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Abstract: We determined the prevalence of Alzheimer’s disease (AD) pathological hallmarks,
amyloid-β and phosphorylated-Tau, in autopsied brains of 49 people with HIV (PWH) (ages: 50–68;
mean age = 57.0) from the National NeuroAIDS Tissue Consortium and in a comparative cohort
of 55 people without HIV (PWoH) from the UC San Diego Alzheimer’s Disease Research Center
(17 controls, 14 mild cognitive impairment, 24 AD; ages: 70–102, mean age = 88.7). We examined how
AD pathology relates to domain-specific cognitive functions in PWH overall and in sex-stratified
samples. Amyloid-β and phosphorylated-Tau positivity (presence of pathology of any type/density)
was determined via immunohistochemistry in AD-sensitive brain regions. Among PWH, amyloid-β
positivity ranged from 19% (hippocampus) to 41% (frontal neocortex), and phosphorylated-Tau posi-
tivity ranged from 47% (entorhinal cortex) to 73% (transentorhinal cortex). Generally, AD pathology
was significantly less prevalent, and less severe when present, in PWH versus PWoH regardless of
cognitive status. Among PWH, positivity for AD pathology related most consistently to memory-
related domains. Positivity for p-Tau pathology related to memory-related domains in women with
HIV only, although the sample size of women with HIV was small (n = 10). Results indicate that AD
pathology is present in a sizable portion of middle aged and older PWH, although not to the extent in
older PWoH. Studies with better age-matched PWoH are needed to examine the effect of HIV status
on AD pathology.

Keywords: HIV; Alzheimer’s disease; pathology; amyloid-beta; tau; cognition; sex

1. Introduction

People with human immunodeficiency virus (PWH) are living longer due to effective
antiretroviral therapy (ART). Currently, about one half of PWH in the United States are
age 50 and older, and 24% of PWH are age 60 and older, with this rate rising steadily [1].
As such, the risk of age-associated neurodegenerative disorders including Alzheimer’s
disease (AD) and its precursor, amnestic mild cognitive impairment (aMCI), is a concern
for older PWH. PWH may be more susceptible to AD and/or earlier AD onset due to
shared biological mechanisms between AD and HIV. These shared mechanisms include
low-grade inflammation, metabolic dysregulation, oxidative stress, and cardiovascular
disease, all of which raise the potential for the compounding effects of HIV and aging
on the brain [2–5]. Evidence of premature or accelerated aging among PWH is reflected
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molecularly, with brain tissue revealing more advanced epigenetic age by 7.4 years in PWH
compared to people without HIV (PWoH), and epidemiologically by the earlier appearance
of age-associated conditions in PWH versus the general population by 5–10 years [6–8]. It
is unclear whether evidence of accelerated aging among PWH extends to the development
of AD-related pathology.

Neuropathologic diagnosis of AD requires amyloid beta (Aβ) plaques, especially
cored neuritic plaques, and neurofibrillary tangles identified by methods such as antibodies
against phosphorylated-Tau (p-Tau). Aβ plaques initially appear in the cerebral neocortex
whereas cerebral p-Tau pathology originates in the transentorhinal cortex, and both of
these pathologies subsequently progress to involve other brain regions in characteristic
sequences [9,10]. Both pathologies are observed in normal aging; however, excessive
burden is indicative of AD with the development of both pathologies, typically predating
the appearance of clinical symptoms by a decade or more [11,12].

Aβ plaques have been observed in the brains of PWH in postmortem studies, particularly
in middle aged and older (e.g., age 50+) cases and those with cognitive impairment [13–20]. A
similar regional distribution to that found in healthy aging and AD, namely, the mid-temporal
and frontal lobe regions, has been reported [14]. In a postmortem study comparing Aβ plaque
prevalence in a cohort of PWH (n = 273; age range: 31–70) to rates reported on by Braak et al.
in an age-matched cohort in the general population, Soontornniyomkij et al. (2019) found that
the frequency of Aβ plaque-bearing cases was slightly higher in the PWH cohort versus
the general population cohort (29.3% versus 25.8%), and that the regional/spatial initiation
and progression of Aβ plaque deposition are similar regardless of HIV status [20]. Others
have reported greater intracellular Aβ plaque pathology burden in PWH compared to age-
matched PWoH in postmortem studies [13,14,18,21], although not consistently [19,22,23].
In contrast, positron emission tomography (PET) studies have consistently reported no
evidence of elevated extracellular amyloid fibrillar deposits in PWH with or without
cognitive impairment [24–26]; however, the sample size is small in these studies and the
PET tracer, Pittsburgh Compound B, measures cored extracellular fibrillar deposits, whereas
the Aβ plaques typically observed in healthy aging and in PWH are diffuse [16,27–29].
Research regarding Tau pathology in PWH is more limited than that pertaining to Aβ.
P-Tau immunostaining has been observed in the frontal cortex, hippocampus, putamen,
and basal neocortex of PWH in postmortem studies [20,30,31], with a strong positive
association to Aβ pathology burden [19,32]. An elevated p-Tau pathology burden has been
demonstrated in the brains of PWH on ART when compared to PWoH [31], though p-Tau
lesions were found to be sparse and vary greatly by brain region [20,31]. On the other hand,
studies examining cerebrospinal fluid (CSF) levels of p-Tau reported no difference between
PWH and PWoH [33–36], although inconsistencies do exist [37]. Similarly, PET studies
investigating p-Tau pathology reported similar p-Tau pathology burden in PWH and
PWoH [38]. Even fewer studies have examined how p-Tau pathology relates to cognitive
function among PWH. Soontornniyomkij et al. (2019) reported that regional p-Tau lesions
did not significantly relate to cognitive function across domains [20].

