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Abstract

Previous studies showed that persons living with HIV (PLWH) demonstrate higher brain prefrontal cortex neuroinflammation
and immunoproteasome expression compared to HIV-negative individuals; these associate positively with HIV levels. Lower
expression of the antioxidant enzyme heme oxygenase 1 (HO-1) was observed in PLWH with HIV-associated neurocognitive
impairment (HIV-NCI) compared to neurocognitively normal PLWH. We hypothesized that similar expression patterns occur
throughout cortical, subcortical, and brainstem regions in PLWH, and that neuroinflammation and immunoproteasome expres-
sion associate with lower expression of neuronal markers. We analyzed autopsied brains (15 regions) from 9 PLWH without
HIV-NCI and 7 matched HIV-negative individuals. Using Western blot and RT-qgPCR, we quantified synaptic, inflammatory,
immunoproteasome, endothelial, and antioxidant biomarkers, including HO-1 and its isoform heme oxygenase 2 (HO-2). In
these PLWH without HIV-NCI, we observed higher expression of neuroinflammatory, endothelial, and immunoproteasome
markers in multiple cortical and subcortical regions compared to HIV-negative individuals, suggesting a global brain inflamma-
tory response to HIV. Several regions, including posterior cingulate cortex, globus pallidus, and cerebellum, showed a distinct
pattern of higher type I interferon (IFN)-stimulated gene and immunoproteasome expression. PLWH without HIV-NCI also had
(1) stable or higher HO-1 expression and positive associations between (ii) HO-1 and HIV levels (CSF, plasma) and (iii) HO-1
expression and neuroinflammation, in multiple cortical, subcortical, and brainstem regions. We observed no differences in
synaptic marker expression, suggesting little, if any, associated neuronal injury. We speculate that this may reflect a neuropro-
tective effect of a concurrent HO-1 antioxidant response despite global neuroinflammation, which will require further
investigation.
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Introduction

Persistent oxidative stress and inflammation within the brain
of persons living with HIV (PLWH) are thought to contribute
to development of HIV-associated neurocognitive impairment
(HIV-NCI) (Boerwinkle and Ances 2019; Chen et al. 2014;
Hong and Banks 2015; Saylor et al. 2016; Spudich 2016;
Tavazzi et al. 2014). In the absence of HIV infection, such
potentially pathological processes typically induce expression
of antioxidant response genes, which execute cytoprotective
responses to acute cellular injury in the brain. Among those
most strongly linked to neuronal injury and recovery in vari-
ous models is the antioxidant/anti-inflammatory enzyme,
heme oxygenase (HO), which exists in two isoforms: heme
oxygenase 1 (HO-1) and heme oxygenase 2 (HO-2) (Chang
et al. 2003; Dore et al. 1999; Parfenova et al. 2006; Schipper
2004; Schipper and Song 2015; Wang et al. 2006). HO-1 is
highly inducible by a variety of factors and predominates in
non-neuronal cells, while HO-2 is considered to be constitu-
tively expressed and only slowly inducible by a few factors. In
the brain, HO-2 predominates in neurons. The protective ef-
fects of HO-1 and HO-2 are downstream of their selective
catabolism of heme, a highly toxic, pro-oxidative factor.
Heme is released as a byproduct of hemoglobin degradation
or, in the context of cellular stress, from cellular metabolic
enzymes for which it serves as a critical cofactor. HO-
mediated heme catabolism produces the anti-inflammatory,
cytoprotective metabolites carbon monoxide and bilirubin
(Chen 2014; Chen et al. 2005; Dore et al. 2000; Wu et al.
2019). In the human brain, expression of HO-1 and HO-2
RNA is reportedly higher in cortical areas (frontal, temporal,
occipital) compared to pons and cerebellum (Takahashi et al.
1996), which suggests that HO enzymatic cytoprotective ca-
pacity may vary among brain regions.

We previously demonstrated that decreased HO-1
protein expression in the prefrontal cortex of PLWH
associates with HIV-NCI and encephalitis, and that this
HO-1 reduction is associated with the level of HIV ex-
pression, type I interferon (IFN)-stimulated gene expres-
sion, and macrophage activation (Ambegaokar and
Kolson 2014; Gill et al. 2014). Notably, we observed
a marked discordance (negative association) between
HO-1 protein and RNA expression, which suggests a
post-transcriptional loss of HO-1 protein (Kovacsics
et al. 2017). In in vitro studies, we linked HO-1 expres-
sion to dysregulation of glutamate release from glial
cells, further suggesting a direct link between HO-1 de-
ficiency and excitotoxic injury as a mechanism of HIV-
induced neuronal injury in vivo (Ambegaokar and
Kolson 2014; Gill et al. 2015). HO-1 protein reduction
was also observed in the neostriatum, but not in the
occipital cortex or cerebellum, which suggests regional
brain variability in HO-1 expression in response to HIV

infection. Upregulation of IFN-stimulated genes and
endothelia-associated genes has also been reported in
the neostriatum in PLWH, which suggests concurrent
host antioxidant responses and neuroinflammatory re-
sponses that extend beyond the prefrontal cortex
(Gelman et al. 2012a).

We addressed several potential mechanisms by which HO-
1 expression might be reduced by HIV infection in PLWH.
PLWH have increased immunoproteasome subunit expres-
sion in the prefrontal cortex that associates with HIV load,
HIV-NCI, and HIV-encephalitis (Nguyen et al. 2010). We
found evidence in vitro that degradation of HO-1, but not
HO-2, is enhanced through IFN-induced immunoproteasome
expression (Kovacsics et al. 2017), thus potentially explaining
the observed discordance between HO-1 protein and RNA
expression in the prefrontal cortex of PLWH. We also ad-
dressed the potential role for known regulatory variations in
the HO-1 promoter region (a (GT),, dinucleotide repeat poly-
morphism). We found significant associations between this
polymorphism and type I [FN—stimulated genes and T lym-
phocyte activation within the prefrontal cortex of PLWH (Gill
et al. 2018). In a separate clinical cohort study of PLWH, we
observed modulating effects of the HO-1 (GT),, promoter di-
nucleotide repeat on risk of HIV-NCI (Garza et al. 2020).
These observations suggest a balance between transcriptional
and post-translational mechanisms of HO-1 modulation that
determine parenchymal HO-1 levels in the setting of neuroin-
flammation in the prefrontal cortex, and they also suggest a
role for HO-1 expression in modulating risk of HIV-NCI.

