then taken for microglia/macrophage

isolation. Microglia/macrophage-enriched cellular isolation was per-

formed using our previously described procedure.28,32 In brief, a

cellular preparation enriched in microglia and inflammatory cells were

isolated by mechanical disruption, enzymatic digestions, and Percoll-

gradient enrichment. These microglia/macrophage-enriched isolates

were cryopreserved in 10% DMSO in FBS (Sigma–Aldrich, St. Louis,

MO) and kept frozen at≤140◦C.

2.2 scRNA-seq

Analysis of scRNA-seq data from 2 of the animals (21T and 34T, both

from the SIVE group) were previously reported.27 The methods used

for these 2 and the other 10 samples were identical. The cryopre-

served samples of enriched brainmicroglia/macrophages isolateswere

rapidly thawed in a37◦Cwater bath. Procedureswere completedusing

our previously described methods.27,28 Briefly, recovered cells were

treated with 1%DNase (Sigma–Aldrich) followed by washing and then

stained with UV-blue live/dead assay (Invitrogen, Waltham, MA). Cells

were washed, resuspended in MACS separation buffer with 0.1% BSA,

and incubated with NHP anti-CD11b microbeads (Miltenyi, Gladbach,

Germany). Cells were washed and loaded onto MACS Separator LS

columns, from which the positively selected CD11b cells were col-

lected. TheseCD11b-enriched isolateswere then stainedwithBrilliant

Violet 605-labeled anti-mouse/human CD11b antibody clone M1/70

(BioLegend, SanDiego, CA), washed, and sorted based on size, singlets,

live, CD11b+ events using an Aria2 flow cytometer (BD Biosciences,

San Diego, CA).

Post-sort, isolates were concentrated to approximately

1000 cells/µl, and assessed by trypan blue for viability and con-

centration. Based on 10× Genomics parameters targeting 8000 cells,

the calculated volume of cells was loaded onto the 10× Genomics

(Pleasanton, CA) Chromium GEM Chip and placed into Chromium

Controller for cell capturing and library preparation. We used the

10× Genomics Single Cell 3′ GEM, Library, and Gel bead kit v3. The

prepared libraries were then sequenced using an Illumina (San Diego,

CA) Nextseq550 sequencer with the NSQ 500 hi-Output KT v2 (150

cycles).

2.3 Data analysis

We performed demultiplexing and generating feature-cell matrices

using 10× Genomics cellranger pipeline version 3.1.29 Specifically, we

used cellranger mkfastq to convert the raw base call (BCL) files from

the IlluminaNextseq550 into FASTQ files. Then cellranger count aligned

the reads to the customized combination reference genome ofMacaca

mulatta (Mmul10) and the SIV genome divided into 5 regions (based

on NCBI reference sequences M22262.1).27 Cellranger count also per-

formed filtering, barcode counting, and unique molecular identifier

(UMI) counting. As a result, a feature-cell matrix is created for each

sample. An average of 5236 cells were identified per animal. Dou-

bletFinder [30] was used on these matrices, eliminating 3222 of the

64,146 cells (5%) as doublets from the downstream analysis.

Partek (St. Louis, MO) Flow version 10.0 was used for in-depth

analysis. Single-cell QA/QC was performed to filter out cells with low

quality on the total UMI (<400 or>20,000), gene count per cell (<300

or>5000), andMitochondrial UMI proportion (> 15%), 837 cells were

removed from this step (1.3% of the starting pool of cells). The genes

with maximal expression ≤1 were then removed. The remaining genes

were filtered using a stringent rhesusmonkey to human gene-mapping

list, extracted from Biomart [56,57] with a confidence score equal to

1 and alignment coverage over 75%. Nonprotein coding genes were

removed, in addition to genes that coded for ribosomal proteins and

those from the mitochondrial genome. Normalization was performed

using scTransform,31 followed by principal component analysis (PCA)

with the setting of 100 PCs for calculation. With the first 33 PCs, we

performed graph-based clustering using the Louvain algorithm and a

Euclidian distance metric, setting the resolution at 0.3, resulting in 10

clusters with a modularity of 0.98. Data visualization was performed

using UniformManifold Approximation and Projection (UMAP), with a

local neighborhood size of 15, a minimal distance of 0.1, Euclidean as

the distance metric, and the first 33 PCs from PCA. For differentially

enriched genes, ANOVA was performed (again using Partek software)

using gene expression values that were normalized by converting the

UMI to CPM (counts per million reads), then adding 1 and converting

to the log2 value. Differentially expressed genes (DEGs) were defined

as those with a false discovery rate of <0.05 and a fold change >|1.5|.

