
Hawes et al. Journal of Neuroinflammation          (2022) 19:250  
https://doi.org/10.1186/s12974-022-02610-y

RESEARCH

Neuroinflammatory transcriptional 
programs induced in rhesus pre-frontal cortex 
white matter during acute SHIV infection
Chase E. Hawes1,2†, Sonny R. Elizaldi1,2†, Danielle Beckman3, Giovanne B. Diniz3, 
Yashavanth Shaan Lakshmanappa2, Sean Ott3, Blythe P. Durbin‑Johnson4, Ashok R. Dinasarapu5, 
Andrea Gompers2, John H. Morrison3,6* and Smita S. Iyer2,3,7* 

Abstract 

Background: Immunosurveillance of the central nervous system (CNS) is vital to resolve infection and injury. How‑
ever, immune activation within the CNS in the setting of chronic viral infections, such as HIV‑1, is strongly linked to 
progressive neurodegeneration and cognitive decline. Establishment of HIV‑1 in the CNS early following infection 
underscores the need to delineate features of acute CNS immune activation, as these early inflammatory events may 
mediate neurodegenerative processes. Here, we focused on elucidating molecular programs of neuroinflammation in 
brain regions based on vulnerability to neuroAIDS and/or neurocognitive decline. To this end, we assessed transcrip‑
tional profiles within the subcortical white matter of the pre‑frontal cortex (PFCw), as well as synapse dense regions 
from hippocampus, superior temporal cortex, and caudate nucleus, in rhesus macaques following infection with Sim‑
ian/Human Immunodeficiency Virus (SHIV.C.CH505).

Methods: We performed RNA extraction and sequenced RNA isolated from 3 mm brain punches. Viral RNA was 
quantified in the brain and cerebrospinal fluid by RT‑qPCR assays targeting SIV Gag. Neuroinflammation was assessed 
by flow cytometry and multiplex ELISA assays.

Results: RNA sequencing and flow cytometry data demonstrated immune surveillance of the rhesus CNS by innate 
and adaptive immune cells during homeostasis. Following SHIV infection, viral entry and integration within multi‑
ple brain regions demonstrated vulnerabilities of key cognitive and motor function brain regions to HIV‑1 during 
the acute phase of infection. SHIV‑induced transcriptional alterations were concentrated to the PFCw and STS with 
upregulation of gene expression pathways controlling innate and T‑cell inflammatory responses. Within the PFCw, 
gene modules regulating microglial activation and T cell differentiation were induced at 28 days post‑SHIV infection, 
with evidence for stimulation of immune effector programs characteristic of neuroinflammation. Furthermore, enrich‑
ment of pathways regulating mitochondrial respiratory capacity, synapse assembly, and oxidative and endoplasmic 
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Background
The central nervous system (CNS) houses a complex 
array of innate and adaptive immune cells facilitating 
immunosurveillance during homeostasis [1–3]. Further-
more, the CNS is permissive to activated lymphocytes, 
expressing CNS homing receptors, via the blood–brain 
and blood–cerebrospinal fluid barriers during the effec-
tor phase of the immune response [4, 5]. These features 
underlie the immune response of neuroinflammation, 
which evolved to protect CNS tissues. Yet, when sus-
tained, chronic neuroinflammation results in oxidative 
stress and cellular damage impairing synaptic and neu-
ronal function which underlies the initiation and pro-
gression of neurodegeneration [6]. One demographic at 
a notably higher risk of developing age-related neurode-
generative diseases are people living with HIV (PLWH).

Following mucosal transmission, HIV initially repli-
cates in gut-associated lymphoid tissue with subsequent 
systemic dissemination and rapid establishment of the 
viral reservoir in major organ systems, including the 
CNS. While neurons are not targets for HIV-1, entry of 
infected immune effectors (CD4 T cells and monocytes) 
via the barrier systems results in CNS viral dissemination 
during the acute phase of infection. Antiretroviral ther-
apy (ART) is associated with cognitive improvements; 
however, 50% of PLWH on therapy remain symptomatic 
for a spectrum of cognitive impairments called HIV-
associated neurocognitive disorders (HAND) [7–10]. 
A study of nine HIV + PLWH initiating ART within 4 
months of acquisition showed evidence for compartmen-
talized HIV DNA within the cerebrospinal fluid (CSF), 
indicating establishment of the CNS reservoir early fol-
lowing infection [11]. Viral influx to the CSF was associ-
ated with inflammation as evidenced by the association 
between CSF HIV-1 RNA and CSF neopterin, a marker 
of inflammation and immune activation [12]. Several 
studies demonstrate white and gray matter frontal atro-
phy early  following HIV infection [13–15], while neu-
ral injury within the striatum and decrease in size of the 
caudate nucleus are documented in chronic disease [16]. 
Thus, neuropathological analyses in PLWH demonstrate 
early CSF viral influx, CNS inflammation and early struc-
tural alterations in the frontal cortex as key pathological 

components of HAND. However, molecular changes 
underlying acute neuroinflammation in the HIV-infected 
brain and disruption of cellular programs in the pre-
frontal cortex and other regions linked to cognition and 
motor control remain understudied. Therefore, delin-
eating molecular signatures characteristic of the acute 
HIV infected brain is important to gain deeper insights 
into pathways underlying progressive neurodegenera-
tion. Furthermore, RNA sequencing approaches may 
provide greater resolution into biological processes and 
networks otherwise overlooked by cellular/tissue-based 
techniques.

To understand the molecular underpinnings of acute 
neuroinflammation, we performed RNA-sequencing of 
the pre-frontal cortex subcortical white matter (PFCw) 
in animals infected with SHIV.C.CH505 HIV-1 virus 
(SHIV), a CD4-tropic transmitted/founder (T/F) virus 
[17, 18]. In addition, three synapse-dense regions; hip-
pocampus (HP), superior temporal sulcus (STS), and 
caudate nucleus (CN), were chosen based on their rel-
evance to neurocognitive decline and/or known pat-
terns of pathology in neuroAIDS [19–21]. Our approach 
revealed novel insights into HIV-1-induced transcrip-
tional changes in the brain, and the data support three 
main conclusions: first, that there is pervasive immune 
surveillance of the rhesus CNS at homeostasis. Second, 
HIV-1 dissemination within the brain induces perturba-
tions in key biological pathways regulating inflammation 
and antiviral signaling, oxidative and nitrosative stress, 
and endoplasmic reticulum (ER) stress. Third, pathways 
regulating T helper 1 inflammation and microglial acti-
vation are induced within the PFCw during acute HIV-1 
infection. Our data provide an important framework to 
understand determinants of acute neuroinflammation 
and lay the foundation for identifying immune mecha-
nisms underlying neuropathogenesis in HIV infection.

Results and discussion
Study design
To identify major transcriptional features of the brain 
during acute HIV infection, we reasoned that infect-
ing young animals with a virus that recapitulates prop-
erties of T/F viruses would allow us to understand 

reticulum stress were observed. These acute neuroinflammatory features were substantiated by increased influx of 
activated T cells into the CNS.

Conclusions: Our data show pervasive immune surveillance of the rhesus CNS at homeostasis and reveal perturba‑
tions of important immune, neuronal, and synaptic pathways within key anatomic regions controlling cognition and 
motor function during acute HIV infection. These findings provide a valuable framework to understand early molecu‑
lar features of HIV associated neurodegeneration.
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inflammatory consequences of acute HIV-1 dissemina-
tion to the CNS in the HIV susceptible demographic. 
To this end, we infected young adult rhesus macaques 
(5.2–5.6 [years.months], n = 3) intravenously with the R5 
CD4 tropic SHIV.C. CH505 virus, a T/F virus with Env 
substitutions conferring strong engagement with rhesus 
CD4 resulting in high replication in vivo and consequent 
depletion of CCR5 + CD4 T cells in mucosal tissues. Fur-
thermore, delayed  development of autologous neutral-
izing antibodies 3–6 month post-infection assures acute 
viral dissemination [17, 18].