In this study, we sought to determine whether neuroinflam-
mation and a concurrent HO-1 antioxidant response in PLWH
extend to additional cortical and deep brain regions, and
whether those processes associate with synaptic integrity.
We analyzed 15 brain regions in an autopsy cohort of
PLWH without HIV-NCI (n=9) and HIV-negative individ-
uals (n = 7). We determined the expression of HO-1 and HO-2
and defined their associations with plasma and cerebrospinal
fluid (CSF) HIV levels, markers of neuroinflammation, syn-
aptic integrity, endothelial adhesion, and immunoproteasome
expression. Similar to our prior observations in the prefrontal
cortex of PLWH, we observed higher expression of markers
of neuroinflammation, endothelial activation and adhesion,
and immunoproteasome expression in multiple cortical, sub-
cortical, and brainstem regions compared with those of HIV-
negative individuals. Notably, the posterior cingulate cortex,
globus pallidus, and cerebellum expressed similar
neuroinflammatory patterns. We also observed (i) similar or
increased HO-1 expression levels in all brain regions in
PLWH compared with those in HIV-negative individuals,
(ii) positive association between HO-1 expression and HIV
levels in CSF and plasma, (iii) positive association between
HO-1 and neuroinflammatory markers, and (iv) no difference
in expression of synaptic markers.
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Materials and methods

National NeuroAIDS Tissue Consortium brain autopsy
cohort and viral loads

A cohort consisting of 9 PLWH and 7 HIV-negative individ-
uals was selected from the National NeuroAIDS Tissue
Consortium (NNTC) (Table 1). We selected individuals on
the basis of several criteria: (i) the availability of brain tissue
specimens from multiple brain regions; (ii) the absence of
neurocognitive impairment attributable to HIV infection
(i.e., HIV-NCI) and HIV encephalitis; and, if possible, (iii)
homozygosity for either “short” (S/S) or “long” (L/L) HO-1
promoter region (GT), dinucleotide repeat allele genotype.
The rationale for seeking individuals with either the S/S or
L/L genotype is that HMOXI promoters with short HO-1
(GT), repeats express higher basal HMOXI gene

transcriptional activity and inducibility (Chen et al. 2002;
Hirai et al. 2003; Rueda et al. 2007; Seu et al. 2012), and short
HO-1 (GT),, repeat alleles associate with less brain inflamma-
tion and lower risk of HIV-NCI in PLWH (Gill et al. 2018).
This could potentially allow us to identify differences in HO-1
protein expression in various brain regions on the basis of the
individual’s promoter genotype in the presence and absence of
HIV infection.

Among the 9 PLWH studied, none had diagnosed HIV-
NCI, according to the Frascati criteria (Antinori et al. 2007).
Four were categorized as “Neuropsychological impairment-
other (NPIO),” indicating impairment that can be attributed
to another comorbid condition distinct from HIV infection
or AIDS-related CNS disease (co-infection, tumor, metabolic
disease, other acquired neurological disease). The remaining 5
PLWH were categorized as neurocognitively normal. Eight of
the PLWH were antiretroviral therapy (ART)-experienced.

Table 1 Demographic and

clinical data for PLWH cohort HIV— HIV+ p value
Demographic data, mean + SD
Number of subjects 7 9
Age at death 60+15.7 51+11.0 0.196"
Hours postmortem 18+9.9 19+8.0 0.850*
Sex, N (%)
Male 5(71) 8 (89) 037"
Female 2(29) 1(11)
Race, N (%)
White 5(71) 6 (67) 0.84"
Black 2 (29) 3(33)
Other/unknown 0 (0) 0(0)
Ethnicity, N (%)
Hispanic 0(0) 0(0)
Not Hispanic 7 (100) 9 (100)
Disease parameters, mean + SD
log plasma HIV (c/ml) - 42+1.5
log CSF HIV (c¢/ml) - 29+0.7
CD4+ lymphocytes/mm® - 120+£148.2
Neurocognitive impairment, N (%)
HIV-NCI - 0 (0)
Neuropsychological impairment (other) - 4 (44)
Neurocognitive normal - 5 (56)
No neurocognitive data - 0(0)
ART, N (%)
ART-experienced — 8 (89)
ART-naive - 0(0)
Unknown ART - 1(11)

Data are presented as mean + standard deviation (SD) or as population percentages

CSF cerebrospinal fluid, HIV-NCI HIV-associated neurocognitive impairment, ART antiretroviral therapy

¥ Statistical analysis: Student’s # test

T Statistical analysis: chi-square test
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PLWH and HIV-negative individuals (n=7) did not differ
significantly by age, sex, race, ethnicity, or postmortem au-
topsy interval. Blood (n=9) and CSF (n=6) samples were
obtained within 6 months of death and on the same day that
neurocognitive testing was completed. Plasma and CSF HIV
RNA levels were determined with the Amplicor HIV-1
Monitor test (v1.1 through v1.5, Roche).

Monocyte-derived macrophage culture and small
interfering RNA transfection

Peripheral blood mononuclear cells (PBMC) were isolated
from volunteer donors by Ficoll density gradient centrifuga-
tion, and monocytes were isolated by adherence to gelatin-
coated flasks (Cross et al. 2011). Isolated monocytes were
plated at 10.5 x 10* cells/cm® on CelIBIND plates (Corning)
and cultured in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% fetal bovine serum
(Thermo Scientific), 10% horse serum (Invitrogen), 1% non-
essential amino acids (Invitrogen), 2 mM glutamine
(Invitrogen), and 50 U/ml penicillin/streptomycin at 37 °C,
6% CO,. Monocyte-derived macrophages (MDM) were cul-
tured for 7 days in vitro and inspected for differentiation.
Silencer® Select siRNAs (Ambion) were transfected at a final
concentration of 20 nM using Lipofectamine RNAiMax
(Invitrogen).

Brain tissue sampling

Fresh-frozen brain tissue samples from the frontal cortex (FC),
temporal cortex (TC), occipital cortex (OC), motor cortex
(MC), sensory cortex (SC), anterior cingulate cortex (ACC),
posterior cingulate cortex (PCC), amygdala (AM), caudate
nucleus/putamen (CN), globus pallidus (GP), pons (PN), mid-
brain (MB), medulla (MED), cerebellum (CB), frontal white
matter (FWM), and spinal cord (SPC) (Supplementary
Table 1) stored at —80 °C were dissected on dry ice.
Samples from each region were divided into two pieces (i.e.,
adjacent pieces) for analysis of protein and RNA expression,
respectively.