The circos plot was generated usingMetascape.33

For lists of theDEGs fromtheclusters generatedabove,we first con-

verted them to human gene IDs, then performed ingenuity pathway

analysis (IPA).34 Canonical pathways, upstream regulators, biologic

functions, and disease annotations were generated by the IPA and

also overlaid the identified functional molecules with the networks.35

Z-scores for IPA outputs were first filtered for missing values and
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subsequently clustered hierarchically in Perseus v. 1.6.15.0 36 using

Euclidean distance calculations with linkage type set to average and

no constraints. Preprocessing with k-means was selected, a maximum

number of clusters and iterations were set at 300 and 10, respec-

tively, with 1 allowed restart. Clustering was performed on both rows

(regulator/pathway) and columns (graph-based cell cluster). Heatmaps

were generated inGraphPad Prism version 9.3.1 forMacOs (GraphPad

Software, San Diego, CA). To allow for better differentiation of color

mapping, the maximum (red) and minimum (green) color values were

applied to Z-scores greater than or equal to 3.0 and less than or equal

−3.0, respectively.

2.4 Original data availability

The scRNA-seq data from this study for the uninfected animals 16T,

38T, 41T; SIV-untreated animals 23T, 25T, 31T; SIV-treated animals

74T, 82T, and 83T; and SIVE animal 09T have been deposited in the

NCBI GEO database, accession # GSE195574. Data from SIVE ani-

mals 17T and 34T, previously deposited in the NCBI GEO database,

accession # GSE160384, was also used in this study.

2.5 Online supplemental material

Five Excel workbooks are included in the online material. Table S1

contains the scRNA-seq metrics. Table S2 contains the up-regulated

DEGs in nonmyeloid clusters 7 and 9 comparedwith the other clusters.

Table S3 contains DEGs between conditions for clusters 4 and 5, and

between all myeloid clusters. Table S4 contains the IPA canonical path-

ways for eachmyeloid cluster predicted by theDEGs. Table S5 contains

the IPA upstream regulators for each myeloid cluster predicted by the

DEGs.

3 RESULTS

Cryopreserved enriched microglia/brain macrophage preparations

were thawed, enriched by immunomagnetic selection for CD11b,

and further purified by FACS to select for live, CD11b-positive cells.

Cell suspensions were taken for capture using the 10× Genomics

Chromium system. Data from 12 animals were studied, with 3 animals

in each of the 4 groups. Details on the scRNA-seqmetrics are provided

in Table S1.

Quality assurance and quality control was performed on the cells

identified as described in the Methods, from the 12 animals a total of

60,087 cells (an average of approximately 5000 cells per animal) were

used in the subsequent analyses; we examined the expression of a

curated list of rhesus protein-coding genes to which the SIV genome

was added, resulting in 13,239 genes for analysis. Following normal-

ization, we performed PCA and graph-based clustering. The conditions

and clusters were visualized using UMAP. Cells from the 4 different

conditions are largely grouped separately (Figure 1(A)). Ten graph-

based clusters were found that identified different populations of cells

(Figure 1(B)). Based on the DEGs, cluster 7 has the profile of cytotoxic

T-lymphocytes and/or NK cells, whereas cluster 9 has the profile of

endothelial and/or choroidplexus cells (Table S2). These cellswere then

removed from the analyses, leaving 56,088 cells expressing character-

isticmicroglia/macrophage genes (Figure 1(C)) from the 4 conditions in

8 clusters for further analysis.