Animals were euthanized at week 4 post-SHIV infec-
tion to capture transcriptional perturbations induced by 
innate and adaptive immune responses to viral seeding 
in the CNS. At necropsy, the entire brain was excised en 
bloc, following saline perfusion, and regional punch biop-
sies were obtained from four major brain regions associ-
ated with cognition or motor behaviors. As white matter 
pathology is commonly observed in Human AIDS, we 
collected tissue from the subcortical white matter of the 
prefrontal cortex (PFCw), a region that contains multiple 
myelinated circuits linked to cognitive and motor func-
tions, to evaluate transcriptional changes in white matter 
tissue. In addition, we collected samples of synapse-rich 
areas: the caudate nucleus, a region involved in motor 
control and typically afflicted in neurotropic HIV infec-
tion, in addition to the gray matter of the superior tempo-
ral sulcus (STS) and hippocampal formation (HP), which 
are linked to cognition and memory, respectively, and 
thus key regions for cognitive decline as seen in aging, 
AIDS, and Alzheimer’s Disease (Fig. 1A, Additional file 1: 
Table S1). Brain regions were identified using anatomical 
maps in the macaque brain atlas [22]. In addition, four 
SHIV unexposed animals (3.6–6.6  [years.months]) were 
assessed to establish baseline transcriptome profiles. Fol-
lowing bulk RNA extraction from 28 total samples (SHIV 
n = 12; SHIV unexposed n = 16), we performed 3’-tag 
RNA sequencing on extracted RNA (RNA-seq) from 
regional tissue punches and obtained gene expression 
levels, denoted as normalized read counts (NRC).

Molecular signatures of innate immune surveillance 
in the rhesus brain
To explore gene expression patterns during homeostasis, 
we systematically assessed transcriptional features across 
brain regions in SHIV unexposed animals. Compari-
son of NRCs demonstrated equivalent gene expression 
across brain regions (PFCw, 17,717; STS, 17,221; CN, 
17,861; HP, 17,550). As illustrated, NRC range (0.139–
10,000) and distribution (average 0.5% genes > 1000 
NRC, 12.57% genes between 100 and 999.99 NRC, and 

87% genes < 99.99 NRC) was comparable across regions 
(Additional file 1: Fig. S1, Additional file 2: Table S2).

T-distributed stochastic neighbor embedding (t-SNE) 
analysis of the brain transcriptome revealed regional 
specification, an observation consistent with topographi-
cal gene expression of primate brain transcriptomes [23] 
(Fig.  1B, Additional file  1: Fig. S2). To identify region-
specific biological modules, we used weighted gene co-
expression network analysis (WGCNA) and constructed 
gene co-expression networks [24, 25]. WGCNA of the 
four brain regions identified a total of 17 modules with 
8 region-specific modules denoted by color (PFCw 
[MEgreen, MEbrown, MEmidnightblue, MEmagenta,], 
CN [MEpurple, MEred], STS [MEtan], HP [MEsalmon]) 
(Fig.  1C) demonstrating functional specification by 
region. Gene Ontology (GO) analysis of regional modules 
identified functions related to cognitive behavior, sen-
sory processing, synapse formation, neuron projections, 
metabolic processes, and signaling pathways (Fig.  1D, 
Additional file  1: Fig. S3). Notably, the PFCw-specific 
MEgreen and MEbrown modules showed representation 
of immune functions including innate immune response, 
positive regulation of macrophage differentiation, antigen 
processing and presentation, positive regulation of inter-
feron-alpha, cell activation, cellular response to dsRNA, 
B cell differentiation, negative regulation of NF-kB sign-
aling, and inflammatory response. Enrichment for these 
terms was consistent with microglia gene signatures in 
humans and macaques and their increased frequencies 
in white matter tissue [26, 27] (Fig. 1D). Overall, the data 
showed spatial regulation of functional processes across 
the rhesus brain with representation of immunological 
processes in the white matter.

We next investigated regional expression of genes 
regulating innate immune responses. While the micro-
glia-specific marker, TMEM119, was not expressed 
likely due to lower sensitivity of bulk RNA-sequencing 
in capturing lower expressed transcripts [27], P2RY12, 
another microglia specific marker was expressed across 
all regions (Fig. 1E). Markers commonly associated with 
microglia and macrophages—CD68, CD14, integrin 
subunit alpha M (ITGAM [CD11b]), CX3CR1 (Frac-
talkine receptor with corresponding high expression 
of the ligand, CX3CL1 [Additional file  1: Fig. S4]), and 
CD163—were also expressed with no regional biases evi-
dent. Genes regulating antigen presentation—the major 
histocompatibility II (MHCII) genes, MAMU–DOB, 
MAMU–DRB1, MAMU–DRA were expressed across 
all brain regions. Correspondingly, CIITA, a co-activator 
regulating MHCII mRNA transcription, was also widely 
expressed. CD80, a costimulatory ligand for T-cell activa-
tion, and allograft inflammatory factor 1 (AIF1), upregu-
lated by activated microglia and referred to as IBA1, were 
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Fig. 1  Molecular signatures of innate immune surveillance in the brain of uninfected rhesus macaques. A Study schematic: rhesus macaques 
were infected with SHIV. C.CH505 intravenously (n = 3; 3 females; ages 5.2–5.6 [years.months]) and euthanized at 4 week post‑infection. Uninfected 
animals from opportunistic medical culls (n = 4; 1 male, 3 females; ages 3.6–6.5 [years.months]) were used as controls. 3 mm brain punches 
were collected from the subcortical white matter of the prefrontal cortex (PFCw) between Bregma + 16 and + 10 mm, the caudate nucleus (CN) 
between Bregma + 6 and 0 mm, and the superior temporal sulcus (STS) and hippocampus (HP) between Bregma − 14 and − 20 mm. Total RNA 
was extracted from bulk tissue samples and 3’‑tag RNA‑seq was performed. B t‑Stochastic neighborhood embedding (t‑SNE) clustering of gene 
expression profiles from uninfected control animals. Outlier sample (Animal 43661, pre‑frontal cortex white matter control) is removed from the 
plot. C Cluster dendrogram of gene co‑expression modules, indicated by color (Left), and region‑specific modules (Right) generated from weighted 
gene co‑expression network analysis of tissue‑specific gene expression profiles from uninfected animals. D Regional eigengene expression and 
corresponding top fifteen most significantly enriched (p < 0.01 by Fisher’s exact test) biological processes GO terms within MEgreen (Left) and 
MEbrown (Right) modules. Red text indicates terms related to immunological processes. Regional expression levels of genes associated with 
macrophages/microglia E and anti‑viral responses F, G in uninfected animals expressed in  Log2 counts per million (CPM). B Circles indicate 95% 
confidence intervals. Dotted line indicates separation of white matter and gray matter sample clusters. D Box plots indicate quartiles. *P < 0.05 by 
linear mixed effects models (region effect). E * adjusted p < 0.01 and  Log2 fold change (FC) > 1.5 relative other synapse dense regions (STS, CN, and/
or HP). Asterisk color corresponds to a region (CN [red]) for which a gene is differentially regulated relative to other synapse dense regions. E–G Data 
points indicate samples from a single brain region and animal
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similarly expressed in all regions. CD86, another costim-
ulatory molecule, was enriched in the CN (adjusted 
p < 0.0000001) relative to other synapse dense regions 
(STS, HP), while CD40 was expressed at low levels (< 1 
NRC) across all sampled tissues (Fig. 1E).

Next, we assessed regional expression of genes regu-
lating antiviral responses. The ubiquitously expressed 
interferon receptor genes (IFNAR1, IFNAR2, IFNGR1, 
IFNGR2), were found in all brain regions with mini-
mal regional variation (Fig.  1F). Furthermore, genes 
encoding downstream signal transduction molecules 
(STAT1, STAT2, JAK1, JAK2, TYK2) were correspond-
ingly expressed as were the interferon regulatory fac-
tors (IRF1–9), proteins regulating interferon production 
(Fig.  1F). We found the interferon-stimulated genes 
ISG15, MX1, MX2, OAS1–3 and OASL to be widely 
expressed in parallel with expression of pattern recogni-
tion receptors (Fig. 1G), indicating the rhesus brain was 
poised to respond to viral infection. Expression of HIV 
restriction factors such as SAMHD1, BST2 (tetherin), 
TRIM5 (TRIM5α), and the apolipoprotein B mRNA 
editing enzyme catalytic subunit 3H (APOBEC3H) were 
also observed in all sampled regions suggesting these tis-
sues may modulate HIV replication efficiency (Fig.  1G). 
Despite the regional variability in select genes (i.e., 
CD86), our data indicate that microglia, macrophage, 
and antiviral gene programs are comparably expressed 
across the rhesus brain at homeostasis.