Western blot

Protein lysates were prepared from 100 mg of tissue homog-
enized by silica bead beating and sonication in 7 volumes of
buffer (10 mM Tris-HCI (pH 7.8), 0.5 mM dithiothreitol
(DTT), 5 mM MgCl,, 0.03% Triton X-100) containing
Complete Protease Inhibitor Cocktail (Roche Applied
Science) and PhosSTOP Phosphatase Inhibitor Cocktail
(Roche). Protein concentration was quantified using the deter-
gent compatible (DC) protein assay (Bio-Rad). Proteins were
resolved by SDS-PAGE and transferred to polyvinylidene
fluoride (PVDF) membranes. Membranes were incubated

with primary antibody (Supplementary Table 2) overnight at
4 °C. For infrared fluorescent detection of protein expression,
membranes were incubated with IRDye-conjugated second-
ary antibody (Supplementary Table 3) for 1 h at room temper-
ature and scanned with the Odyssey CLx Infrared Imagine
System (LI-COR Biosciences). Background-corrected signal
intensity of protein bands was measured using Image Studio
Lite software (LI-COR Biosciences).

HO-1 promoter (GT), repeat genotyping

HO-1 (GT),, repeat lengths were determined by PCR of the
(GT), repeat region with a 6-FAM-labeled forward primer,
followed by fragment size determination on a capillary se-
quencer. In a subset of samples, PCR products were run on
a 2% agarose gel to assess amplification of the target
sequence—predicted sizes (homozygotes, heterozygotes). All
samples were run at least twice from independent PCR reac-
tions to ensure accurate and reproducible sizing and were de-
termined to be accurate within + 1 GT repeat. In rare (< 4%)
cases where identical GT repeat lengths were not obtained in
duplicate, samples were run additional times to confirm accu-
rate repeat lengths. We assigned HO-1 (GT), alleles as short
(S, <27), medium (M, 27-34), or long (L, > 34) (GT),, repeats
(Gill et al. 2018).

In-gel digestion and mass spectrometry analysis and
confirmation of HO-1 detection

Human brain lysates were resolved by SDS-PAGE, with an
identical lysate added to two lanes of a symmetrically orga-
nized gel. One half of the gel was stained for protein with
Coomassie blue, while the other half was transferred to
PVDF membrane and probed for HO-1 as described above.
Gel bands for digestion were chosen by exact size according
to corresponding bands recognized by the primary antibody
used to probe the PVDF membrane. Each gel band was ex-
cised and further cut into 1 mm cubes (Shevchenko et al.
1996). These were de-stained with 50% methanol/1.25%
acetic acid, reduced with 5 mM DTT (Thermo), and alkylated
with 20 mM iodoacetamide (Sigma). Gel pieces were then
washed with 20 mM ammonium bicarbonate (Sigma) and
dehydrated with acetonitrile (Fisher). Trypsin (Promega)
(5 ng/ml in 20 mM ammonium bicarbonate) was added to
the gel pieces, and proteolysis was allowed to proceed over-
night at 37 °C. Peptides were extracted with 0.3%
triflouroacetic acid (J.T. Baker), followed by 50% acetonitrile.
Extracts were combined, and the volume was reduced by vac-
uum centrifugation.

Extracted samples were analyzed on a Q-Exactive HF mass
spectrometer (Thermo Fisher Scientific, San Jose, CA)
coupled with an UltiMate 3000 nano UPLC system and an
Easy-Spray source. Peptides were separated by reversed-
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phase (RP) HPLC on Easy-Spray RSLC C18 2 um x 75 um
id x 50 cm column at 50 C. Mobile phase A consisted of 0.1%
formic acid and mobile phase B of 0.1% formic
acid/acetonitrile. Peptides were eluted into the mass spectrom-
eter at 210 nl/min with each RP-LC run comprising a 125-min
gradient from 1 to 5% B in 15 min and from 5 to 45% B in
110 min. The mass spectrometer was set to repetitively scan
m/z from 300 to 1400 (R =240,000) followed by data-
dependent MS/MS scans on the twenty most abundant ions,
minimum AGC 1e4, dynamic exclusion with a repeat count of
1, and repeat duration of 30 s (R=15,000). FTMS full scan
AGC target value was 3e6, while MSn AGC was 1e5, respec-
tively. MSn injection time was 160 ms; microscans were set at
one. Rejection of unassigned and 1+,6-8 charge states was
set.

Peptide and protein identification were performed with the
Sequest search engine accessed through Proteome Discoverer
2.0 (Thermo Fisher Scientific) using human reference prote-
ome database from UniProt (canonical and isoform proteins;
downloaded on January 4, 2018). Carbamidomethyl of Cys
was defined as a fixed modification. Oxidation of Met and
acetylation of protein N-termini were set as variable modifi-
cations. Trypsin was selected as the digestion enzyme, and a
maximum of two missed cleavages per peptide was allowed.
The precursor mass tolerance was set at 10 ppm, and the MS/
MS fragment mass tolerance was set at 0.02 DA. The mini-
mum peptide length was set at 7 amino acids. The false dis-
covery rate (FDR) for peptides and proteins was set at 1%.
The rest of the parameters were kept as default. The search
results were exported and visualized in Scaffold 4.8.4
(Proteome Software). Mass spectrometry analysis and data
processing were performed with support of the Children’s
Hospital of Philadelphia Proteomics Core.

Real-time quantitative PCR

Total RNA was prepared from 50 mg of fresh-frozen brain
tissue (adjacent to tissue section used for preparation of pro-
tein lysates) using the RNeasy Lipid Tissue Mini Kit. RNA
purity and concentration were determined with NanoDrop
One UV-Vis spectrophotometer (Thermo Fisher Scientific),
and 1 pg of total RNA was reverse transcribed to single-
stranded complementary DNA (¢cDNA) using the High
Capacity RNA-to-cDNA Kit (Applied Biosciences).
Relative RNA expression was determined by RT-qPCR using
25 ng cDNA, TagMan Fast Universal Master Mix (Applied
Biosciences), and TagMan primer/probe sets (HMOXI:
Hs01110250 ml; GAPDH: Hs02786624 gl; ISGIS5:
Ha00192713 ml; MXI: Hs00182073 ml; Applied
Biosystems) in 10 pl reaction volumes. Reactions were run
in triplicate on a StepOnePlus (Thermo Fisher Scientific).
GAPDH was used as the reference gene, and RNA expression
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was calculated for each sample relative to the average expres-
sion of that gene across all brain samples.