The potential for sex disparities in the prevalence of AD pathology and the link be-
tween AD pathology and clinical symptoms in PWH is an important unanswered question
given well-established sex differences in rates of HIV-associated cognitive impairment
and AD [39,40], AD pathology burden [41–46], and in the clinical manifestation of AD
pathology [41,47,48]. Women represent two-thirds of AD cases in the U.S. [49] and multiple
epidemiological studies indicate higher age-specific incidence rates in women as well [50–52].
Several studies have also indicated that women tend to show a greater burden of AD
pathology, particularly of p-Tau [41–46], and more rapid cognitive decline than men in the
mild cognitive impairment (MCI) stage [53–55]. In the post-mortem Religious Orders Study,
each additional unit of AD pathology was associated with a 3-fold increase in the likeli-
hood of clinical AD in men compared with a 20-fold increased likelihood in women [56].
Among PWH, a meta-analysis and systematic review have also indicated a higher rate of
HIV-associated cognitive impairment in women versus men as well as differing profiles
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of HIV-associated cognitive impairment [39,40]. This current study represents the first to
investigate how the burden of AD pathology and its clinical significance differ between
women versus men with HIV.

Most prior studies examining Aβ and p-Tau burden in PWH were not restricted
to middle aged to older PWH, leaving the question of the prevalence of Aβ and p-Tau
pathology in the brain tissue of this group unanswered. Additionally, it is unclear how
the level of AD pathology in PWH compares to that of PWoH on an AD trajectory, and
how this pathology impacts cognitive function. Some studies have reported a relationship
between greater Aβ deposition and poorer cognitive outcomes among PWH [20,57], but
have rarely conducted a domain-specific analysis and have not examined sex differences.
Addressing the specific cognitive domains associated with AD pathology among PWH is
a critical step to determine the significance of this pathology to AD risk in PWH, as the
cognitive presentation of early AD tends to show domain specificity given that memory
deficits are typically regarded as the earliest and most salient symptom of AD [58,59].
The present study aims to address these knowledge gaps by assessing the prevalence
of Aβ and p-Tau pathology across AD-sensitive brain regions, such as the prefrontal
neocortex, putamen, basal-temporal neocortex, and hippocampus, among middle aged to
older (age 50+ years) postmortem PWH from the National NeuroAIDS Tissue Consortium
(NNTC). To provide context as to the typical levels of AD pathology among PWoH on
the aging and AD trajectory, we compared Aβ and p-Tau prevalence rates among our
PWH cases to normal control, MCI, and AD dementia cases from the UC San Diego Shiley-
Marcos Alzheimer’s Disease Research Center (ADRC). To assess the clinical significance of
the Aβ and p-Tau pathology in PWH, we examined how the presence of region-specific
and overall Aβ and p-Tau pathology relates to antemortem, domain-specific cognitive
performance. We hypothesized that the presence of Aβ and p-Tau pathology would relate
to the AD-sensitive domains of learning, recall, executive function, and language (verbal
fluency), with the learning and recall domains showing the strongest and most consistent
relationships. Additionally, we explored how the prevalence of Aβ and p-Tau pathology
and the association between pathology and cognition might differ by sex among PWH.

2. Materials and Methods
2.1. NNTC Cohort

Participants: Postmortem cases of PWH were from the following four sites of the
NNTC [60] (www.nntc.org (accessed on 1 November 2022)): University of Texas Medical
Branch at Galveston, University of California San Diego, University of California Los
Angeles, and Mount Sinai Medical Center in New York. The sample was limited to those
at least 50 years old at death. Sample size varied by brain region. The largest sample size
of 49 consisted of PWH with frontal neocortex Aβ and p-Tau characterization (age range:
50–68; mean age = 57 [SD = 5.0], 20% female, 52% non-Hispanic white; Table 1). Aβ and
p-Tau pathology characterization was available for 34 PWH in the basal temporal neocortex
and for 32 PWH for the hippocampus. P-Tau characterization was available for 30 PWH for
the transentorhinal and entorhinal cortex. Year of death ranged from 1999 to 2013.

www.nntc.org
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Table 1. Sample characteristics by group.

PWH (NNTC
Cases, n = 49)

PWoH (ADRC Cases) Test Statistic, p-Value
NC (n = 20) MCI (n = 15) AD (n = 25)

Demographics
Age, mean (SD) 57.37 (5.04) 89.10 (6.95) 89.33 (6.85) 88.04 (7.44) F (3,105) = 225.17, p < 0.001
Education years,

mean (SD) 12.69 (2.91) 14.90 (2.81) 14.93 (2.71) 15.08 (3.46) F (3,105) = 5.00, p < 0.001

Sex, n (% male) 39 (79.59%) 7 (35.00%) 8 (53.33%) 13 (52.00%) X2 = 14.08, p = 0.003
Race/ethnicity

White, n (%) 28 (57.14%) 18 (90.00%) 15 (100.00%) 25 (100.00%) X2 = 26.11, p < 0.001
Black, n (%) 15 (30.61%) 0 (0.00%) 0 (0.00%) 0 (0.00%) X2 = 21.30, p < 0.001