T cell resident immune signatures within the rhesus brain
We next sought to determine regional expression of 
adaptive immune genes to understand immunosurveil-
lance of the CNS during homeostasis. Global expression 
of the T cell chemokines CCL8, CCL24, CXCL12, and 
CX3CL1 was suggestive of T cell recruitment to both 
white matter regions, and across three distinct regions 
of telencephalon, CN, STS, and HP (Additional file  1: 
Fig. S4). Consistent with this hypothesis, we observed 
expression of canonical T-cell genes CD3E, CD4, and 
CD8A across all sampled regions (Fig.  2A). Since STAT 
proteins both regulate and precede cytokine-induced 
responses in antigen experienced CD4 T cells, we sought 

to determine if genes encoding these proteins were con-
comitantly expressed. STAT4, STAT6, and STAT3 which 
are pivotal for  Th1,  Th2, and  Th17 CD4 helper programs, 
respectively, were broadly expressed. We also noted the 
IL-12 receptor components (IL-12Rβ1 and IL-12Rβ2) 
which transmit  Th1 differentiation cues, to be expressed 
in all regions. CCR5, a  Th1 chemokine receptor and HIV 
entry co-receptor, was expressed at low levels (average 
NRC = 0.09) primarily in the HP (Fig.  2A). In contrast, 
however, we did not detect expression of the canoni-
cal  Th1 transcription factor, TBX21, and  Th1 chemokine 
receptor, CXCR3.

Evaluation of  Th2 associated genes showed expression 
of GATA-3 (a  Th2 differentiation and neurogenesis fac-
tor) in all brain regions, except for one HP sample [28]. 
Furthermore, IL-4R transcripts were also expressed, 
while expression of the  Th2 specific chemokine recep-
tor CCR4 was mostly absent (Fig.  2A). The expression 
of  Th17-related genes (RORC [RORγt], IL-23R, and 
CCR6) and Treg associated genes (FOXP3 and STAT5A) 
(Fig. 2A) was consistent with seeding of the healthy brain 
by microbiome specific T cells and T regulatory cells [3]. 
Assessment of cytolytic genes revealed that cytotoxic T 
cell and NK cell effector molecules (GZMB [granzyme 
B], PRF1 [perforin 1], and GNLY [granulysin]), which 
mediate clearance of virally infected cells, were expressed 
at low levels (NRC < 2). Genes regulating memory CD8 T 
cell differentiation (EOMES and RUNX3) were expressed 
in most regions, with the exception for EOMES which 
was absent in the CN. Cytokine receptors IL-7R and 
IL-15Rα, necessary for memory T-cell homeostasis, were 
expressed with significantly elevated levels of IL-15Rα in 
the CN (adjusted p < 0.01) relative to other synapse dense 
regions, such as the HP and STS. IL-2 receptor fam-
ily proteins IL2Rγ, which serves as a subunit of the IL-7 
and IL-15 receptors, and IL2Rα were also correspond-
ingly expressed. Genes expressed by central memory 
T-cells (Tcms), CD28 and SELL (CD62L), were observed 
in all regions, but transcripts for CCR7, a chemokine 
receptor mediating T-cell trafficking to secondary lym-
phoid organs, was not detected in any samples. In 
addition to Tcm markers, signatures associated with 

(See figure on next page.)
Fig. 2 T cell resident immune signatures within the rhesus brain at homeostasis. A Regional expression of genes associated with T‑cell populations 
in uninfected animals. Brackets indicate corresponding T‑cell subsets associated with genes. B Sampling schematic indicating collection of 
cerebrospinal fluid (CSF), total brain parenchyma and deep cervical lymph node (dCLN) from a comparable group of uninfected rhesus macaques 
(ages 6 years [two animals], 11 years [one animal], and 16 years [one animal]; one male, three females) for flow cytometric analysis C–E. C t‑SNE 
plots clustering of immune cell populations in the brain (left), CSF (middle), and dCLN (right) by phenotype. D Gating strategy for microglia 
 (CD11b+CD45lo/int) (Left) and CD4/CD8 T cells (Right) in the brain, CSF, and dCLN. E Frequency of microglia and lymphocyte populations among 
total cells in rhesus macaque brain tissue. F Regional expression of cytokine genes in uninfected animals. Brackets indicate cytokine families. G 
Quantification of interleukin, CXCL‑chemokines, and CCL‑chemokines levels (expressed in  Log2 Normalized Protein Expression  [Log2NPX]) in the 
CSF of a cohort of uninfected animals (age 21–22 years; 8 females) [32]. A, F Data points indicate samples derived from brain region (indicated by 
color) and animal. *Adjusted p < 0.01 relative other synapse dense regions (STS, CN, and/or HP).Asterisk color corresponds to a region (CN [red]) for 
which a gene is differentially regulated relative to other synapse dense regions. Data points indicate individual animals E, G, with symbols indicating 
specific animals E. Bars in violin plots indicate quartiles and gray bars indicate limits of detection (E)
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Fig. 2 (See legend on previous page.)
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tissue resident memory (Trm) T cells such as αE integrin 
(ITGAE [CD103]) were readily observed in all sampled 
regions. CD69, another Trm marker, was expressed in the 
PFCw, STS, and HP, but absent in the CN (Fig. 2A). The 
sphingosine 1 receptor, S1PR1, mediating T-cell egress 
was expressed in all three synapse dense regions and 
PFCw. In addition, we observed widespread expression of 
integrin beta 1 (ITGB1) across brain regions compared to 
integrin beta 7 (ITGB7), which is consistent with the role 
of α4β1 in regulating immune cell migration to the brain 
[29]. Together, these data support the prevalence of a het-
erogenous CNS T cell population composed of  Th1,  Th2, 
 Th17 with Trm features in the rhesus brain, consistent 
with T cell profiles reported in healthy mouse and human 
brains [3, 30].

Next, to substantiate our gene expression data dem-
onstrating surveillance of the rhesus brain by T cells, we 
performed flow cytometry analysis on CNS tissues from a 
comparable cohort of SHIV unexposed rhesus macaques. 
To assess brain-resident lymphocytes, we performed 
saline perfusion and removed the meningeal layers prior 
to processing the brain samples. The perfused brain was 
subjected to collagenase digestion and mononuclear 
cells were enriched by percoll density gradient (Fig. 2B). 
Immune cell frequencies in the brain were compared to 
that in cerebrospinal fluid (CSF) and the CNS draining 
lymph nodes to delineate relative immune composition 
in these distinct CNS associated compartments. Con-
sistent with observations in mice and humans, microglia 
(CD11b + CD45lo/int cells) constituted the predominant 
immune subset in the rhesus brain (Fig. 2C–E). Further-
more, T-cells were readily observed in the rhesus CNS 
with brain CD8 and CD4 T cells consisting of approxi-
mately 0.1% of total parenchymal cells (Fig. 2C–E).