Statistical analysis

All quantifications are expressed as mean =+ standard error of
the mean (SEM). Protein and RNA expression data were log-
transformed. Differences in expression of markers within in-
dividual brain regions between HIV-negative individuals and
PLWH were evaluated by Student’s unpaired ¢ test.
Differences in mean expression of markers throughout the
brain between HIV-negative individuals and PLWH were an-
alyzed by Student’s paired # test, whereby mean expression of
a marker in a given region within HIV-negative individuals
was paired with mean expression of that marker in the same
region within PLWH. Linear trends were analyzed by
Pearson’s correlation with line of best fit determined by linear
regression. Statistical significance was defined as p < 0.05. All
statistical tests were performed using GraphPad Prism (ver-
sion 8).

Results

HO-1 expression in multiple brain regions associates
with CSF and plasma HIV levels in PLWH

We previously showed that HO-1 protein levels are lower in
the prefrontal cortex and caudate of PLWH with HIV-NCI
compared with those of HIV-negative individuals while HO-
1 RNA levels are higher, suggesting an induction of HO-1
gene expression associated with post-translational HO-1 pro-
tein loss that may contribute to HIV-NCI (Gill et al. 2014). No
such pattern was seen in the occipital cortex or cerebellum. In
this study, we examined a broad distribution of brain regions
(15 regions) and spinal cord in PLWH without HIV-NCI. We
confirmed the relative specificity of the anti-HO-1 antibody
used for our analyses (Supplementary Fig. 1). We analyzed
human and transgenic mouse brain and spleen lysates
(Supplementary Fig. la, c, d) and used mass spectrometry
(Supplementary Fig. 1b) to confirm antibody specificity for
HO-1 in human brain tissue. Comparing HO-1 protein expres-
sion within each brain region, we found higher HO-1 levels
only in the midbrain in PLWH compared to HIV-negative
individuals (Fig. 1a). However, the average of the means of
HO-1 protein expression by region was significantly higher in
PLWH, suggesting that increased HO-1 expression likely oc-
curs in multiple brain regions (Fig. 1b). We also observed a
positive association between HO-1 RNA and HO-1 protein
expression in PLWH in 7 of 15 brain regions analyzed
(temporal cortex, occipital cortex, motor cortex, sensory
cortex, anterior cingulate cortex, posterior cingulate cortex,
frontal white matter; Table 2).
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Table2 HO-1 protein associates positively with HO-1 RNA in PLWH
Region HO-1 protein vs. HO-1 RNA
HIV-negative PLWH
Pearson r p value Pearson r p value

FC 0.301 0.563 0.586 0.097
TC 0.298 0.626 0.813 0.008
ocC 0.612 0.144 0.673 0.047
MC 0.666 0.103 0.808 0.008
SC 0.150 0.776 0.686 0.041
ACC —0.009 0.985 0.667 0.050
PCC 0.470 0.287 0.675 0.046
AM 0.725 0.065 0.537 0.136
CN 0.240 0.605 0.577 0.104
GP —0.067 0.887 0.633 0.068
PN 0.192 0.679 0.534 0.139
MB 0.146 0.754 0.167 0.668
MED 0.162 0.728 0.525 0.182
CB 0.273 0.601 0.132 0.736
FWM 0.287 0.533 0.683 0.043
SPC 0.800 0.104 0.731 0.062

Correlations between HO-1 RNA and protein were analyzed by Pearson’s
correlation. Italicized values: p < 0.05

Detection of CSF HIV RNA was successful in 6 of 9
PLWH while brain parenchymal HIV RNA was not detected
in 8 of 9 PLWH, precluding a comprehensive analysis of HIV
levels in the brain parenchyma. Nonetheless, CSF HIV RNA
associated positively with brain HO-1 RNA, in 9 of 15 brain
regions, including frontal cortex (Fig. 1c), five other cortical
regions, amygdala, globus pallidus, and cerebellum (Table 3),
similar to our prior observations in prefrontal cortex (Gill et al.
2014). We also found positive associations between plasma
HIV RNA and HO-1 RNA in all brain regions except mid-
brain and frontal white matter (Fig. 1d, Table 3). CSF HIV
RNA associated positively with HO-1 protein expression in 5
of 15 brain regions, including frontal cortex (Fig. 1e) and four
other cortical regions (Table 3). Finally, we observed positive
associations between plasma HIV RNA and HO-1 protein in 7
of 15 brain regions, including frontal cortex (Fig. 1f), five
other cortical regions, and the pons (Table 3). These results
confirm positive associations between plasma and CSF HIV
expression and the host HO-1 response in multiple brain
regions.

Expression of the constitutive HO-2 isoform is higher
in frontal white matter in PLWH than in HIV-negative
individuals

The HO-2 isoform is considered to be constitutively
expressed, but expression can change in response to certain

stimuli (hypoxia, glucocorticoids) (Han et al. 2005; He et al.
2010; Vukomanovic et al. 2011; Zhang et al. 2006). In con-
trast to HO-1 expression in the brain, HO-2 is the predominant
isoform expressed in neurons. We observed significantly
higher HO-2 expression only in the frontal white matter of
PLWH compared to HIV-negative individuals (Fig. 2a).
However, similar to our HO-1 expression observation
(Fig. 1b), when we compared the means of HO-2 expression
for each region, we found higher HO-2 expression in PLWH
(Fig. 2b).

Immunoproteasome expression is higher in multiple
brain regions in PLWH than in HIV-negative
individuals

Our prior studies of PLWH showed increased
immunoproteasome expression in the prefrontal cortex that
associates with HIV-NCI and HIV encephalitis (Nguyen
et al. 2010). We also showed a negative association between
HO-1 protein and immunoproteasome expression in the pre-
frontal cortex in PLWH and evidence for immunoproteasome-
associated degradation of HO-1 (Kovacsics et al. 2017). To
determine whether this association is consistent throughout
the brain in PLWH, we quantified expression of
immunoproteasomes (LMP7 and Pa28« subunits) and consti-
tutive proteasomes (35 subunit) in additional brain regions.

HIV infection associated with higher expression of
immunoproteasome subunits in multiple cortical and subcor-
tical regions (LMP7: temporal cortex, occipital cortex, senso-
ry cortex, posterior cingulate cortex, globus pallidus, cerebel-
lum, frontal white matter; Pa28c: temporal cortex, sensory
cortex, posterior cingulate cortex, globus pallidus, cerebellum;
Fig. 3a—d). These immunoproteasome associations stand in
contrast to the lack of changes in constitutive proteasome ex-
pression (35 subunit), in PLWH compared to HIV-negative
individuals with the exception of lower 35 expression in the
pons (Fig. 3e, f). We did not find a consistent relationship
between HO-1 and LMP7 expression levels across brain re-
gions in PLWH (Supplementary Table 4).