3.1 Microglia/macrophages in each condition are
made up of different proportions of defined cell
clusters

Each condition has cells from multiple clusters, but their propor-

tion varies with the condition as shown in the UMAP and pie chart

in Figures 2(A) and 2(B)). Notably, each condition has the majority

of the cells made up of just 1 cluster (uninfected: cluster 3, 65%;

SIV-treated: cluster 2, 67%; SIVE: cluster 1, 77%) or at most 2 clus-

ters (SIV-untreated: clusters 4 and 5, 47% and 35%, respectively)

(Figure 2(B)). The SIVE condition contains all 8 clusters, whereas

the other 3 conditions have 7, lacking cluster 10, which is only in

SIVE. However, although containing 8 clusters, the makeup of the

microglia/macrophages in SIVE is less diverse than in the other condi-

tions. Shannonentropy canbeused to calculate a diversity index (H, the

larger the number, the more diverse),37 revealing the condition with

the highest diversity of cell distribution in the clusters is SIV treated,

followedbyuninfected, SIV treated, and SIVE (H=1.84, 1.44., 1.20, and

1.10, respectively).

In order to better characterize the cells in the clusters, we exam-

ined expression of genes known to be expressed inmyeloid cells. Other

studies have characterizedmicroglia, CAM, andmonocytes in the brain

and their activation and disease-induced changes, based on patterns of

gene expression.38–42 We examined the expression of myeloid genes

that can characterize such cells (Figure 3). Microglia homeostatically

express a number of genes that are also expressed as well in other

myeloid cells, such as allograft inflammatory factor 1 (AIF1, a.k.a.

Iba-1), CD14 (LPS coreceptor), and CSF1R (the macrophage CSF

receptor). Expression of the purinergic receptor P2RY12 is thought

to be highly specific for microglia, and expression of the lysophos-

phatidylserine receptor, GPR34, is highly enriched in microglia.

P2RY12 is known to be down-regulated in microglial activation. The

cells in clusters 2 and 3 express high levels of the above genes, whereas

P2RY12andGPR34are lower inother clusters. Theyare still expressed

in clusters 6, 1, 10, and 5, but not in clusters 4 and 8.

Clusters 4 and 8 also express lower levels of the complement genes

C1QB and C3, both of which are typically expressed in microglia. Clus-

ter 8 has a unique expression of ficolin 1 (FCN1) as well as S100A8

and S100A9 (a.k.a. MRP8 and MRP14), which are highly expressed

in monocytes, and S100A8/9 expression characterizes recently emi-

grated monocytes from the bloodstream into the brain.43 Further-

more cluster 8 has high expression of CD163, which is found on
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F IGURE 1 UMAP visualizations of scRNA-seq data. (A) Showing all cells followingQA/QC, normalization, and filtering with the annotated
gene list. Cells from themonkeys in the different conditions are designated by different colors. (B) as in (A), but with cells from the different
graph-based clusters designated by different colors. (C) As in (A), but cluster 7 (CTL andNK cells) and cluster 9 (endothelial cells) removed and
colored by the expression of myeloid genes AIF1 and CSF1R

F IGURE 2 Different conditions aremade up of different clusters of cells. (A) UMAP visualization of brain myeloid cell sc-RNAseq (excluding
clusters 7 and 9), split to show cells from the different conditions, colored by graph-based clusters. (B) Pie charts with areas proportional to the
percentage of cells in each condition from the different graph-based clusters of brain myeloid cell sc-RNAseq

perivascular macrophages in the brain.44 Interestingly cluster 8 also

has high expression of SPI1 (the transcription factor PU.1) critical

in myeloid gene expression and present at high levels in mono-

cytes, as well as CD68, and class II related genes (MAMU-DR and

CD74) which characterize perivascular macrophages in the brain.45

This is all consistent with cluster 8 representing macrophages (and/or

recently emigrated monocytes) into a proinflammatory environment

in the SIV-untreated and SIVE conditions. This cluster contains a rel-

atively high proportion of the cells found in SIVE (14.3%), and SIV

untreated (4.9%), with low levels in uninfected (0.8%) and SIV treated

(0.2%)

In addition to cluster 8, clusters 1, 4, 5, and 10 express high lev-

els of the MHC class II molecule MAMU-DRA and the MHC class II

invariant chain CD74, indicating a function in antigen presentation,

and for microglial activation. In addition to the class II molecules,

clusters 1 and 10 are also notable for high expression of SPP1

(osteopontin) and apolipoprotein C1 (APOC1), which combined with

the decreased P2RY12/GPR34 expression points to their activation,

consistent with their predominance in SIVE. Similarly, the high expres-

sion of P2RY12/GPR34, with low expression of the MHC class II

molecules and SPP1/APOC1 supports clusters 2 and3being in a home-

ostatic resting state. Although cluster 6 has lower P2RY12 expression,

combined with the other markers it is likely in a similar state. This is

consistentwith clusters 2, 3, and6beingpredominant in theuninfected

and SIV-treated conditions.