After establishing CNS surveillance by CD4 and CD8 T 
cells by flow cytometry, we assessed regional expression 
of effector cytokine transcripts during homeostasis by 
RNA sequencing. The IL-1 family cytokines, IL-1β, IL-18, 
and IL-33 were expressed in all sampled regions (Fig. 2F). 
Other IL-1 family cytokines along with specific IL-2 
common γ-chain cytokines, such as IL-2, IL-9, and IL-15, 
which regulate immune cell proliferation, were variably 
detected with relatively low expression levels (< 2 NRC) 
in the rhesus brain. IL-7, another IL-2 receptor γ-chain 
family cytokine, was exclusively expressed in the HP, 
while IL-5, an IL-2 receptor β-chain family cytokine was 
expressed in all regions. IL-6 and IL-19 family cytokines 
along with TNF-α, with the exception of one PFCw 
sample (Animal 44288 [TNF:  0.3 NRC]), were unde-
tectable and expression of IL-12, IL-10, and IL-17 fam-
ily cytokines was variable among samples. IL-12 family 
cytokines, IL-12β, a  Th1 inducing cytokine was expressed 
in some samples from the PFCw, STS, and HP but was 

absent in CN. IL-23α subunit that supports  Th17 dif-
ferentiation, was expressed in most brain regions. IL-12 
family cytokines (IL-12α and IL-27) were not expressed. 
IL-10 family cytokine expression was variable with IL-10 
expressed in the HP and STS of two animals and IL-26 in 
the PFCw, STS, and HP of three animals (Fig. 2F). Except 
for IL-25, associated with  Th2 responses and mainte-
nance of blood brain barrier integrity [31], cytokines of 
the IL-17 family were not detected (Fig. 2F).

To substantiate homeostatic cytokine and chemokine 
RNA-seq data, we performed protein-based analysis 
of the CSF from 8 uninfected rhesus macaques utiliz-
ing the O-link platform [32] (Fig.  2G). The cytokine 
milieu within the CSF is a composite of mediators gen-
erated from three distinct compartments; cytokines pro-
duced by cells within the brain parenchyma and drained 
in CSF via the interstitial fluid; cytokines produced by 
choroid plexus epithelial cells, myeloid cells and T cells 
within the choroid plexus stroma; and plasma cytokines 
transported across the blood–CSF (BCSF) barrier [33]. 
Commensurate with gene expression data, we found the 
CSF was immunologically rich with expression of IL-1 
family cytokines and their receptors (IL-18, IL-18R1); 
IL-2 common γ chain cytokine, IL-7; innate cytokines, 
IL-6, and IL-8 and IL-12β subunit. Among the CCL-
chemokines, CCL2, produced by choroid plexus epithe-
lial cells and stromal cells [34], was detected as were the 
CCR5 ligands, CCL3 and CCL4. The  Th17 chemokine, 
CCL20 and the  Th1 chemokines, CXCL10, CXCL11 and 
CX3CL1 were found in the CSF. In contrast to studies 
in mice, levels of IL-4 and IFNγ were below the level of 
detection in macaque CSF  (data not shown) [35]. Alto-
gether, these data demonstrate a rich cellular and soluble 
immune landscape resulting from homeostatic immune 
surveillance in the rhesus CNS—both parenchymal and 
CSF compartments.

Changes in brain transcriptome following SHIV infection
After establishing molecular features of the adult 
macaque brain, we sought to delineate changes in the 
brain transcriptome during acute SHIV infection. To 
determine CNS viral dissemination, we first assessed CSF 
vRNA trajectories during acute viremia (Fig.  3A). Viral 
kinetics in cell-free CSF paralleled plasma viremia, with 2 
log fold lower viral loads in the CSF compared to plasma 
(week 2 median viral loads/ml: plasma, 1.3 × 10^6; CSF, 
19,000), with a strong correlation between these distinct 
compartments (r = 0.96, p < 0.001) (Fig. 3A). To formally 
assess viral dissemination within the rhesus CNS, we per-
formed a comprehensive assessment of vRNA and vDNA 
across several brain regions and CNS tissues obtained 
post-mortem. The data showed dissemination of SHIV 
(vRNA, expressed as copies/10^6 cell equivalent) to 
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regions sampled for RNA sequencing analysis: the PFC 
white matter (4.1–240), HP (3.3–460), STS (4.3–240), 
and CN (2.5–16). Furthermore, we observed detectable 
vRNA in the PFC grey matter, Hypothalamus (Hypo), 
Cerebellum (Cere), Inferior Parietal (IP), Anterior Cingu-
late Cortex (ACC), Amygdala (Amy), and primary visual 
cortex (V1) of the brain, and the choroid plexus stroma 
(CP) indicating widespread dissemination of SHIV 
within the rhesus CNS (Fig. 3B). The presence of vRNA 
in the Dura mater (1200–24,000) and deep cervical nodes 
(7700–66,000) was consistent with CNS antigen clear-
ance via the lymphatics. vRNA strongly correlated with 
pro-viral DNA levels (r = 0.82, p < 0.001), suggesting 
early seeding of viral reservoirs in major brain regions 
(Fig.  3B),  consistent with reports that blocking T cell 

and monocyte extravasation via the blood–brain barrier 
significantly decreases vDNA in the frontal cortex in SIV 
infected rhesus macaques [29]. The stability of the CSF 
Glucose/Albumin ratio indicated that CNS viral entry 
was not associated with breakdown of the blood–brain or 
the BCSF barriers, suggesting immune cell recruitment 
to the CNS may mediate viral entry (Fig. 3B).

To identify principal features of the SHIV infected 
brain, we conducted WGCNA on all 28 brain samples 
from both infected and uninfected animals using  log2 
counts per million reads (Fig. 3C). We identified a total 
of 21 gene co-expression modules with 4 modules highly 
associated with SHIV infection: pink (393 genes), tur-
quoise (1466 genes), and blue (1411 genes) within the 
STS, and royal blue (30 genes) in the PFCw and the STS. 

Fig. 3 Changes in brain transcriptome following SHIV dissemination in the CNS. A Kinetics of plasma (red) and CSF (green) viral loads following 
intravenous infection with. SHIV.C.CH505. CSF vRNA correlates with Plasma vRNA (r = 0.96, p < 0.001; two‑tailed Spearman correlation). B vRNA and 
vDNA copies in various brain regions, dura mater, deep cervical lymph nodes, and PBMCs. Correlation of vDNA with vRNA from all brain regions 
sampled (r = 0.82, p < 0.001; two‑tailed Spearman correlation). Bottom graph shows ratio of CSF glucose and albumin (in mg/dL) during acute 
viremia. C Cluster dendrogram showing modules of significantly co‑expressed genes associated with SHIV infection indicated by color (pink [393 
genes] royal blue [30 genes], turquoise [1466 genes], blue [1411 genes]). D Expression levels of module eigengene based on SHIV infection status 
(+ infected, −uninfected) in the pre‑frontal cortex white matter (PFCw), superior temporal sulcus (STS), caudate nucleus, and hippocampus (Left). 
Significantly enriched biological process gene ontology (GO) terms in SHIV‑specific gene co‑expression modules (Right). D Box plots indicate 
quartiles. P values determined by Fisher’s exact test. A, B Symbols indicate individual animals. A Data points in correlation plot indicate samples 
collected from individual animals (referenced by shape) and collection timepoint (weeks 1–4). B Data points in correlation plot indicate samples 
collected from individual animals and tissues (Brain regions, Dura mater, deep cervical lymph nodes, and PBMCs).
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Figure  3D shows module eigengenes characterized by 
their expression patterns in different brain regions and 
the corresponding GO terms enriched in each module.

Genes within these 4 modules were enriched for GO 
terms corresponding to neuroinflammation, such as oxi-
dative and nitrosative stress (e.g., microsomal glutathione 
S-transferase 3 [MGST3], peroxiredoxin [PRDX3], and 
the mitochondrial citrate carrier, SLC25A43) (Addi-
tional file 1: Fig. S5). While we did not observe differen-
tial expression of genes regulating excitotoxicity, several 
genes regulating synaptic markers were differentially 
induced, e.g., the synaptobrevins (vesicle associated 
membrane protein [VAMP] 3, 8), synaptophysin, and 
dynamin 3; suggestive of early synaptic changes following 
SHIV infection (S5). Despite the low abundance of syn-
apses in white matter tissues, alterations in synaptic gene 
pathways observed in the PFCw could be attributed to 
interstitial white matter neurons reported in both human 
and rhesus white matter tissue [36, 37]. Altogether, these 
data show viral entry and dissemination within the CNS, 
with corresponding upregulation of gene programs asso-
ciated with neuroinflammation in the PFCw and STS.