HO-1 expression in multiple brain regions associates
with type | IFN-stimulated genes in PLWH

We next determined the association between HIV infection,
type I IFN-stimulated genes (/SGI5 and MXI), and HO-1
expression. We found increased type I IFN—stimulated gene
expression in multiple cortical and subcortical regions
(Fig. 4a—d). We observed higher MX/ (Fig. 4a, b: frontal
and posterior cingulate cortices, globus pallidus, cerebellum,
and frontal white matter) and higher /SG/5 (Fig. 4c, d: frontal
cortex and frontal white matter). We also identified several
positive associations between ISGI/5 and (i) HO-1 RNA
(temporal cortex, anterior and posterior cingulate cortices,
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Fig. 1 HO-1 protein (a, b, e, f)
and RNA (¢, d) were measured by
Western blot and RT-qPCR,
respectively. a Effect of HIV
infection on HO-1 expression in
individual brain regions was
measured by Student’s unpaired ¢
test. b Effect of HIV infection on
whole-brain HO-1 expression
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frontal white matter, Table 4) and (ii) HO-1 protein (anterior
cingulate cortex, amygdala, frontal white matter, spinal cord;
Table 4) in PLWH. MX1 also associated positively with HO-1
RNA: temporal, occipital, anterior cingulate cortices, amyg-
dala, cerebellum, frontal white matter, and spinal cord
(Table 4) in PLWH. In contrast, in HIV-negative individuals,
we did not find clear evidence of an association between HO-1
and ISG15 or MXI (Supplementary Table 5).

HO-1 expression in multiple brain regions associates
with markers of endothelial activation and adhesion
in PLWH

Dysfunction and/or injury to the neurovascular unit (defined
as capillary endothelia, pericytes, astrocytic foot processes,
neuronal processes, perivascular macrophages, along with
the CNS extracellular space, subarachnoid space, and blood
plasma) is thought to be a major contributor to the develop-
ment of HIV-NCI, perhaps independent from brain neuroin-
flammation (Gelman 2015; Gelman et al. 2012a, 2018; Hill
et al. 2014). We examined several endothelial adhesion
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molecules ICAM-1, VCAM-1, PECAM-1) and observed
higher expression of each overall, and in multiple cortical
and subcortical regions in PLWH compared to HIV-negative
individuals: (i) [CAM-1 (frontal, sensory, and temporal corti-
ces and cerebellum; Fig. 5a, b), (i) VCAM-1 (motor cortex
and globus pallidus; Fig. 5c, d), and (iii) PECAM-1 (anterior
cingulate cortex; Fig. Se, f).

We determined the associations of these endothelial
markers with HO-1 expression. VCAM-1 and PECAM-1,
but not ICAM-1, associated positively with HO-1 protein ex-
pression in PLWH in multiple cortical, subcortical, and
brainstem regions (VCAM-1: frontal, temporal, anterior cin-
gulate cortices; pons; midbrain; and spinal cord; PECAM-1:
temporal, occipital and posterior cingulate cortices and globus
pallidus; Table 5). Each also associated positively with HO-1
RNA in multiple cortical, subcortical, and brainstem regions
in PLWH (VCAM-1: amygdala and caudate; PECAM-1: six
cortical regions, caudate, and pons) (Table 5). We did not find
consistent associations between HO-1 and endothelial adhe-
sion molecules in HIV-negative individuals (Supplementary
Table 6).
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Table 3 Brain HO-1 RNA and

protein associate with CSF and Region HO-1 RNA vs. CSF HO-1 protein vs. CSF HO-1 RNA vs.plasma  HO-1 protein vs.
plasma HIV RNA in PLWH HIV RNA HIV RNA HIV RNA plasma HIV RNA
Pearson»  pvalue  Pearson»  pvalue  Pearsonr  pvalue  Pearsonr  p value

FC 0.941 0.005 0.963 0.002 0.873 0.002 0.795 0.011
TC 0.936 0.006 0.957 0.003 0.903 0.001 0.930 0.000
ocC 0.766 0.076 0.843 0.035 0.822 0.007 0.670 0.048
MC 0.955 0.003 0.910 0.012 0.942 0.000 0.875 0.002
SC 0.969 0.001 0.764 0.077 0.876 0.002 0.759 0.018
ACC 0.988 0.000 0.935 0.006 0.866 0.003 0.634 0.067
PCC 0.782 0.066 0.791 0.061 0.741 0.022 0.709 0.033
AM 0.812 0.050 0.799 0.056 0.745 0.021 0.532 0.140
CN 0.540 0.269 0.779 0.068 0.650 0.058 0.506 0.164
GP 0.986 0.000 0.808 0.052 0.870 0.002 0.428 0.251
PN 0.792 0.061 0.770 0.073 0.730 0.026 0.770 0.015
MB 0.276 0.596 0.421 0.405 0.317 0.407 0.355 0.348
MED 0.804 0.101 0.845 0.071 0.750 0.032 0.663 0.073
CB 0.975 0.001 0.261 0.617 0.740 0.023 0.236 0.542
FWM  0.596 0.212 0.640 0.171 0.390 0.299 0.499 0.171
SPC 0.824 0.176 0.723 0.168 0.760 0.048 0.494 0.214

Correlations between HO-1 RNA or protein and CSF or HIV RNA in individual regions were analyzed by
Pearson’s correlation. Italicized values: p < 0.05

Synaptic marker expression in multiple brain regions
is similar in PLWH and in HIV-negative individuals

Because the induction of HO-1 expression is associated
with neuroprotection in various injury response models
including HIV infection (Gill et al. 2014, 2015), we
measured markers of synaptic integrity in PLWH. To
do this, we analyzed expression of presynaptic
(synaptophysin) and postsynaptic (PSD95) markers.
Expression of each was similar in PLWH compared to
HIV-negative individuals (Fig. 6a—d) and neither associ-
ated with HO-1 protein or RNA expression in PLWH
(Supplementary Tables 7 and 8).