Hispanic, n (%) 6 (12.24%) 1 (5.00%) 0 (0.00%) 0 (0.00%) X2 = 5.58, p = 0.13
Other, n (%) 0 (0.00%) 1 (5.00%) 0 (0.00%) 0 (0.00%) X2 = 4.49, p = 0.21

APOE ε4 carrier, n
(%) 11 (22.92%) 4 (21.05%) 5 (33.33%) 13 (52.00%) X2 = 7.56, p = 0.06

WRAT-3 reading
subtest, mean (SD) 47.7 (9.6) NA NA NA

Antemortem
Clinical

Comorbidities
History of alcohol

use
disorder, n (%)

28 (60.87%) 0 (0.00%) 1 (11.11%) 1 (8.33%) X2 = 24.82 p < 0.001

History of
substance use
disorder, n (%)

33 (71.74%) 0 (0.00%) 0 (0.00%) 0 (0.00%) X2 = 40.66 p < 0.001

Major depressive
disorder, n (%) 32 (69.57%) 1 (14.29%) 3 (30.00%) 3 (21.43%) X2 = 17.62 p < 0.001

Hypertension, n
(%) 12 (33.33%) 4 (36.36%) 7 (87.50%) 6 (60.00%) X2 = 8.69, p = 0.03

Diabetes, n (%) 5 (13.89%) 2 (10.53%) 1 (8.33%) 3 (17.65%) X2 = 1.91, p = 0.59
Hypercholesterolemia,

n (%) 9 (25.00%) 5 (41.67%) 8 (88.89%) 9 (75.00%) X2 = 16.02, p = 0.001

HIV Disease
Characteristics

Nadir CD4+ T-cell
count (cells/µL),

mean (SD)
97.87 (138.56) NA NA NA NA

Antemortem CD4+
T-cell count

(cells/µL), mean
(SD)

198.73 (233.76) NA NA NA NA

Antemortem
detectable plasma
HIV-1 RNA load
(≥50 copies/mL),

n (%)

32 (65.31%) NA NA NA NA

Duration of HIV
disease, years,

mean (SD)
14.75 (6.71) NA NA NA NA

Antemortem ART,
n (% prescribed) 34 (85%) NA NA NA NA

Note. PWH = people with HIV. PWoH = people without HIV. NC = normal cognition. MCI = mild cognitive
impairment. AD = Alzheimer’s disease dementia. ART = antiretroviral therapy. APOE ε4 = apolipoprotein E ε4
allele. WRAT-3 = Wide Range Achievement Test-version 3. Differences in sample characteristics by NNTC/ADRC
group were tested using chi-square tests for categorical variables and univariate ANOVAs for normally-distributed
continuous variables. NA: not available.

Neuromedical Evaluation: NNTC participants completed a standardized neuromedi-
cal evaluation within a year of death. DSM-IV diagnoses of current and lifetime alcohol and
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other substance use disorders (amphetamine, cannabis, cocaine, hallucinogens, inhalant,
sedatives, opioids and PCP) and major depressive disorder (MDD) were determined based
on the fully structured computer-based Composite International Diagnostic Interview
version 2.1 (WHO, 1997). History of antemortem medical comorbidities (e.g., hyperten-
sion, diabetes, hyperlipidemia) was available for 36 participants and was determined by
self-report or self-reported medication records. Genotyping of the apolipoprotein-E ε4
(APOE-ε4) allele, the strongest genetic risk factor for sporadic AD, was conducted for all
participants and is described elsewhere [21]. HIV disease characteristics were determined
either by self-report or laboratory testing. Estimated duration of HIV disease was self-
reported. Current ART use was self-reported and available in 40 participants. Nadir CD4+
T-cell count was the lowest lifetime value among self-report and study obtained CD4+ T-cell
counts and released medical records, and was available in 31 participants. Antemortem
CD4+ T-cell count was measured with flow cytometry. Antemortem plasma HIV-1 RNA
level was measured by ultra-sensitive PCR in a CLIA-certified clinical laboratory, and viral
suppression was defined as an HIV-1 RNA level below the lower limit of quantification of
50 copies/mL (Amplicor, Roche Diagnostic System).

Neuropsychological Evaluation: Scores on a standardized neurocognitive test battery
conducted within eighteen months of death were available for most PWH (n = 41–45). The
cognitive domains assessed include: verbal fluency, working memory, speed of information
processing, learning and delayed recall, executive function, and complex motor function.
Scores on the Wide Range Achievement Test-3 Reading subtest (WRAT-3), a proxy for
cognitive reserve, were also available for 46 PWH and presented for sample description
purposes. Specific tests are described elsewhere [61]. Raw test scores were transformed
into demographically-adjusted (i.e., age, education, sex, and race/ethnicity) T-scores based
on normative samples of non-HIV participants [62,63]. T-scores were averaged across
tests within domains to obtain domain-specific T-scores [64–66]. The sample size varied
slightly by domain T-score and were as follows: 45 with learning and memory T-scores,
44 with attention/working memory and verbal fluency T-scores, 43 with executive function
T-scores, 42 with speed of information processing T-scores, and 41 with complex motor
function T-scores.