Clusters 4 and 5 are more difficult to classify, as they are present

along with the predominant cluster 3, in the uninfected condition, and

together they are dominant in the SIV-untreated condition. Both clus-

ters 4 and 5 appear active in antigen presentation, with increased

levels of the MHC class II molecule MAMU-DRA and the MHC class

II invariant chain CD74. Cluster 4 resembles cluster 8 in much of

the gene expression patterns, however with lower CD14, TLR4 (the

LPS receptor), and FCN1, and lack of expression of S100A8/A9 and

CD163. Cluster 5 is also related to cluster 8 in gene expression and

has the unique (albeit low-level) expression of COLEC12, a C-lectin

family scavenger receptor which is found in macrophages and
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F IGURE 3 Expression of myeloid cell genes graph-based clusters.
In the bubble plot, the size of the circles represents the percentage of
cells in the cluster expressing the indicated gene, and the color
represents the level of expression

activated microglia, as well as expressing Coagulation Factor XIII A

Chain (F13A1), again found inmacrophages.

Although clusters 4 and 5 are present in both the uninfected

and SIV-untreated conditions, they may still differ in the expression

of informative genes. Therefore, we performed ANOVA comparing

cells in these clusters, separately, between the SIV-untreated and

uninfected conditions (Table S3(A)). While similar in the graph-based

clustering, it is notable that there are many genes associated with

responsiveness to IFN, for example IFN alpha inducible protein 27

(IFI27) is increased 26-fold and 90-fold in SIV untreated versus unin-

fected in clusters 4 and 5, respectively. Similarly, apolipoprotein B

mRNA editing enzyme catalytic subunit 3A (APOBEC3A) is increased

15-fold and 27-fold, and IFN-stimulated gene 15 (ISG15) is increased

8.3-fold and 6.2-fold. Thus, while present in both conditions, the clus-

ters 4 and 5 are more activated in the SIV-untreated condition than

their counterparts in the uninfected condition.

To further explore the relationships between the clusters we exam-

ined the commonalities in the up-regulated DEGs in the different

clusters (Table S3(B)). As shown in the circos plot (Figure 4), consis-

tent with the findings above, clusters 2 and 3 share many up-regulated

DEGswith each other andwith cluster 6, again characterizing the unin-

fected and SIV-treated groups. Similarly, clusters 1 and 10 (SIVE) share

many genes with increased expression, as do clusters 4 and 8. The

F IGURE 4 Relatedness of up-regulated genes. The circos plot
shows the up-regulated genes within each cluster that are shared with
other clusters (dark orange) and those that are unique to that cluster
(light orange). The purple chords connect the clusters sharing
up-regulated genes

shared up-regulated genes in cluster 5 were dispersed throughout the

other clusters.