The HO-1 promoter region (GT),, variant genotype
does not associate with brain HO-1 expression

The HO-1 promoter region contains a (GT), dinucleotide re-
peat that modulates basal HO-1 expression and gene induc-
ibility, specifically with shorter HO-1 (GT),, repeats associat-
ing with higher basal HO-1 promoter activity (Chen et al.
2002; Hirai et al. 2003; Rueda et al. 2007; Seu et al. 2012),
as well as better outcomes in inflammatory and oxidative
stress-associated diseases (Bai et al. 2010; Chen et al. 2012;
Rueda et al. 2007; Seu et al. 2012; Vazquez-Armenta et al.
2013). Short (S) (GT), repeat length alleles are defined as
those with less than 27 (GT),, repeats, while long (L) alleles
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Fig. 2 HO-2 protein was measured by Western blot. a Effect of HIV
infection on HO-2 expression in individual brain regions was measured
by Student’s unpaired ¢ test. b Effect of HIV infection on whole-brain
HO-2 expression was measured by Student’s paired ¢ test, where the mean

expression of HO-2 in each region in HIV-negative individuals was com-
pared with the mean expression of HO-2 in that region in PLWH.
*p <0.05; *¥*p<0.01
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are defined as those with more than 34 (GT), repeats (Gill
et al. 2018; Kaartokallio et al. 2018; Vilander et al. 2019).
Our current study cohort included 5 “SS” homozygous

1 | 1 1 1
ACC PCC AM CN GP PN MB

MIED CIB FV:IM SI'!‘C HIV-  HIV+
individuals (3 PLWH, 2 HIV-negative) and 4 “LL” homozy-
gous individuals (3 PLWH, 1 HIV-negative). We did not find

a significant difference in HO-1 protein or RNA expression in

Table 4 Associations between

brain HO-1 and type I IFN— Region  ISGI5RNA vs.HO-1  ISGI5 RNA vs. HO-1 ~ MXI RNA vs. HO-1 MXI1 RNA vs. HO-1
stimulated genes in PLWH RNA protein RNA protein
Pearson»  pvalue  Pearsonr  pvalue  Pearsonr  p value Pearson »  p value
FC 0.497 0.173 0.311 0.415 0.510 0.161 -0.239 0.535
TC 0.712 0.032 0.605 0.085 0.706 0.034 0.435 0.241
ocC 0.588 0.096 0.559 0.118 0.670 0.048 0.412 0.270
MC 0.589 0.096 0.588 0.096 0.355 0.348 0.347 0.361
SC 0.615 0.078 0.213 0.583 0.350 0.355 —0.044 0.910
ACC 0.755 0.019 0.725 0.027 0.736 0.024 0.472 0.199
PCC 0.714 0.031 0.613 0.080 0.630 0.069 0.480 0.1915
AM 0.634 0.067 0.724 0.027 0.741 0.022 0.466 0.207
CN 0.204 0.599 0.556 0.120 0.481 0.190 0.590 0.094
GP 0.540 0.134 0.655 0.055 0.403 0.282 0.505 0.166
PN 0.247 0.522 0.203 0.600 0.107 0.783 -0.153 0.695
MB 0.634 0.067 -0.297 0.438 0.563 0.115 —0.308 0.420
MED 0.489 0.219 0.191 0.650 0.000 >0.9999 —-0.516 0.191
CB 0.559 0.117 -0.216 0.577 0.750 0.020 0.128 0.744
FWM 0.738 0.023 0.802 0.009 0.768 0.016 0.650 0.058
SPC 0.680 0.093 0.839 0.018 0.798 0.031 0.583 0.170

Correlations between HO-1 RNA or protein and ISG/5 or MX1 RNA in individual regions were analyzed by
Pearson’s correlation. Italicized values: p <0.05
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any individual brain region in PLWH based upon the HO-1
(GT), repeat allele genotype (Supplementary Fig. 2a—d).

Discussion

Neuroinflammation and oxidative stress are considered cen-
tral to the pathogenesis of neurocognitive impairment in
PLWH, and analyses of associated biomarkers are typically
limited to only a few brain regions. In previous studies of
prefrontal cortex in PLWH compared to HIV-negative

individuals, we and others observed increased expression of
markers of neuroinflammation (IFN-stimulated genes,
endothelial markers) and immunoproteasome expression that
associate with HIV-NCI and HIV-encephalitis (Gelman et al.
2012a, 2012b; Gelman and Nguyen 2010; Nguyen et al.
2010). In the prefrontal cortex, we also observed reduced pro-
tein levels of the antioxidant/anti-inflammatory enzyme, HO-
1 (Gill et al. 2014), despite increased levels of HO-1 RNA
(Kovacsics et al. 2017). This discordant HO-1 protein and
RNA expression associated with HIV load in the brain and
CSF, neuroinflammation, immunoproteasome expression,
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Table 5  Associations between brain HO-1 and endothelial adhesion molecules in PLWH

Region ICAM-1 protein vs. ICAM-I1 protein vs. ~ VCAM-1 protein vs. VCAM-1 protein vs. PECAM-1 protein vs. PECAM-1 protein vs.

HO-1 RNA HO-1 protein HO-1 RNA HO-1 protein HO-1 RNA HO-1 protein
Pearsonr pvalue Pearsonr pvalue Pearsonr pvalue Pearsonr pvalue Pearsonr pvalue Pearsonr p value

FC 0.219 0.571 0.407 0.277 0.320 0.401 0.847 0.004 0.738 0.023 0.258 0.503
TC 0.049 0.900 0.180 0.644 0.385 0.306 0.827 0.006 0.870 0.002 0.752 0.020
oC -0.324 0.395 0.141 0.719 0.285 0.458 0.039 0.921 0.768 0.016 0.888 0.001
MC 0.279 0.468 0.114 0.771 0.611 0.081 0.626 0.071 0.753 0.019 0.513 0.158
SC 0.435 0.242 0.132 0.735 0.497 0.173 0.535 0.138 0.777 0.014 0.175 0.652
ACC 0.199 0.607 0.294 0.443 0.556 0.120 0.906 0.001 0.751 0.020 0.569 0.110
PCC  —0.093 0.812 0.134 0.731 0.308 0.420 0.364 0.336 0.544 0.131 0.782 0.013
AM —0.051 0.895 -0.275 0.474 0.807 0.009 0.439 0.238 0.571 0.108 0.659 0.054
CN —0.190 0.625 —0.089 0.821 0.780 0.013 0.407 0.277 0.708 0.033 0.461 0.212
GP 0.161 0.679 0.125 0.748 0.615 0.078 0.619 0.076 0.623 0.073 0.679 0.044
PN -0.215 0.578 0.186 0.633 0.207 0.592 0.748 0.021 0.768 0.016 0.551 0.125
MB —-0.039 0.920 0.293 0.481 0.243 0.528 0.778 0.023 0.299 0.435 0.562 0.147
MED —0.160 0.706 0.332 0.422 0.556 0.152 0.686 0.060 0.493 0.214 0.364 0.375
CB —0.401 0.285 —0.203 0.601 0.253 0.512 —0.065 0.869 0.497 0.174 —0.004 0.992
FWM 0.399 0.288 0.094 0.810 0.364 0.336 0.504 0.167 0.377 0.317 0.226 0.558
SPC 0.483 0.273 0.352 0.393 0.315 0.491 0.859 0.006 0.719 0.069 0.532 0.175

Correlations between HO-1 RNA or protein and ICAM-1, VCAM-1, or PECAM-1 protein in individual regions were analyzed by Pearson’s correlation.