2.2. ADRC Cohort

Participants: Postmortem cases of PWoH were from the UC San Diego ADRC and
included 55 cases (17 normal control, 14 MCI and 24 AD dementia) with data available
from a neuropathological evaluation and an antemortem clinical assessment within a
year of death (age range: 70–102, mean age = 88.7 [SD = 7.04], 53% female, 96.7% non-
Hispanic White). Among cases with available frozen brain tissue in the ADRC repository,
we prioritized those that: (1) were younger in order to more closely approximate the age
distribution of the NNTC, (2) were diagnosed at their antemortem study visit as normal
control (NC), aMCI or AD dementia, and (3) allowed for a more equitable distribution of
NC, MCI and AD dementia cases. Among the AD dementia cases, 96% had confirmed
AD neuropathologic changes at autopsy, 80% of which were of sufficient severity for a
pathological diagnosis of AD.

Clinical Diagnosis: As part of the standard ADRC research protocol, participants
completed annual clinical, neurologic, and neuropsychological evaluations [67,68]. Up to
19 cognitive tests that measured the cognitive domains of Learning/Memory, Executive
Function, Attention, Visuospatial Function, and Language were administered. A diagnosis
of NC, MCI, or dementia was determined at each visit by the consensus of a multidisci-
plinary team consisting of two senior neurologists and a neuropsychologist based on the
Diagnostic and Statistical Manual of Mental Disorders, 5th Edition and National Institute on
Aging-Alzheimer’s Association (NIA-AA) diagnostic criteria for AD dementia and for MCI.

Neuromedical Evaluation: The history of antemortem medical comorbidities was
assessed via a clinical interview and physical examination at their last visit prior to death,
and these data were available in 33 of the 55 ADRC participants. The presence or absence
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of diabetes mellitus, hypertension, and hypercholesterolemia were determined via clinical
interview, physical exam, and laboratory tests (e.g., blood glucose and cholesterol levels).
A history of MDD and alcohol and substance use diagnoses were obtained via self-report.

2.3. Neuropathological Characterization in NNTC and ADRC

In the NNTC cohort of PWH, Aβ plaques and p-Tau lesions were characterized
in the brain tissue from the frontal neocortex in 49 participants, in the basal temporal
neocortex of 34 of the 49 participants, and in the hippocampus of 32 of the 49 participants.
Additionally, p-Tau pathology was characterized in the transentorhinal and entorhinal
cortex of 30 of 49 NNTC participants. In the ADRC cohort of PWoH, Aβ and p-Tau lesions
were characterized in brain tissue from the frontal neocortex, basal temporal neocortex,
and hippocampus, while p-Tau lesions alone were characterized in the transentorhinal and
entorhinal cortex in all 53 participants. Brain tissue was extracted as soon as possible after
death (maximum120 h post-mortem delay).

Five-µm-thick formalin-fixed paraffin-embedded tissue sections with no significant
histopathologic changes were immunohistochemically stained with primary antibodies to
Aβ (mouse monoclonal, clone 4G8, #SIG-39220, Covance, Princeton, NJ, USA, 1:20,000 dilu-
tion) and p-Tau (mouse monoclonal, clone AT8, #MN1020, Pierce Biotechnology, Rockford,
IL, USA, 1:1000). For antigen retrieval, the sections were incubated with 88% formic acid
(5 min for Aβ staining) or 10 mM sodium citrate/0.05% Tween 20 buffer (pH 6) in 121 ◦C
autoclave (20 min for p-Tau staining). Immunohistochemical signals were developed using
ImmPRESS™ anti-mouse IgG (peroxidase) polymer detection kit (Vector Laboratories,
Burlingame, CA, USA) and diaminobenzidine (ImmPACT™ DAB peroxidase substrate,
Vector Laboratories). The sections were counterstained with hematoxylin. Neocortex sec-
tions from AD were used as positive tissue controls. For negative reagent controls, the
primary antibodies were omitted, as previously described [21].

On light microscopic examination, Aβ plaque pathology was considered present
within a brain region when extracellular Aβ-immunoreactive plaques were observed
regardless of their type (e.g., diffuse plaques, cored plaques) [69] or density (i.e., focal,
widespread). The density of region-specific Aβ plaques was graded as 0 (absent), 1 (focal),
or 2 (widespread), as described previously [70]. Neuronal p-Tau pathology was deemed
present within a brain region when there were p-Tau-immunoreactive neuropil threads,
pretangle neuronal soma, neurofibrillary tangles, or their combinations [69,70] based on
criteria adapted from a BrainNet Europe Consortium study [71]. The density of p-Tau
neuropil threads was graded as 0 (absent), 1 (barely present at 100× magnification), 2 (easily
noted at 100× magnification), or 3 (notable with naked eye inspection).

When examining pathology across brain regions, cases with detectable Aβ plaque
pathology in any brain region examined (frontal neocortex or basal temporal neocortex or
hippocampus) were considered “positive” for any Aβ plaque pathology. Cases without
Aβ plaque pathology in all three brain regions were considered “negative” for any Aβ
plaque pathology.