Enrichment of inflammatory gene signatures in the PFC 
white matter following SHIV infection
To investigate gene expression changes resulting from 
CNS viral dissemination, we first applied t-SNE analy-
sis to gene expression data from all samples, which 
revealed clustering of gene expression profiles between 
infected and control animals by brain region (Additional 
file  1: Fig. S6). Using DEG analysis to compare infected 
versus uninfected animals (criteria: p < 0.01 thresh-
old for false discovery rate [FDR] and absolute value of 
log2 fold change ≥ 1), we found regional differences in 
SHIV-induced transcriptomic changes (STS: 884 DEGs; 
PFCw: 871 DEGs; CN: 203 DEGs; HP 92 DEGs) (Fig. 4A) 
with the STS and PFCw exhibiting the most distinctive 

transcriptional profiles following infection. Notably, dif-
ferentially expressed genes in PFCw and STS were EGR2 
and BHLHE40, transcription factors regulating IFNγ 
production from CD4 T cells and microglia [38, 39] and 
ISM1 secreted by activated CD4 T cells [40]. COX7A2 
and DGAT2 involved in oxidative phosphorylation and 
lipid metabolism, respectively, were also induced impli-
cating these pathways in the acute neuroinflammatory 
response to SHIV infection [41, 42]  (Fig. 4B, Additional 
File 1: Fig S5).

To gain insights into molecular programs induced fol-
lowing SHIV infection, we conducted pathway analyses 
for DEGs associated with SHIV infection in the PFCw 
and STS. Of the 526 uniquely regulated genes in the 
PFCw, pathways regulating oxidative phosphorylation, 
glutathione metabolism, and Systemic Lupus Erythema-
tosus were enriched alongside processes encompassing 
T cell homeostasis, and IL-6 signaling. Within the STS, 
amino acid metabolism, antigen  processing and pres-
entation, and steroid biosynthesis pathways were most 
significantly upregulated after infection. The 286 DEGs 
that overlapped between the PFCw and STS represented 
pathways associated with Parkinson’s Disease, the pro-
teasome pathway, and steroid hormone biosynthesis 
(Fig.  4C). These data reveal perturbation in important 
immune, neuronal, synaptic, and metabolic pathways 
within key anatomic regions controlling cognition during 
acute SHIV infection.

Next, we sought to identify genes regulating inflam-
matory processes within the PFCw. To this end, we inte-
grated expression analysis with inflammatory biological 
pathways utilizing gene set enrichment analysis (GSEA). 
GSEA revealed enrichment of genes regulating T cell 
differentiation (Fig.  4D); these included T cell chemot-
axis (enrichment score [ES] = 0.65; top genes PIK3CD, 
STK39, PIK3CG, WNK1, CCR2 and CXCL16); T cell 
differentiation (ES = 0.5; top genes, RARα, IL23α, LEF1, 

(See figure on next page.)
Fig. 4 SHIV‑induced alterations of genes regulating inflammatory pathways in the PFC white matter. Differential gene expression analysis between 
SHIV infected and unexposed animals. A Number of differentially expressed genes (DEGs) (adjusted p < 0.01) with respect to SHIV infection status 
identified in the STS, PFC white matter (w), CN, and HP. B Volcano plots displaying Log fold change (FC) and significance (‑log p value) of genes 
expressed in the STS (Left) and PFCw (Right) after SHIV infection. Colors indicate significant thresholds of genes (p value < 0.01 and False discovery 
rate (FDR) adjusted p value < 0.10 [blue]; p value < 0.01 [red]; non‑significant [black]). C Venn diagram indicating the number of overlapping DEGs 
from SHIV infected versus uninfected comparisons in the PFCw (P), STS (S), CN (C), and HP (H) (Center). GSEA–KEGG pathway analysis of DEGs 
exclusive to the PFCw (Left, Red), STS (Right, blue), or shared between the PFCw and STS (Right, gray). Plots indicate fold change by GSEA–GP–BP 
pathway enrichment between SHIV infected and uninfected animals in the PFCw (Left, Red) and STS (Right, Blue). D Gene set enrichment analysis 
of transcripts related to alpha beta T cell differentiation GO:0046632 from PFCw DEG profiles (Top) and heatmap showing expression levels of 
corresponding genes in the PFCw (green) and STS (red) of SHIV infected (pink) and uninfected (black) animals (Bottom). E Expression level of DEGs 
regulating inflammatory processes, immune cell functions, and synaptic functions in the PFCw of SHIV infected (red) and uninfected (gray) animals. 
F Gating for activated CD4 T‑cells (top) and CD8 T cells (bottom) and frequency of PD1 + ,  PD1+CXCR3+,  PD1+CCR6+ CD4 T‑cells in the CSF of SHIV 
infected and uninfected animals over the course of infection. G IP‑10 levels in CSF and serum expressed as Median Fluorescence Intensity (MFI) run 
using Legend plex assay in controls and SHIV infected animals (n = 7 animals infected with SHIV.C.CH505 intravaginally and n = 3 intravenously). 
H Gating for activated T cells isolated from the PFC, frequency of CXCR3 + CD4 and CD8 T cells in controls versus SHIV infected animals. Symbols 
indicate individual animals. A, B, F–H P values for gene expression data derived from linear mixed effects model. F, H *P < 0.05 by Wilcoxon sign 
ranked test. G **P < 0.01 by Mann–Whitney test
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Fig. 4 (See legend on previous page.)
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GATA3, NLRP3, IRF1, BATF, and BCL-6), (ES = 0.5), and 
response to IL-6 (ES = 0.45; top genes, STAT3, RELA, 
SMAD4, CBL, IL6R, IL6ST, JAK1, ST3GAL6).

Several genes among those differentially expressed 
in the PFCw encoded for proteins regulating T cell and 
microglial activation. Among the most highly induced 
genes was the transcriptional regulator, EGR2, which 
has been implicated in neuronal plasticity in response 
to inflammation and  Th1 CD4 T cell proliferation 
[38,  43]. Similarly, the IL-1β-induced transcription fac-
tor, BHLHE40, which negatively regulates IL-10 produc-
tion and drives T cell mediated neuroinflammation was 
also upregulated in the PFCw following infection [39, 
44]. ISM1, a gene encoding the secreted protein Isthmin 
which regulates NK and  Th17 CD4 T cell effector func-
tions [40], was also induced (Fig. 4E).

Several genes related to chemokine and cytokine 
receptors showed elevated expression levels within the 
PFCw following SHIV infection. This included CXCR4, 
a chemokine receptor, which is elevated in neurodegen-
erative diseases and expressed by a variety of immune 
cells, including T cells, and activated microglia [45]. 
Cytokine receptor subunits IL-27Rα and IL-23Rα, 
expressed by activated immune cells were significantly 
induced in the PFCw after infection [46, 47]. Connec-
tive tissue growth factor/Nephroblastoma overexpressed 
gene family 1 (CCN1), an inducible extracellular matrix 
protein secreted by reactive astrocytes was upregulated 
in the PFCw [48]. The kinase, CAMK1, which regulates 
CCN1 expression and is induced in astrocytes following 
Zika infection [49], was also correspondingly elevated 
(Fig.  4E). This gene expression program indicated that 
astrocyte, microglial, and T cell activation programs 
were induced in the frontal cortex white matter following 
SHIV infection. In contrast to genes regulating immune 
cell activation, we also found that the orphan nuclear 
receptor and transcription factor NR4A1 (NUR77), an 
intrinsic negative regulator of microglial and T cell acti-
vation [50], was upregulated. Similarly, the immune 
checkpoint inhibitor, programmed cell death-2 (PDCD2) 
was also elevated in the PFCw. Intriguingly, expression 
of HLA-DP and CD86 were decreased, suggestive of a 
net diminution in expression or reduction in numbers of 
antigen presenting cells in the PFCw following infection 
(Fig. 4E).