Italicized values: p < 0.05

and HIV-NCI. Notably, PLWH with HIV-NCI had signifi-
cantly lower HO-1 expression in the prefrontal cortex com-
pared to PLWH without HIV-NCI in the same cohort. In
in vitro studies, we showed that HIV infection drives de-
creased HO-1 expression in monocyte-derived macrophages,
and that immunoproteasome expression enhances HO-1 deg-
radation (Gill et al. 2014; Kovacsics et al. 2017). We subse-
quently linked this reduced glial cell HO-1 expression with
release of neurotoxic levels of glutamate, which has been

associated with HIV-NCI (Ambegaokar and Kolson 2014,
Cassol et al. 2014; Espey et al. 2002, 1999; Ferrarese et al.
2001; Gelman et al. 2012a; Peluso et al. 2013; Sailasuta et al.
2012; Saing et al. 2016; Tremolizzo et al. 2002). We conclud-
ed that HIV infection and HIV-driven neuroinflammation and
immunoproteasome induction could lead to accelerated HO-1
protein degradation and loss, leading to neuronal injury and,
ultimately, HIV-NCI. Finally, we also showed that the HO-1
gene promoter region (GT), dinucleotide repeat genetic
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variation, which is known to modulate HO-1 transcriptional
activity, associates with a risk of HIV-NCI and neuroinflam-
mation in PLWH in a pattern consistent with a role for HO-1
in reducing risk of HIV-NCI (Garza et al. 2020; Gill et al.
2018).

We thus hypothesized that PLWH have HIV-driven neu-
roinflammation and immunoproteasome expression through-
out the brain that associates with HO-1 expression, and that
this might associate with synaptic integrity in multiple re-
gions, or even predominantly in selected regions. Based upon
our prior observations in the prefrontal cortex comparing
PLWH with and without HIV-NCI and abundant literature
defining HO-1 induction in response to inflammation and ox-
idative stress, we hypothesized that this cohort of PLWH
without HIV-NCI would have normal or even increased levels
of brain HO-1 expression along with increased neuroinflam-
mation and immunoproteasome expression. Our results in-
deed showed stable or increased HO-1 expression and in-
creased neuroinflammation, endothelial marker expression,
and immunoproteasome expression in multiple cortical, sub-
cortical, and brainstem regions in PLWH compared to HIV-
negative individuals (see schematic Supplementary Fig. 3).
We felt that examining individuals with predictably distinct
HO-1 (GT),, genotypes might allow us to identify differences
in regional brain HO-1 expression that might be influenced by
the individual’s promoter genotype translational HO-1 expres-
sion capacity, in both the presence and absence of HIV infec-
tion. However, we could identify only 6 PLWH individuals of
SS and LL allele genotypes who met all three inclusion
criteria. Among the HIV-negative individuals, 3 had these
genotypes, thus limiting the statistical powering of the
analysis.

The observed stable or increased HO-1 expression in
PLWH without HIV-NCI is in contrast to our previously re-
ported decreased HO-1 expression in the prefrontal cortex in
PLWH with HIV-NCI. These data suggest that although in-
duction of pathological neuroinflammation occurs in multiple
brain regions, induction of a protective HO-1 response also
occurs in such regions in PLWH without HIV-NCI. These
data also suggest that the HO-1 response is pathologically
suppressed in PLWH who develop HIV-NCI, in part through
immunoproteasome-mediated degradation of HO-1
(Kovacsics et al. 2017). Thus, in conjunction with our previ-
ous findings, this study is consistent with the hypothesis that
therapeutic induction of HO-1 in PLWH may limit neuroin-
flammation and provide neuroprotection against HIV-NCI
(see schematic Supplementary Fig. 3). We did not observe
differences in synaptic marker expression in this cohort,
which suggests that these concurrent inflammatory and anti-
oxidant responses were not associated with synaptic neuronal
injury in these individuals, albeit as determined only by the
level of sensitivity of detection of differences in expression
levels of synaptic proteins.

Our finding of increased immunoproteasome expression in
these PLWH without HIV-NCI was not unexpected.
Immunoproteasome expression is increased within the CNS
often in response to viral infection (including HIV infection)
(Jimenez-Guardeno et al. 2019; Nguyen et al. 2010), where
the immunoproteasomes serve to degrade viral proteins as a
host defense mechanism. The subunit Pa28c« is the
immunoproteasome regulatory subunit, and the subunit
LMP7 is one of the two immunoproteasome catalytic sub-
units, all of which assemble to form the functional
immunoproteasome (Pickering et al. 2010). Expression of
each of the immunoproteasome subunits is enhanced by pro-
inflammatory mediators associated with HIV infection, in-
cluding TNF-o and IFN-y (Basler et al. 2013). The constitu-
tive proteasome, marked by expression of the B5 subunit, is
constitutively expressed to serve functions of host cellular
protein degradation to maintain cellular homeostasis (Nandi
et al. 1997). Replacement of constitutive proteasomes by
immunoproteasomes occurs under pathologic conditions,
such as viral infections, through “substitution” of constitutive
subunits by “immuno” subunits in the proteasome, thus gen-
erating the immunoproteasome for host defense against the
invading pathogen (Fruh et al. 1994; Pickering et al. 2010).
Together with our previous study of PLWH with HIV-NCI,
we speculate that the reduction of HO-1 expression that asso-
ciates with HIV-NCI occurs as a result of achieving a thresh-
old level of immunoproteasome expression and associated
degradative activity in those PLWH.