2.4. Statistical Analyses

We examined differences in sample characteristics between the NNTC and ADRC cases
and among the four groups of PWH, PWoH NC, PWoH MCI, and PWoH AD dementia
using chi-square tests for categorical variables and analyses of variance (ANOVA) for
continuous variables. Chi-square tests examined group differences in the rates of Aβ
and p-Tau pathology positivity (pathology grade ≥ 1) within specific regions of interest
(frontal neocortex, basal temporal neocortex, hippocampus, entorhinal [p-Tau only], and
transentorhinal cortex [p-Tau only]) and across regions. We also examined group differences
in the prevalence of more widespread Aβ and p-Tau pathology (pathology grade > 1). Lastly,
we examined group differences in the prevalence of conjoint positivity for Aβ and p-Tau
pathology in any brain region. Analyses comparing pathology burden between PWH and
PWoH were unadjusted for relevant demographic and clinical variables for the following
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two reasons: (1) the purpose of these statistical comparisons was for the non-HIV groups to
serve as a basis of comparison for the level of AD pathology in PWH, and (2) the statistical
adjustment of demographics when comparing groups mismatched on these demographics
is problematic and not advised [72].

Among PWH only, a series of analyses of covariance (ANCOVA) were conducted to
examine the mean differences in domain-specific T-scores by overall and region-specific
amyloid and p-Tau pathology positivity while adjusting for relevant covariates. Considered
covariates included demographics (age, sex, race/ethnicity, years of education), APOE-ε4,
and HIV disease variables (nadir CD4+ T-cell count, CD4+ T-cell count, plasma HIV-1 RNA
load, estimated duration of HIV infection, and ART use), and clinical factors (major depressive
disorder, alcohol use disorder, other substance use disorders, diabetes mellitus, hypertension
and hyperlipidemia) from the last visit prior to death. Covariates that significantly related
to the prevalence of any or widespread Aβ or p-Tau pathology in any brain region or the
outcome of interest (domain-specific T-scores) at p ≤ 0.05 in univariate analyses were included
in statistical models and were retained if significant in the multivariable model.

Secondarily, we examined the prevalence of AD pathology and the AD pathology and
cognition association by sex; however, these analyses were hypotheses-generating due to
the small number of women in our sample. For that same reason, effect sizes were reported
and guided the interpretation of the results.

Analyses were performed using SPSS 26 (SPSS Inc., Chicago, IL, USA). Significance
was defined as α = 0.05 (two-sided).

3. Results

See Table 1 for characteristics of the largest sample (those with Aβ and p-Tau pathology
characterization in the frontal neocortex) by group.

See Table 2 for sample size with region-specific pathological characterization data and
the number of PWH and PWoH classified as pathology positive versus negative by brain
region. A comparison of the proportion of region-specific Aβ and p-Tau positive cases
among PWH and PWoH cases is presented in Figure 1.

Table 2. Number of PWH and PWoH classified as pathology positive (Path+) versus negative (Path−)
by brain region.

PWH (NNTC Cohort) PWoH NC PWoH MCI PWoH AD

Path+ Path− Path+ Path− Path+ Path− Path+ Path−
Aβ

Frontal neocortex 20 29 14 3 12 2 24 0
Basal temporal neocortex 12 22 13 4 12 2 24 0

Hippocampus 6 26 9 7 12 2 23 1
Any brain

region 23 16 14 3 12 2 24 0

Widespread Aβ (any
brain region) 12 24 11 6 12 2 24 0

p-Tau
Frontal neocortex 30 19 14 3 14 0 24 0

Basal temporal neocortex 24 10 17 0 14 0 24 0
Trans-entorhinal cortex 22 8 17 0 14 0 24 0

Entorhinal cortex 14 16 17 0 14 0 24 0
Hippocampus 22 10 17 0 14 0 24 0

Any brain region 41 1 17 0 14 0 24 0
Widespread p-Tau (any

brain region) 15 16 17 0 13 1 24 0

Note. PWH = people with HIV. PWoH = people without HIV. NC = normal cognition. MCI = mild cognitive
impairment. AD = Alzheimer’s disease dementia. Path+ = pathology positive. Path− = pathology negative.
Pathology positive was defined as pathology grade ≥ 1 with the density of Aβ plaques graded as 0 (absent),
1 (focal), or 2 (widespread), and the density of p-Tau neuropil threads graded as 0 (absent), 1 (barely present at
100× magnification), 2 (easily noted at 100× magnification), or 3 (notable with naked eye inspection).
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Figure 1. Region-specific prevalence of Aβ and p-Tau pathology in older PWH (NNTC cohort) and
PWoH (ADRC cohort). NC = normal cognition. MCI = mild cognitive impairment. AD = Alzheimer’s
disease dementia.

3.1. Region-Specific Aβ Prevalence

Aβ positivity (grade > 0) ranged from 19% in the hippocampus to 41% in the frontal
neocortex among PWH. The prevalence of more widespread Aβ pathology (grade > 1)
among PWH ranged from 16% in the hippocampus to 24% in the frontal neocortex. Among
NC PWoH, Aβ positivity (grade > 0) by brain region ranged from 53% in the hippocam-
pus to 78% in the frontal neocortex. The prevalence of more widespread Aβ pathology
(grade > 1) ranged from 53% in the hippocampus to 61% in the frontal neocortex. Among
PWoH with MCI, Aβ positivity rates were similar across brain regions (85–86%), and, in
almost all of these cases, the Aβ pathology was widespread. Lastly, among PWoH with
AD dementia, Aβ positivity ranged from 92% in the hippocampus to 100% in the frontal
neocortex, with widespread Aβ pathology found in almost all cases.