3.2 Infected cells are predominantly found in
animals with encephalitis

To assess CNS infection, SIV-positive cells were identified as cells

containing transcripts from the SIV genome. As expected, none were

detected in the uninfected condition, and none were found in the

SIV-treated condition. Two SIV-positive cells (0.02%) were found in

the SIV-untreated condition, and many (9.2%) were present in the

SIVE condition (Figure 5(A)). The clustering was consistent with this

(Figure 5(B)), as cells from SIVE being largely in cluster 1 (the major-

ity cluster in SIVE), which has the largest number of infected cells,

with 6.1% of all cluster 1 cells expressing SIV transcripts (and of

the SIVE cells in cluster 1, 6.5% are infected). The second-largest

group of cells in SIVE was found in cluster 8 (which is the second-

largest cluster located in SIVE), in which 8.1% are infected (and of the

SIVE cells in cluster 8, 10.3% are infected). Intriguingly, cluster 10,

found exclusively in SIVE, has 100% of the cells expressing SIV tran-

scripts. These cells also expressed higher levels of transcripts from all

regions of the SIV genome, including the gag-pol region, which is only

found in full-length viral transcripts (Figure 5(C)). For the 2 infected

cells in the SIV-untreated group, 1 is in cluster 4, and the other in

cluster 5 (arrows, Figures 5(A) and 5(B)). These 2 clusters together

contained the majority of the cells in the SIV-untreated condition.
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F IGURE 5 Identification of SIV-infected cells. (A) Dot plot of cells without SIV transcripts (not infected) and those with transcripts from the
SIV genome (SIV infected), separated by, and colored by, condition. The 2 infected cells in SIV untreated are indicated by arrows. (B) As in (A),
except separated by graph-based cluster. (C) Dot plot overlayed upon violin plot showing cells expressing SIV RNA from the gag-pol region
(indicated full-length transcript), separated by, and colored by, graph-based cluster

These clusters also contain infected cells from the SIVE group (1.1 and

0.8% of all cells in the cluster, and 10.5 and 20.2% of the cells from the

SIVE group expressing SIV transcripts, respectively).

3.3 Pathway analyses indicate similarities
between uninfected and SIV-treated conditions, and
a common cluster of cells shared between
SIV-untreated and SIVE

IPA was employed on DEGs for each cluster to gain insight into

functional differences between the cell clusters. We first assessed

alterations in canonical pathways (Table S4(A)). In total, 355 path-

ways were identified, of which 193 were present in each of the 8

clusters (Table S4(B) and Figure 6). Notably, several of the canoni-

cal pathways that exhibited the greatest range among clusters are

associated with immune response and inflammation, including “inter-

feron signaling” and “role of hypercytokinemia/hyperchemokinemia in

the pathogenesis of influenza”, which are increased in SIVE-associated

clusters 1 and 10, SIVE and SIV-untreated-associated cluster 8, and

decreased in uninfected- and SIV-treated-associated clusters 2, 3,

and 6. Conversely, “MSP-RON signaling in macrophages pathway” as

well as “G-protein coupled receptor signaling,” are both increased

in uninfected- and SIV-treated-associated clusters 2, 3, and 6, and

decreased in SIVE-associated clusters 1 and 10, and SIV-untreated-

associated cluster 8. Euclidean hierarchical clustering (with average

linkage) revealed that based on the 193 common canonical pathways,

clusters 2, 3, and 6 were closely related (uninfected- and SIV-treated

associated), as were clusters 1 and 10 (all SIVE associated), as well

as clusters 4 and 8 (which diverge in their linkage, with cluster 8

found in SIV untreated and SIVE, whereas cluster 4 is found predom-

inantly in uninfected and SIV untreated). Cluster 5 (uninfected and

SIV untreated) was more distantly connected to the clusters 1 and 10

grouping.

Next, we again used IPA to predict classes of “upstream regula-

tors” based on the DEGs. We focused on 3 classes likely involved in

F IGURE 6 Cluster analysis of canonical IPA pathways. Euclidean
clustering of activation Z-scores for canonical IPA pathways in each
graph-based cell cluster is represented in the heatmap. Dendrograms
illustrate the linkage relationships and distances between rows
(pathways) and columns (graph-based cell clusters)

regulation in general (transcriptional regulation), neuroinflammation

(cytokine), and neuroprotection, cell survival, and signal transduc-

tion (growth factor). We again used hierarchically clustering on the

IPA-determined activation Z-scores, as shown in Figures 7(A)–7(C).
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F IGURE 7 IPA reveals upstream regulators linked to infection status. Euclidean clustering of activation Z-scores in each graph-based cell
cluster are represented in the heatmaps for upstream regulator classes (A) general regulation (transcriptional regulation), (B) neuroinflammation
(cytokine), and (C) neuroprotection, cell survival, and signal transduction (growth factor). Dendrograms illustrate the linkage relationships and
distances between rows (upstream regulator) and columns (graph-based cell clusters)

Complete lists of shared regulators used for clustering analysis in each

class and their numerical Z-scores are available in Tables S5(A)–S5(C).