Based on these transcriptional changes and SHIV dis-
semination within distinct brain regions, we hypoth-
esized that activated T cells were actively recruited to 
the CNS during acute SHIV infection. To this end, we 
assessed immune composition of the CSF over the course 
of infection and found increased frequencies of CD4 and 
CD8 T cells expressing PD-1, a marker for TCR stimula-
tion, indicative of CNS influx of activated T cells during 

acute infection. We observed a  significant increase in 
CXCR3 + PD-1 + CD4 and CD8 T cells denoting poten-
tial recruitment of antigen-specific cells (Fig.  4F), con-
sistent with reports of CD8 T cell influx into the CSF 
during acute HIV-1 infection [51]. However, unlike the 
reported influx of  Th17 in neuroinflammatory disease 
models, negligible expression of CCR6 was found on CSF 
CD4 T cells. This increase in CXCR3 + CD4 and CD8 T 
cells was consistent with induction of IP-10 in CSF fol-
lowing infection (Fig. 4G), and the relative higher levels 
of IP-10 in CSF compared to the systemic compartment, 
indicating CNS production of IP-10 both during home-
ostasis and infection. In line with the increase in  Th1 
inflammatory response in the CSF, we found evidence 
for a net increase in CXCR3 + CD4 and CD8 T cells in 
the PFC during acute SHIV infection (Fig. 4H). Together, 
these data demonstrate that viral dissemination together 
with  Th1 CD4 T cell and CXCR3 + CD8 T cell infiltration 
within the CNS occur during acute stages of infection 
and correspond with the induction neuroinflammatory 
gene programs in the PFCw.

In addition to immune genes, we found that the pri-
mary astrocyte GABA/glycine transporter SLC6A11, 
within the neurotransmitter family, was upregulated in 
the SHIV infected PFCw relative to uninfected controls. 
While SLC6A11 is not altered in neurodegenerative dis-
eases, a net increase in reactive astroglia could explain 
increased levels of this transporter [52] (Additional file 1: 
Fig. S7). SLC32A1, which mediates GABA/glycine uptake 
into synaptic vesicles was also upregulated. Correspond-
ingly, we observed increased expression of the mesen-
cephalic astrocyte-derived neurotrophic growth factor 
(MANF)—an ER stress inducible factor reported to res-
cue neuronal loss in several neurological disorders [53]. 
In addition, genes regulating RNA levels of ATP synthase 
and transport subunits were induced after SHIV infec-
tion suggestive of alterations in mitochondrial respiratory 
capacity and cholesterol synthesis. These observations 
suggest that molecular changes in synaptic functions and 
bioenergetic pathways in the brain can occur during the 
early stages of SHIV infection.

Rhesus macaque models have been informative in 
characterizing SIV associated neuroinflammatory pro-
cesses, with models of neurotropic SIV infection showing 
increased frequencies of memory CD4 T-cells, B-cells, 
and macrophages in the brain parenchyma of infected 
animals developing encephalitis versus animals without 
encephalitis [54]. Studies using SHIV have demonstrated 
early viral seeding of the CNS and CD4 T cell infiltration 
into the brain parenchyma using immunohistochemistry, 
suggesting that neuroinflammatory processes may be ini-
tiated during the early stages of infection [55]. Our find-
ings add to this important body of work by demonstrating 
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features of SHIV-induced transcriptional perturbations 
during the acute phase of infection within regions of 
the brain associated with cognition, memory, and motor 
control. Interestingly, the neocortical association regions 
STS and the prefrontal subcortical white matter appeared 
to be more vulnerable to virus-induced alterations than 
caudate and hippocampus, which mirrors their enhanced 
vulnerability to age-related changes. This may be attrib-
uted to the magnitude of inflammatory processes result-
ant from initial viral dissemination within the PFC and 
STS, as observed viral loads were not markedly higher in 
these regions. These data emphasize the need for deeper 
analysis into the composition and activation status of 
immune cells within spatially distinct regions of the brain 
following HIV infection to identify key cellular players in 
HIV associated neuroinflammation. In all, our findings 
demonstrate vulnerabilities within these key regions both 
to HIV-1 dissemination and neuroinflammation during 
the acute phase of infection.

While our reported observations are novel, our study 
has several limitations. First, we performed our analysis 
in young adult rhesus macaques in consideration of age 
range of populations vulnerable to primary HIV infec-
tion; therefore, whether the extent of neuroinflamma-
tory shifts following HIV-1 infection differ across the age 
spectrum and during chronic HIV infection are impor-
tant questions that were not addressed in this study. Sec-
ond, given observed viral influx in both the white and 
synapse-rich areas of the PFC, transcriptional changes to 
gray matter areas within the PFC warrant consideration. 
Third, our extensive virological analysis demonstrated 
viral influx and evidence for integration within multiple 
brain regions, including the hypothalamus, amygdala, 
and cerebellum. Capturing molecular changes in these 
regions and using single cell approaches to gain com-
prehensive insights into pathways disrupted within neu-
ronal, glial, and immune cells during acute HIV infection 
is an important consideration for future studies. Finally, 
histopathological assessments of the PFC and STS, not 
performed herein, would provide important insights into 
whether observed transcriptional perturbations were 
associated with pathological sequalae during the acute 
HIV infection.

In summary, our transcriptomic data, flow cytometric 
analysis of immune cell populations and quantification of 
CNS cytokines reveal pervasive immune surveillance of 
the rhesus CNS at homeostasis. Comparison of transcrip-
tional profiles between uninfected animals and SHIV 
infected animals revealed significant alterations to gene 
expression in the PFCw and STS after infection. These 
changes included differential expression of genes associ-
ated with IL-6 responses, oxidative stress, and T-cell dif-
ferentiation, activation, and chemotaxis. Furthermore, we 

observed SHIV-associated alterations in genes regulat-
ing astrocyte homeostatic functions, synaptic functions, 
and bioenergetic pathways suggesting that neuroinflam-
matory processes may alter normal neuron and glial 
cell activity in the brain. These neuroinflammatory gene 
profiles were substantiated by flow cytometric analysis 
which showed influx of  Th1 CD4 T and CXCR3 + CD8 
T cells into the CNS of infected animals over the course 
of infection. Together the data demonstrate that neuro-
inflammatory changes to the CNS, within the first weeks 
following SHIV infection, drives early functional molecu-
lar changes in normal neuronal and glial cell populations. 
Overall, our data provide hitherto unappreciated insights 
into the impact of SHIV infection on molecular processes 
in the rhesus brain; the data will be a useful primer to 
understand molecular mechanisms that drive subsequent 
neurodegeneration.

Methods
Rhesus macaques
Seven colony bred Rhesus macaques (Macaca mulatta, 
1 male, 6 females, age 3.6–6.6  [years.months]) housed 
at the California National Primate Research Center 
(CNPRC) in accordance with the American Association 
for Accreditation of Laboratory Animal Care guidelines 
were used for the study. All protocols used in the study 
were approved by the Institutional Animal Care and Use 
Committee at UC Davis. Animals in the SHIV infected 
group were previously immunized with Clade C DNA-
prime/protein vaccine and were infected 20 weeks after 
final protein boost through the intravenous route with 
SHIV. C.CH505, as described previously[56]. Infected 
animals were euthanized at 4  week post-infection. Viral 
titers were assessed in the blood and cerebrospinal fluid 
(CSF) of SHIV infected animals on a weekly basis. For 
blood and CSF collections, animals were anesthetized 
with 10  mg/kg ketamine administered intramuscularly. 
EDTA-anticoagulated blood was collected via intrave-
nous blood draws and CSF by cisterna magna puncture. 
SHIV unexposed control animals were selected from 
opportunistic aged-matched medical culls for unrelated 
non-neurological conditions and showed no history of 
neurological impairment (Additional file 1: Table S1).