3.2. Region-Specific p-Tau Prevalence

P-Tau positivity (grade > 0) among PWH ranged from 47% in the entorhinal cortex to
73% in the transentorhinal cortex. The prevalence of more widespread p-Tau pathology
(grade > 1) among PWH ranged from 2% in the frontal neocortex to 37% in the transentorhi-
nal cortex. Among NC PWoH, p-Tau positivity ranged from 78% in the frontal neocortex
to 100% in the basal temporal neocortex, transentorhinal cortex, entorhinal cortex, and
hippocampus. The prevalence of more widespread p-Tau among NC PWoH ranged from
11% in the frontal neocortex to 100% in the transentorhinal cortex. In the PWoH with MCI
group, 100% of cases were p-Tau positive in at least one brain region and more widespread
p-Tau pathology (grade > 1) ranging from 54% in the frontal neocortex to 93% in the
basal temporal neocortex, hippocampus, and entorhinal cortex. Lastly, among PWoH with
AD dementia, 100% of cases were p-Tau positive in at-least one brain region, and more
widespread p-Tau ranging from 71% in the frontal neocortex to 100% in the hippocampus
and transentorhinal cortex.
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3.3. Prevalence of Conjoint Aβ and p-Tau Positivity

Overall, 53% of PWH were Aβ and p-Tau positive in at least one brain region. Seven-
teen percent of PWH had more widespread Aβ and p-Tau pathology in at least one brain
region. Aβ and p-Tau positivity was observed in at least one brain region in 82% of NC
PWoH, 87% of PWoH with MCI, and 100% of PWoH with AD dementia. More widespread
Aβ and p-Tau pathology was observed in at least one brain region in 65% of NC PWoH,
86% of PWoH with MCI, and 100% of PWoH with AD dementia.

3.4. Comparison of AD Pathology between PWH and PWoH

Generally speaking, Aβ and p-Tau positivity were significantly lower in PWH versus
PWoH regardless of cognitive status of the PWoH (ps < 0.05). As expected, these differences
were smallest when comparing PWH to NC PWoH and largest when comparing PWH to
PWoH with AD dementia, although the prevalence of more widespread p-Tau pathology
was at or near 100% in the medial temporal lobe regions of PWoH across the aging-MCI-AD
spectrum. The majority of the Aβ positive cases across brain regions had widespread Aβ
pathology in both PWH (60–83%) and PWoH (77–100%) groups. In contrast, among p-Tau
positive cases across brain regions, the proportion of cases with widespread p-Tau cases
was far lower in the PWH sample compared to all PWoH groups for all brain regions with
the exception of PWH versus NC PWoH in the frontal neocortex. There were comparisons
where PWH and PWoH did not significantly differ; prevalence rates of any p-Tau pathology
(X2 = 1.60, p = 0.21) and widespread p-Tau pathology (X2 = 2.53, p = 0.11) in the frontal
neocortex did not significantly differ between PWH and NC PWoH. Additionally, rates
of Aβ positivity in any region did not significantly differ between PWH and NC PWoH
(X2 = 2.89, p = 0.09) or PWoH with MCI (>0: X2 = 3.74, p = 0.05). Similarly, PWH did not
significantly differ from any of the PWoH groups when examining rates of p-Tau positivity
in any brain region (all ps > 0.44).

3.5. Relationship between AD Pathology and Antemortem Cognitive Function among PWH

In PWH only, we examined how AD pathology related to antemortem cognitive
function while adjusting for relevant covariates. Among the considered covariates, APOE-
ε4 status related to a higher likelihood of any Aβ pathology (X2 = 2.72, p = 0.09) and
widespread Aβ pathology (X2 = 3.27, p = 0.07) at trend level. Higher age (F(1,34) = 3.45,
p = 0.07), higher nadir CD4+ T-cell count (F(1,22), p = 0.03) and presence of hypertension
(X2 = 7.01, p = 0.03) related to a higher likelihood of widespread Aβ pathology at, at least,
trend level. Higher age related to a higher likelihood of widespread p-Tau pathology
(F(1,29) = 4.28, p = 0.048). Greater years of education also related to a higher likelihood of
widespread p-Tau pathology (F(1,28) = 5.78, p = 0.02), which was curious; however, a similar
finding of greater education relating to higher likelihood of Aβ pathology was reported in
our prior study in an NNTC postmortem cohort [57]. Hypertension significantly related to
poorer learning (F(1,32) = 5.11, p = 0.03), memory (F(1,32) = 4.98, p = 0.03), and verbal fluency
(F(1,31) = 4.52, p = 0.04) T-scores. Hyperlipidemia significantly related to poorer executive
function T-scores (F(1,30) = 4.77, p = 0.04). APOE-ε4 status significantly related to poorer
attention/working memory (F(1,42) = 4.28, p = 0.04), learning (F(1,43) = 7.74, p = 0.008),
and memory (F(1,43) = 11.58, p = 0.001) T-scores. Due to their significant associations with
either AD pathology or domain-specific T-scores, age, education, and APOE-ε4 status were
included in statistical models and were retained if significant in the multivariable model at
p ≤ 0.10. Because nadir CD4+ T-cell count was missing in 18 participants and hypertension
and hyperlipidemia in 13 participants, follow-up sensitivity analyses were conducted that
adjusted for nadir CD4, hypertension and hyperlipidemia to test for any substantive change
in results.