Interestingly, clusters 2 and3were closely linkedandgrouped together

with cluster 6, in all 3 classes of regulators, as was observed in

the canonical pathways in Figure 6. Again, these clusters are com-

posed primarily of cells from uninfected (cluster 3), and SIV-infected

cART-suppressed (clusters 2 and 6) conditions, suggesting that cART

treatment restores a more naïve-like gene expression profile in the

microglia. The clusters primarily from SIVE also cluster together (clus-

ters 1 and 10), again as in the canonical pathways, with clusters 4 and

8 (the latter in the SIVE and SIV-untreated groups) linked together

and are related to clusters 1 and 10 for transcriptional regulators and

cytokines, but not growth factors. Cluster 5 varied in its linkage.

In further support of viral suppression restoring a more naïve

(i.e. similar to the uninfected condition) transcriptional program, we

observed converse activation scores of transcriptional regulators

involved inflammation and immune response (IFN response factor,

IRF, IRF-1/3/5/7),46 a key factor in the activation of myeloid develop-

ment and gene expression profiles (Spi-1-proto-oncogene, SPI1, a.k.a.

PU.1),47 and another involved in antiviral responses to IFN signaling

(promyelocytic leukemia protein).48 These increased in clusters com-

prised of primarily SIVE/SIV-untreated clusters 1,8,10 and decreased

in clusters comprised of uninfected/SIV-treated groups.2,3,6 In con-

trast, the activity of myocyte-specific enhancer factor 2C (MEF2C),

which is known to suppress the microglial inflammatory response,49 is

increased in clusters comprised of uninfected/SIV-treated groups 2,3,6

and decreased in clusters comprised of SIVE/SIV.1,8,10

Consistent with this, we also observed corroboration in activa-

tion scores for cytokines representing pro- and anti-inflammatory

activities between SIVE/SIV-untreated and uninfected/SIV-treated

conditions, respectively. This is exemplified by high IFN beta 1 (IFNB1)

activity, and low activity for IL-1 receptor antagonist (IL1RN) in

SIVE- and SIV-untreated-associated clusters, versus uninfected- and

SIV-treated-associated clusters, with low IFNB1 and high IL1RN.

Fractalkine (CX3CL1), which is the ligand for CX3CR1, a character-

istic gene expressed in macrophages, serves to maintain microglia

in a relatively quiescent state.50 CX3CL1 expression is high in

uninfected- and SIV-treated-associated clusters, whereas low in SIVE-

and SIV-untreated-associated clusters. In our analysis of growth fac-

tors, we did not observe stark converse relationships of activation

scores distinguishing the clusters found in the related conditions,

as above.

4 DISCUSSION

Although modern therapies like cART have transformed HIV from

a lethal disease to a manageable condition, associated neurocogni-

tive consequences remain a concern.51 Paradoxically, microglia and

macrophages, which comprise the innate defense system in the brain
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and are crucial for CNS homeostasis, are targets for HIV and key

players in its neuropathogenesis.52,53 In addition, these infected cells

can serve as viral reservoirs even with effective treatment.54 Here,

using an scRNA-seq approach in the SIV-NHP model, we demonstrate

differential transcriptional programs in brain myeloid cells from mon-

keys under 4 conditions: uninfected, SIV-infected without treatment

(SIV untreated), SIV infected, cART treated to suppress viremia (SIV

treated), and SIV infected with SIVE. Our study revealed alterations

in composition (both lineage and gene expression profiles) of the cell

populations between groups that could be helpful as both therapeutic

targets and biomarkers.