SHIV. C.CH505 virus and preparation
SHIV.C. CH505 was selected as the virus recapitulates 
attributes of primary HIV-1 strains. Briefly, SHIV.C. 
CH505 is a T/F virus engineered to strongly bind rhesus 
CD4 T cells while retaining antigenicity and tier2 neu-
tralization sensitivity of the ancestral HIV-1 C.CH505 
[17]. Replication efficiencies of SHIV.C. CH505 are com-
parable to pathogenic SIV strains in  vivo and result in 
depletion of CCR5 + CCR6 + CD4 T cells within mucosal 
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tissues [18]. SHIV. C.CH505 virus stocks at 189  ng/mL 
propagated in primary activated rhesus CD4 T cells were 
provided by George Shaw and Nancy Miller  (National 
Institute of Health) and stored in liquid nitrogen. On day 
of virus administration, stocks were thawed on ice water 
and diluted fourfold in RPMI 1640. 0.5  mL of working 
inoculum was loaded into 1 mL Tuberculin syringes and 
stored on ice until animal challenge.

Brain tissue collection and RNA extraction
At necropsy, brains were perfused in-vivo via  cardiac 
saline perfusion  and removed from the cranial cavity en 
bloc. Four regions were chosen based on their relevance 
to neurocognitive decline and/or known patterns of 
pathology in neuroAIDS. We were also informed by our 
preliminary microscopic observations in SIV-infected 
rhesus monkeys (data not shown). Subcortical white 
matter associated with the dorsolateral pre-frontal cor-
tex was chosen due to the age-related myelin pathology 
described for this region that drives cognitive decline 
in aged monkeys[57] as well as the occurrence of simi-
lar white matter pathology observed in neuroAIDS cases 
[13, 58,  59].  The hippocampal formation (HP) was cho-
sen for its relevance to age-related cognitive decline and 
neurodegenerative disorders in general [19]. Superior 
temporal sulcus gray matter (STS) was chosen for simi-
lar relevance to cognitive function and the high degree 
of microscopic pathology seen in preliminary analyses 
of rhesus macaques following SIV infection (data not 
shown). Finally, the caudate nucleus (CN) was included 
due to the extensive pathology seen in this motor system 
structure in neuroAIDS [20]. Tissues for RNA-seq were 
collected as follows: PFCw—a scalpel was used to dissect 
the white matter of the medial and inferior frontal gyri, 
between Bregma + 16 and + 10  mm, corresponding pre-
dominantly to the white matter subjacent to the dorso-
lateral prefrontal cortex. Care was exercised to minimize 
the collection of gray matter; CN—a round punch (3 mm 
in diameter) was collected from the head of the caudate 
nucleus, between Bregma + 6 and 0 mm, with negligible 
involvement of the internal capsule; HP—3  mm round 
punch was collected between Bregma -14 to -20  mm 
and involved all major subdivisions of the dentate gyrus 
and hippocampus proper, as well as part of the adjacent 
subicular complex while excluding the entorhinal cortex; 
STS—at approximately the same level of the hippocampal 
formation biopsy, a 3 mm round punch was taken from 
the intermediate portion of the superior temporal sulcus, 
involving both the dorsal and ventral banks. The punch 
was performed at an angle with respect to the surface of 
the block, allowing the experimenter to follow the pro-
gressively dorsal position of the STS in the rostrocaudal 
direction, which minimized the inadvertent collection of 

neighboring white matter. Tissue samples collected from 
the PFCw, STS, CN, and HP were stored in RLT buffer 
with ß-mercaptoethanol (BME), flash frozen, and stored 
at −  80  °C until RNA extraction. RNA was extracted 
from samples using a Qiagen RNeasy lipid tissue mini kit 
and sent to the UC Davis DNA Technologies and Expres-
sion Analysis Core for 3’-tag RNA sequencing.

Additional samples were collected from the deep cer-
vical lymph nodes (dCLN), choroid plexus stroma (CP), 
dura mater (dura), prefrontal cortex gray matter (PFCg), 
hypothalamus (Hypo), cerebellum (Cere), inferior pari-
etal (IP), anterior cingulate cortex (ACC), amygdala 
(Amy), and visual cortex (V1) of the brain and used 
exclusively for viral RNA and DNA quantification. Brain 
tissues from these  regions were obtained as follows: 
PFCg—3  mm punches were obtained from both dorsal 
and ventral banks of the dorsolateral prefrontal cortex, 
along the principal sulcus, corresponding to Brodmann 
area 46; Hypo—a scalpel was used to isolate a block con-
taining the anterior and tuberal divisions of the hypo-
thalamus. The block was dorsally limited by the anterior 
commissure and laterally confined by the internal cap-
sule; Cere—a scalpel was used to dissect a small sample 
of the lateral hemisphere of the posterior cerebellar lobe. 
The resulting sample consisted almost exclusively of cer-
ebellar cortical matter; IP—a scalpel was used to isolate 
the gray matter on the surface of the inferior parietal 
lobule, corresponding to Brodmann area 7; ACC—3 mm 
punches were obtained from the gray matter of the supra-
callosal anterior cingulate gyrus, corresponding to Brod-
mann area 24; Amy—3 mm punches were collected from 
the basolateral complex and the medial and central nuclei 
of the amygdala; V1—3 mm punches were collected from 
Brodmann area 17, along the calcarine sulcus. Care was 
taken to minimize the inadvertent collection of white 
matter; CP—choroid plexus samples were extracted from 
the temporal and occipital horns of the lateral ventricle.

3’‑Tag RNA sequencing
RNA integrity and quality was confirmed using micro-
capillary electrophoresis on an Agilent Bioanalyzer. 
Libraries were sequenced using 3’tag-RNA-seq on an Illu-
mina HiSeq 4000 platform as previously described [63. ] 
with slight modifications.  In brief, barcoded sequencing 
libraries were prepared each from 500 ng total RNA sam-
ple and libraries’ fragment size distribution were verified 
using  micro-capillary  gel  electrophoresis  on a  LabChip 
GX system (PerkinElmer, Waltham, MA). Libraries were 
quantified using a Qubit fluorometer (LifeTechnologies, 
Carlsbad, CA), and pooled into equimolar ratios. The 
library pool was Exonuclease VII (NEB, Ipswich, MA) 
treated, SPRI-bead purified with KapaPure beads (Kapa 
Biosystems/Roche, Basel, Switzerland), and quantified 
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via qPCR with a  Kapa Library Quant kit (Kapa Biosys-
tems) on a QuantStudio 5 RT-PCR system (Applied Bio-
systems, Foster City, CA).  Libraries were sequenced on 
a HiSeq 4000 sequencer (Illumina, San Diego, CA) with 
single-end 100  bp reads with 12 million raw reads per 
sample. The raw read data were filtered using HTStream 
(version 1.3.2) which included screening for contami-
nants (such as PhiX), removal of PCR duplicated reads, 
rRNA removal, quality-based trimming, and adapter 
trimming. STAR (version 2.7.9a) [61] was used to align 
the processed data to the rhesus genome (Mmul10). Cus-
tom R code was then used for read and alignment quality 
assessment as well as to collate counts into a single table 
for downstream analysis.

Differential gene expression analysis
Genes were excluded from differential gene expression 
analysis if they were expressed in less than 50% of sam-
ples for at least one brain region, lacked annotation, or 
were found to have duplicated gene symbols. Differen-
tial gene expression analysis was performed using the 
limma-voom Bioconductor pipeline (limma version 
3.44.3, edgeR version 3.30.3) in R. Analysis in limma used 
a model including effects for brain regions, SHIV infec-
tion, and their interactions. Estimates and standards 
errors were adjusted for within-animal correlations. Dif-
ferentially expressed genes (DEGs) were defined as genes 
with p value < 0.01 and adjusted (False discovery rate cor-
rection) p values < 0.1 unless otherwise indicated. Gene 
ontology (GO) and KEGG pathway enrichment analysis 
was performed using ShinyGO v0.60 webserver [62].