Comparisons of the means and SDs of domain T-scores by pathology positivity status
are displayed in Table 3 for memory-related domains and in Table 4 for other cognitive
domains. Among PWH, p-Tau positivity status in any brain region did not relate to cogni-
tive domain scores. Because 100% of cases were p-Tau positive in at-least one brain region,
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we examined cognitive domain scores by the positivity status of widespread p-Tau in any
brain region and found no significant differences. There were no significant differences
in cognitive domain scores by region-specific Aβ positivity status, although associations
between Aβ positivity status in the frontal neocortex and poorer memory-related domain
scores approached significance (p = 0.06–0.08). When examining Aβ positivity status in any
brain region, there were significant differences specifically for the memory-related domains,
whereby learning and recall domain scores were significantly lower for Aβ positive versus
negative cases. When examining positive status for widespread Aβ pathology in any
brain region, there were significant differences for the memory-related and verbal fluency
domains, whereby learning, recall, and verbal fluency T-scores were significantly lower for
those cases positive for widespread Aβ pathology in any region versus negative. There
was a marginally significant difference in attention/working memory T-scores between
those with versus without widespread Aβ pathology in any region with lower T-scores
in those with widespread Aβ pathology (p = 0.05). See Table 5 for a summary of results
regarding pathology relationships with cognitive function. Statistical results did not change
substantively after adjusting for nadir CD4+ T-cell count and hypertension.

Table 3. Comparison of memory performance (demographically-adjusted T-scores) between PWH
with (Path+) versus without (Path−) Aβ and p-Tau pathology.

Learning Recall

Path+
Mean (SD)

Path−
Mean (SD) ANOVA Results Path+

Mean (SD)
Path−

Mean (SD) ANOVA Results

Aβ

Frontal neocortex 38.3 (7.4) 43.2 (9.8) F(1,43) = 3.2. p = 0.08 37.6 (9.3) 43.0 (8.9) F(1,43) = 3.8, p = 0.06
Basal temporal

neocortex 39.3 (8.4) 44.6 (9.8) F(1,31) = 2.3, p = 0.14 38.9 (8.6) 43.9 (9.9) F(1,31) = 2.0, p = 0.16

Hippocampus 42.3 (7.4) 42.2 (10.5) F(1,29) = 0.001, p = 0.98 42.3 (7.4) 42.2 (10.5) F(1,29) = 0.001, p = 0.98
Any brain region 39.1 (7.1) 46.5 (10.5) F(1,35) = 6.6, p = 0.01 38.7 (9.0) 45.2 (9.7) F(1,35) = 4.5, p = 0.04
Widespread Aβ

any brain region) 37.5 (8.6) 44.9 (9.1) F(1,32) = 4.8, p = 0.04 35.8 (8.4) 44.2 (9.2) F(1,32) = 6.1, p = 0.02

p-Tau
Frontal neocortex 42.4 (9.6) 39.2 (8.2) F(1,43) = 0.3, p = 0.27 42.2 (8.8) 38.2 (10.0) F(1,43) = 1.9, p = 0.17

Basal temporal
neocortex 42.5 (10.9) 9, 43.6 (4.7) F(1,31) = 0.08, p = 0.77 41.5 (10.2) 44.3 (8.0) F(1,31) = 0.6, p = 0.46

Transentorhinal
cortex 44.4 (9.9) 40.1 (10.5) F(1,27) = 0.99, p = 0.33 43.4 (10.4) 40.7 (9.3) F(1,27) = 0.4, p = 0.54

Entorhinal cortex 44.0 (7.7) 42.8 (12.1) F(1,27) = 0.1, p = 0.75 44.0 (9.5) 41.7 (10.7) F(1,27) = 0.4, p = 0.55
Hippocampus 44.6 (10.1) 39.5 (8.8) F(1,29) = 1.9, p = 0.18 43.2 (10.2) 40.1 (9.6) F(1,29) = 0.6, p = 0.43

Any brain region ¥ NA NA NA NA NA NA
Widespread p-Tau
(any brain region) 40.8 (7.9) 45.3 (11.6) F(1,28), p = 0.22 40.5 (9.4) 44.3 (10.7) F(1,28) = 1.1, p = 0.31

Note. Path+ = pathology positive. Path− = pathology negative. Means and standard deviations (SD) are from
domain-specific, demographically-adjusted T-scores. Pathology positive was defined as pathology grade ≥ 1 with
the density of Aβ plaques graded as 0 (absent), 1 (focal), or 2 (widespread), and the density of p-Tau neuropil
threads graded as 0 (absent), 1 (barely present at 100× magnification), 2 (easily noted at 100× magnification),
or 3 (notable with naked eye inspection). ¥ Comparison is not possible as 100% of cases were p-Tau positive in
at-least one brain region. NA: not available.



Viruses 2023, 15, 1319 11 of 22

Table 4. Comparison of performance (demographically-adjusted T-scores) in non-memory cognitive domains between PWH cases with (path+) versus without
(path−) Aβ and p-Tau pathology.