As expected, we observed greater expression of SIV transcripts

correlating with infection severity (SIVE > SIV untreated), and lack

of such transcripts in SIV-infected cART-treated, or uninfected, mon-

keys.Notably,weonly detected2 SIV-expressing cells in SIV-untreated

animals. While our analysis detects viral transcripts, the sensitivity

of scRNA-seq is limiting, thus it is possible that cells expressing low

amounts of viral RNA cloud be missed. However, we note that in

a model of accelerated simian AIDS, animals without CNS disease

had low to undetectable levels of SIV RNA, and the majority did

not have detectable productively infected CD11b+ cells (microglia

or macrophages) in the brain.55 Using the same model system with

the addition of suppressive antiretroviral treatment, it was found that

SIV RNA was not detected in the brains of the SIV-infected monkeys,

although provirus was found, and the cells could serve as a reservoir

capable of producing virus, with a median of 0.268 infectious cells per

million CD11b+ brain cells.8 Similarly, in our prior study that included

these 3 treated, virally suppressed animals and 2 additional treated

animals, we found 0.18 infectious cells per million CD11b+ brain

cells.7

Viral suppression by treatment also resulted in gene expression

profiles similar to those observed in uninfected monkeys and distinct

from those seen with active untreated infection. In line with this,

several genes with relevant immune functions were differentially

expressed in uninfected and SIV-treated conditions compared with

SIVE/SIV-untreated groups. Examples represent functions in antigen

presentation: CD74, MAMU-DRA; scavenging and immune recruit-

ment: CXC3R1, CD68, CD163; inflammation: IRF8; transcriptional

regulation: SP1, TAL1; antiapoptotic signaling and survival: CX3CR1,

SPP1; and receptor signaling: MERTK, P2RY12, GPR34. Key biologic

pathways and upstream regulators identified by IPA, exhibited similar

inverse relationships between uninfected/SIV-treated and SIVE/SIV-

untreated groups that were supported by cluster analysis. Among

those associated with viral immune response were IFN signaling and

response factors, excessive cytokine and chemokine release, immune

suppression, scavenging and clearance, and proliferation/death

signaling.

4.1 Myeloid diversity is influenced by SIV and
cART

CNS myeloid diversity under homeostatic states is composed primar-

ily of surveillantmicroglia andperivascularmacrophages,which rapidly

shift into states of immune activation recruiting peripheral monocytes

and activating resident microglia and macrophages.56 Consistent with

this, composition of graph-based clusters in our study varied between

groups although some clusters were shared by more than 1 group.

Correlating with a low level of infection and immune activation state,

but without active disease, the greatest microglia/macrophage diver-

sity was observed in SIV-infected animals not treated with cART. The

condition of SIVE was the least diverse, likely due to general activa-

tion in encephalitis. The cells had a high level of infection, with cells in

a highly activated state (clusters 1 and 10) and an increased propor-

tion in cluster 8; the latter cluster shared largely with SIV-untreated

and resembling activated monocyte/macrophages. In uninfected ani-

mals’ cells, cluster 3 was most prevalent, while cART-treated infected

animals’ cells clusters 2 and 6 were prominent, and all 3 of these clus-

terswere comprised of relatively quiescent cells. The reduceddiversity

in the treated group may relate to this overall quiescence. We cannot

rule out an effect of the treatment itself onmicroglia, as an uninfected,

cART-treated group was not examined. Interestingly, clusters 4 and 5

were shared between uninfected and SIV-untreated groups; however,

within these clusters, differences were found pointing to microglial

activation in the SIV-untreated group.

4.2 cART restores a homeostatic naïve-like state

Microglia, the dominant immune cell type in the CNS, perform essen-

tial functions to maintain homeostatic balance in the CNS.57 Among

these are clearance of debris, synaptic pruning, regulation of dendritic

spine density, synapse maturation, and regulation of neuronal activ-

ity. Homeostatic microglial states are defined by a core set of genes,

including relatively high expression of P2RY12, TREM2, GPR34, and

CX3CR1, comparable to the pattern we observed in uninfected ani-

mals (cluster 3).58,59 Conversely, these genes are inhibited in activated

states such as those in SIV untreated and SIVE. Notably, the over-

lap between the SIV-untreated and cART-suppressed (SIV treated)

conditions was minimal, confirming lowered microglial activation and

suggesting the restoration of a more naïve-like state. Indicative and

consistent with reduced immune activation, the predominant clusters

in cART suppressed animals (clusters 2 and 6) were similar in expres-

sion pattern and pathway activation to cluster 3. Specifically, P2RY12

expression was high in both clusters 2 and 3. A purinergic receptor,

P2RY12, which in the peripherally is involved in platelet aggregation,

is highly specific to surveillant state microglia in the brain, where it

regulates recruitment of microglial processes to specialized puriner-

gic junctions, neuronal–microglial communication, glutamatergic tone,

and dendritic spine density.60,61 TREM2, like P2RY12 functions in

CNS homeostasis participating in surveillant microglial sensing, home-

ostatic clearance, and regulatingmicroglia survival and proliferation 62

was also comparable between cluster 2 and 3. Notably, mutations or

dysregulated expression of P2RY12 and TREM2 are associated with

neurodegenerative disorders, including Alzheimer’s disease.63,64

Correlating with gene expression programs and reduced inflamma-

tory states, activation scores of pathways were comparable between

clusters 2, 3, and 6. With an elevated activation score, the pathway
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“MSP-RON signaling in macrophages pathway” regulates the immune