Weighted gene correlation network analysis (WGCNA)
The weighted gene co-expression network analysis 
(WGCNA) was implemented using the WGCNA R pack-
age, version 1.69, in R version 4.0.1. WGCNA was per-
formed using a signed network with a robust biweight 
midcorrelation. A soft-thresholding power of 27 was cho-
sen for analysis of data from uninfected control animals 
and 23 for analysis of data from both uninfected control 
and SHIV exposed animals. Soft-thresholding power 
was set using the pickSoftThreshold function, to achieve 
a scale-free topology index greater than 0.85. Modules 
associated with a single brain region were identified by 
fitting a linear fixed effects model to each module eigen-
gene. A module was defined as being associated with a 
single region if the eigengene was significantly higher in 
that region compared to all other regions, based on the 
region effect from the linear mixed effects model. Simi-
larly, modules significantly associated with SHIV infec-
tion were defined as such if the module eigengene was 
significantly higher in SHIV infected samples compared 
to uninfected control samples for at least one brain 

region. The linear mixed effects model for both analyses 
utilized a fixed effect for brain region and a random effect 
for animals, and residual variance were allowed to vary 
by brain regions. For the analysis of samples from both 
uninfected control and SHIV exposed animals, SHIV 
infection was also incorporated as a fixed effect in the 
linear mixed effects model. Gene ontology (GO) enrich-
ment analyses were conducted using Fisher’s exact test 
as implemented in the Bioconductor package topGO. 
Results reported are for the biological process (BP) GO 
terms.

Inflammatory analytes
For measurement of inflammatory analytes, triton inacti-
vated samples were shipped to Olink Proteomics at Stan-
ford University. A 92-biomarker inflammation panel was 
run according to manufacturer’s instructions. Protein 
levels are expressed as normalized protein expression 
(NPX) values, an arbitrary unit. Inflammatory analytes in 
CSF and plasma were analyzed using a proximity exten-
sion assay (O link, Proteomics) as described [63].

Flow cytometry
Cell staining was performed as previously described [32]. 
Briefly, surface staining was performed with the follow-
ing antibody panel (Additional file 1: Table S3) for 30 min 
at 4 °C. After washing with 1X phosphate buffered saline 
(PBS), cells were fixed and permeabilized using Cytofix/
Cytoperm buffer set for 20 min at room temperature in 
the dark. Cells were washed twice with 1X FACS buffer 
and re-suspended in 200μL of FACS buffer. Fluorescence 
was measured using a BD FACSymphony cell analyzer 
with FACSDiva version 8.0.1 software (FLowJo LLC). 
Compensation, gating, and analysis were performed 
using FlowJo (versions 9 and 10). Reagents used for flow 
cytometry are listed in Additional file 1: Table S3.

Quantitative RT‑PCR for viral RNA and DNA in the brain, 
CSF, and plasma
Plasma, CSF, and brain viral RNA and DNA were quan-
tified using an established quantitative RT-PCR (qRT-
PCR) assays from the AIDS and Cancer Virus Program, 
Leidos Biomedical Research Inc., Frederick National Lab-
oratory by reported methods [64] described by Li et  al. 
[17] In brief, quantification of plasma, CSF, and brain 
SHIV RNA  and DNA were performed using real-time 
qRT-PCR and qPCR assays targeting a conserved region 
in SIV gag. 

Serum biochemistry
Biochemistry analysis on serum samples was performed 
using Piccolo® BioChemistry Plus disks, that were run 
on the Piccolo® Xpress Chemistry Analyzer (Abbott), 
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according to the manufacturer’s instructions. Serum 
analytes that were assessed include albumin, alkaline 
phosphatase (ALP), amylase, aspartate aminotransferase 
(AST), C-reactive protein, calcium, creatinine, gamma 
glutamyl transferase (GGT), glucose, total protein, blood 
urea nitrogen (BUN), and uric acid.

CSF and serum IP‑10
A Legendplex assay (BioLegend) was performed to evalu-
ate cytokines in rhesus macaque sera and CSF. The assay 
was performed according to the manufacturer’s instruc-
tions. Samples were acquired on a BD LSR Fortessa cell 
analyzer.

Statistics
Differentially expressed genes (DEGs) and correspond-
ing p values were determined using linear mixed effects 
models taking into account brain region and/or SHIV 
infection effects. Benjamini–Hochberg False discovery 
rate adjusted p values were utilized to account for type 
I errors. DEGs were defined as p < 0.01 and  Log2FC > 1.5 
unless otherwise noted. Two-tailed Spearman correlation 
analyses were used for comparing vRNA versus vDNA 
copy numbers and plasma versus CSF vRNA levels. Fish-
er’s exact test was used to identify significantly enriched 
GO terms within gene sets. Wilcoxon signed ranked test 
was used for longitudinal comparison of CSF T cell fre-
quencies in SHIV infected animals.

Supplementary Information
The online version contains supplementary material available at https:// doi. 
org/ 10. 1186/ s12974‑ 022‑ 02610‑y.

Additional file 1: Fig. S1. Ranked genes by median normalized read 
counts in units of  Log2 counts per million  (Log2CPM) in the subcortical 
white matter of the pre‑frontal cortex (PFCw), and gray matter of the 
superior temporal sulcus (STS), caudate nucleus (CN), and hippocampus 
(HP) of uninfected animals. Dotted lines indicate location of marker 
genes associated with neurons (MAP2), astrocytes (GFAP), microglia 
(P2RY12), and oligodendrocytes (MOG) within ranked distribution. Fig. S2. 
T‑stochastic neighborhood embedding analysis (t‑SNE) of gene expres‑
sion profiles from the pre‑frontal cortex white matter (black), superior 
temporal sulcus (blue), caudate nucleus (red), and hippocampus (green) 
of uninfected animals. Outlier sample [Animal 43661 pre‑frontal cortex 
white matter] is included. Symbols represent individual animals. Circles 
indicate 95% confidence intervals. Fig. S3. Regional eigengene expression 
and corresponding top fifteen most significantly enriched (p < 0.01 by 
Fisher’s exact test) biological processes GO terms within region specific 
modules (PFCw‑specific [MEmagenta, MEmidnightblue], STS‑specific 
[MEtan], CN‑specific [MEpurple, MEred], HP‑specific [MEsalmon]) deter‑
mined by weighted gene co‑expression network analysis from uninfected 
animals. *p < 0.05 by linear mixed effects model (region effect). Boxplots 
represent quartiles. Fig. S4. Normalized read counts of genes encoding 
for chemokines in the STS (blue), PFCw (black), CN (red), and HP (green) 
of uninfected animals. Expression levels are displayed in normalized read 
counts in units of  Log2 counts per million  (Log2CPM). Brackets indicate 
structural chemokine classes. Fig. S5.  Log2 Fold change of genes regulat‑
ing inflammatory processes and synaptic functions between SHIV infected 
and uninfected animals in all brain regions (gray), STS (blue), and PFCw 

(red). Dotted line indicates a fold change of 1. Fig. S6. T‑stochastic neigh‑
borhood embedding (t‑SNE) analysis of gene expression profiles from 
SHIV infected and uninfected animals. (Left) t‑SNE plot indicates clustering 
of gene expression profiles by region and SHIV infection status (SHIV 
infected [pink], uninfected [black]) with removal of outlier sample [Animal 
43661 Pre‑frontal cortex white matter]. (Right) t‑SNE plot shows all sam‑
ples including the outlier with data points indicating regions (pre‑frontal 
cortex white matter (P), superior temporal sulcus [S], caudate nucleus 
[C], hippocampus [H]) and infection status (color) and individual animals 
(symbols). Circles indicate 95% confidence intervals. Fig. S7 Expression 
levels of genes (expressed as normalized read counts in units of  Log2 
Counts per million [CPM]) related to synaptic functions, endoplasmic 
reticulum stress, and ATP synthase subunits in the PFCw of SHIV infected 
(red) and uninfected (gray) animals. Violin plots indicate quartiles. P values 
determined by linear mixed effects model. Table S1 Animal/Sample Data. 
Animal information—Animal ID, Sex, Age, SHIV infection status, and medi‑
cal cull rationale. Sample Information—Sample ID, Sample Code, Tissue 
identity, Tissue weight (mg), purified RNA absorbance ratios (A260/A280 
and A260/A230), and sample RNA yield. Table S3. Reagents used for flow 
cytometric analysis.

Additional file 2: Table S2. Normalized Read Counts. Normalized read 
counts in units of  Log2 Counts per Million (CPM). Sample IDs are listed in 
row 1 and correspond to Code in Table S1. Corresponding Gene.stable.ID 
and Gene names are listed in columns 1 and 2.
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