We also observed higher HO-2 expression in the frontal
white matter in PLWH compared to uninfected individuals,
which was unexpected, as HO-2 is considered to be constitu-
tively expressed. One possibility is that changes in HO-2 ex-
pression directly reflect changes in axons, the major cellular
subcomponent of brain white matter. Because HO-2 in the
brain predominates in neurons while HO-1 predominates in
glia and other non-neuronal cells and because recovery from
neuronal injury is supported by HO-2 (Chen 2014; Chen et al.
2003), we speculate that the changes in HO-2 expression with-
in the white matter might reflect changes in neuronal axons.
We did not find evidence for loss of synaptic or axonal
markers in the frontal white matter in PLWH in our cohort,
and we cannot therefore conclude that the elevation of HO-2
that we observed represents a reparative response to neuronal
injury. Nonetheless, chronic HIV is often associated with deep
white matter injury, and we speculate that the higher HO-2
levels that we observed could indeed represent a response to
undetected neuronal injury, or that neuronal recovery may
have already occurred. Several studies do demonstrate that
HO-2 deficiency (HO-2 knockout mice) associates with poor
recovery from traumatic brain injury (Yoneyama-Sarnecky
et al. 2010), which may be linked to increased lipid
peroxidation—associated neuronal loss after such injury
(Chang et al. 2003).
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We also noted some specific differences in these responses
among different brain regions, and we speculate that there are
likely functional consequences, as has been suggested in pre-
vious studies of PLWH (Abidin et al. 2016; Chockanathan
et al. 2019; Cysique et al. 2018, 2004, 2013; Kumar et al.
2009, 2011; Mohamed et al. 2018). While
immunoproteasome subunit expression (LMP7, Pa28«x) was
higher in 7/15 brain regions, three of these regions (globus
pallidus, cerebellum, and PCC) also showed significantly
higher type I IFN—stimulated gene expression (MXT).

We speculate that our data reflect the particular vulnerabil-
ity of the PCC to HIV-induced neuroinflammation, which
could have consequences for neurocognitive functioning.
The prevalence of deficits in executive functioning is high in
PLWH, even in those not meeting the full diagnostic criteria
for HIV-NCI (Correa et al. 2016). Indeed, functional neuro-
imaging studies have identified metabolic abnormalities in the
PCC that associate with HIV infection and with progression of
HIV-NCI, as well as abnormal aging and amyloid pathology
in the HIV-negative population (Bladowska et al. 2013;
Cysique et al. 2018; Murray et al. 2014). In a previous study
of PLWH, microglial activation in PCC associated specifical-
ly with poorer executive function, suggesting clinical signifi-
cance to neuroinflammation in that region even in PLWH who
do not meet the strict Frascati criteria for the diagnosis of HIV-
NCI (Garvey et al., 2012). Cysique et al. (2018, 2013) used
magnetic resonance spectroscopy to detect neuronal injury
(reduced N-acetyl-aspartate (NAA)) and neuroinflammation
(increased myoinositol (ml)) in PCC in virally suppressed
PLWH compared to HIV-negative individuals. However, we
cannot attribute deficits in executive function solely to in-
volvement of the PCC in our PLWH cohort, as such dysfunc-
tion is also affected by other brain regions, including frontal
cortex and white matter, precuneus, accumbens, putamen, and
globus pallidus (Correa et al. 2016; Mohamed et al. 2018).

Other subcortical brain regions have also been implicated
in selective vulnerability to HIV and associated NCI.
Vulnerability of the neostriatum (caudate + putamen) to
HIV-associated blood-brain barrier disruption and impaired
function has been observed, especially in individuals with
HIV-associated dementia and HIV-encephalitis (Berger and
Arendt 2000; Chaganti et al. 2019; Israel et al. 2019; Lopez
et al. 1999; Melrose et al. 2008; Meltzer et al. 1998). Our
study also implicates the globus pallidus, which, along with
caudate and putamen, shows neuroinflammation (microglial
activation) in PLWH despite a suppressive combination of
antiretroviral therapy (Vera et al. 2016). Similar to our find-
ings in the PCC, our data demonstrate neuroinflammation
(MX1) and immunoproteasome expression (LMP7, Pa28x)
in globus pallidus, extending neuropathological observations
to this region within the basal ganglia (caudate + putamen +
globus pallidus), and they further suggest its potential vulner-
ability to neuroinflammation in PLWH. Although we cannot
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specifically link our globus pallidus findings to NCI in our
PLWH cohort, the links between basal ganglia dysfunction,
neuroinflammation, and HIV-NCI are the subject of many
studies (Alakkas et al. 2018; Ances et al. 2012; Aylward
et al. 1993; Brew et al. 1995; Chang et al. 2004; Moore
et al. 2006; Stout et al. 1998). Finally, cerebellar atrophy,
degeneration, and decreased functional connectivity have also
been reported in PLWH (Elsheikh et al. 2010; Tagliati et al.
1998; Wang et al. 2018).

Whether the specific neuroinflammatory changes (type I
IFN-stimulated genes, endothelial activation) or
immunoproteasome induction identified in this study contrib-
utes specifically to dysfunction in these brain regions in
PLWH will require further investigation. We speculate that
the increase of endothelial adhesion molecules might promote
increased immune cell adhesion and migration through the
blood-brain barrier, which could promote local neuroinflam-
mation. The clustering of ICAM-1 and VCAM-1 at the apical
surface of endothelial cells and the facilitation of leukocyte
adhesion prior to diapedesis are well known (Muller 2011,
2015; Ou et al. 2008; Rahman and Fazal 2009; Rossi et al.
2011). Expression of type I IFN (IFN-«) has been linked to
HIV-NCI presumably by promoting a pro-inflammatory state
(Thaney and Kaul 2019). Finally, increased
immunoproteasome expression in the prefrontal cortex in
PLWH is associated with HIV-NCI (Gelman and Nguyen
2010; Kovacsics et al. 2017; Nguyen et al. 2010), and in-
creased immunoproteasome expression is associated with en-
hanced autoimmunity and neurodegeneration in other CNS
disease states (Jansen et al. 2014; Limanagqi et al. 2019). In
total, our data suggest that HIV infection of the brain broadly
induces neuroinflammatory responses and antioxidant re-
sponses that are more pronounced in certain regions, which
may promote more global or more regionally influenced fea-
tures of NCI, respectively.

We have demonstrated expression of neuroinflammatory
and immunoproteasome markers that associate with expres-
sion of the antioxidant response (HO-1 expression) in multiple
cortical, subcortical, and brainstem regions in PLWH
without HIV-NCI. These observations extend previous
findings of HIV-associated responses in the prefrontal
cortex, and they suggest a ubiquitous response pattern
throughout the brain to HIV infection. We speculate that
the absence of synaptic protein loss in the setting of neu-
roinflammation may reflect a protective effect of the an-
tioxidant response. We further speculate that more robust
regional responses, such as those within the PCC, globus
pallidus, and cerebellum, might disrupt normal circuitry,
with effects that may be detected only with more selective
clinical assessments targeting such regions. Finally, we
speculate that targeting the regulation of the HO-1 antiox-
idant response might offer therapeutic options for neuro-
protection against HIV throughout the brain.
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