state by reducing microglial inflammation, decreasing characteristics

of the proinflammatory M1 state, and promoting an M2 phenotype.65

Conversely, with reduced activation scores, the pathways of “inter-

feron signaling,” classically associated with proinflammatory response

and “role of hypercytokinemia/hyperchemokinemia in the pathogen-

esis of influenza,” colloquially known as cytokine storm, contribute

to enhanced inflammation, glial activation, and chemotaxis.66,67 The

similar degrees of activation for these pathways in cART suppressed

clusters in SIV treated 2 and 6 and cluster 3 in the uninfected condition

reinforce the notion that cART restores a naïve-like state.

4.3 SIVE is associated with robust inflammatory
activation

As expected, in SIVE, increased populations of activated microglia

and macrophages, as in clusters 1, 8, and 10, were coupled to high

viral replication, elevated proinflammatory cytokine production, and

numerous IFN-regulated genes. Many of these up-regulated effec-

tors were similar to our prior profiling of SIVE and HIVE using

gene arrays.68,69 Clusters 1 and 10, which contained the highest

percentage SIV transcript expressing cells and shared a large per-

centage of DEGs, exhibited proinflammatory activation of regulators

and effector molecules (IRF1/3/5/7, IFNB1, IL6, and others) and

associatedpathways (“interferon signaling” and “roleof hypercytokine-

mia/hyperchemokinemia in the pathogenesis of influenza”).

Of additional interest as a biomarkerwas CD163, which is known to

be expressed in microglia in SIVE and HIVE, as well as in perivascular

macrophages.44,70 Soluble CD163, released from activated mono-

cytes, has been shown to be elevated in the blood during both SIV

and HIV infection.71,72 Furthermore, plasma CD163 correlates with

neurocognitive impairment and neuropathology in PWH.73,74 CD163

expression is high in clusters 1 and 10 (SIVE), at moderate levels in

clusters 5 and 8 (SIV untreated as well as SIVE for cluster 8), and low

in clusters 2, 3, and 6 (uninfected and SIV treated). Another poten-

tial biomarker identified was SPP1 (osteopontin), that was expressed

at high levels in clusters 1 and 10 (SIVE). Plasma osteopontin lev-

els are correlated with neurocognitive impairment in PWH 75 and

its expression was increased in the brain and CSF of those with

impairment.76

5 SUMMARY

SIV infection of monkeys changes the makeup of microglia subsets

in the brain. While high-level infection within the brain in SIVE leads

to clusters of highly activated cells expressing inflammatory fac-

tors, even lower-level infection in infected but untreated animals

changes the characteristics of microglia to an activated phenotype.

Both SIVE and SIV-infected untreated animals share a higher propor-

tion of macrophages within the brain myeloid cells. Microglia from

SIV-infected animals that were treated with antivirals to effectively

suppress viremia exhibited profiles of a homeostatic state similar to

those seen in uninfected animals. Limitations of our study include the

retrospective analysis of animals from different experiments, diverse

times of cryopreservation storage, different passage history of infect-

ing viral stocks (although of similar origin), small numbers of animals

per group (3), a shorter infection time period than in PWH, and

examination of microglia and macrophages but not other brain cells

that could also contribute to alterations found with infection and its

treatment. Furthermore, scRNA-seq captures only a fraction of the

transcriptome of each cell, leading to data with zero inflation and

subsequent false negatives.

In conclusion, our study provides an important perspective to the

ongoing debate on microglia/macrophages as key target cells for

SIV/HIV infection in the CNS and their role in pathogenesis, and

underscores the need for in-depth analysis of more extensive studies.
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