Executive Function Speed of Information Processing Attention/Working Memory Verbal Fluency Motor

Path+
Mean (SD)

Path−
Mean (SD)

ANOVA
Results

Path+
Mean (SD)

Path−
Mean (SD)

ANOVA
Results

Path+
Mean (SD)

Path−Mean
(SD)

ANOVA
Results

Path+
Mean (SD)

Path−
Mean (SD)

ANOVA
Results

Path+
Mean (SD)

Path−
Mean (SD)

ANOVA
Results

Aβ
Frontal

neocortex 53.7 (13.2) 51.1 (11.1) F(1,41) =
0.5, p = 0.49 43.6 (10.7) 46.1 (11.0) F(1,40) =

0.5, p = 0.48 45.1 (8.4) 49.0 (9.8) F(1,42) =
1.9, p = 0.18 45.6 (8.4) 50.6 (12.7) F(1,42) =

2.1, p = 0.15 38.2 (9.5) 39.8 (9.8) F(1,42) =
0.2, p = 0.62

Basal
temporal
neocortex

51.6 (15.1) 54.6 (11.7) F(1,31) =
0.4, p = 0.54 46.7 (6.4) 49.0 (11.3) F(1,29) =

0.4, p = 0.55 45.7 (11.0) 48.1 (7.1) F(1,31) =
0.6, p = 0.46 46.8 (10.0) 53.0 (12.1) F(1,31) =

2.1, p = 0.16 41.3 (9.0) 41.5 (8.8)
F(1,31) =
0.01, p =

0.93

Hippo-
campus 49.3 (3.7) 54.7 (14.1) F(1,29) =

0.7, p = 0.41 49.2 (7.2) 48.7 (10.7)
F(1,27) =
0.01, p =

0.92
41.9 (5.8) 48.3 (8.9) F(1,29) =

2.4, p = 0.13 46.8 (10.5) 52.2 (12.2) F(1,29) =
0.8, p = 0.36 41.3 (12.6) 41.3 (8.3) F(1,29) =

0.0, p = 1.0

Any brain
region

21, 53.8
(12.5)

16, 53.4
(12.1)

F(1,35) =
0.01, p =

0.92

20, 44.7
(10.3)

15, 49.1
(11.8)

F(1,33) =
1.4, p = 0.25

21, 46.5
(9.4)

16, 48.2
(7.0)

F(1,35) =
0.4, p = 0.55

21, 47.4
(9.0)

16, 54.2
(12.8)

F(1,35) =
3.5, p = 0.07

21, 39.0
(9.1)

16, 41.8
(9.7)

F(1,35) =
0.7, p = 0.40

Widespread
Aβ any

brain
region)

10, 52.4
(14.8)

24, 53.9
(11.9)

F(1,32) =
0.1, p = 0.76 9, 45.1 (7.5) 23, 49.1

(10.8)
F(1,30) =

1.0, p = 0.32
10, 42.9

(8.0)
24, 49.1

(8.0)
F(1,32) =

4.2, p = 0.05
10, 44.5

(9.0)
24, 53.3
(11.7)

F(1,32) =
4.5, p = 0.04

10, 40.0
(10.1)

24, 41.1
(8.4)

F(1,32) =
0.2, p = 0.67

p-Tau

Frontal
neocortex 51.0 (11.4) 54.1 (13.1) F(1,41) =

0.7, p = 0.42 46.9 (10.0) 41.4 (11.8) F(1,40) =
2.5, p = 0.12 48.6 (8.2) 45.1 (11.0) F(1,42) =

1.4, p = 0.24 48.8 (10.0) 48.1 (13.5)
F(1,42) =
0.03, p =

0.85
40.0 (9.0) 37.6 (10.7) F(1,42) =

0.5, p = 0.46

Basal
temporal
neocortex

54.7 (13.7) 50.7 (10.0) F(1,31) =
0.6, p = 0.43 48.1 (10.0) 48.7 (10.2)

F(1,29) =
0.02, p =

0.88
47.1 (8.9) 47.7 (7.8)

F(1,31) =
0.03, p =

0.87
49.6 (10.7) 54.4 (14.0) F(1,31) =

1.1, p = 0.30 41.0 (8.8) 42.4 (8.8) F(1,31) =
0.1, p = 0.71

Trans-
entorhinal

cortex
55.7 (14.2) 46.9 (6.8) F(1,27) =

2.5, p = 0.13 50.8 (9.4) 45.1 (11.6) F(1,25) =
1.7, p = 0.21 48.0 (9.0) 46.3 (8.1) F(1,27) =

0.2, p = 0.66 52.9 (9.6) 49.1 (17.5) F(1,27) =
0.5, p = 0.48 42.0 (8.3) 41.9 (9.5)

F(1,27) =
0.001, p =

0.97
Entorhinal

cortex 57.2 (15.8) 50.2 (9.6) F(1,27) =
2.1, p = 0.16 51.7 (9.5) 47.5 (10.6) F(1,25) =

1.1, p = 0.30 46.0 (8.6) 49.1 (8.8) F(1,27) =
0.9, p = 0.35 49.2 (8.8) 54.5 (13.8) F(1,27) =

1.5, p = 0.23 43.4 (8.0) 41.0 (8.9) F(1,27) =
0.5, p = 0.47

Hippo-
campus 55.8 (14.1) 49.7 (10.1) F(1,29) =

1.5, p = 0.23 49.7 (9.4) 47.0, (11.6) F(1,27) =
0.4, p = 0.52 46.3 (7.6) 49.3 (10.9) F(1,29) =

0.8, p = 0.37 53.0 (10.9) 47.8 (13.9) F(1,29) =
1.3, p = 0.26 43.1 (8.3) 40.0 (9.4) F(1,29) =

2.3, p = 0.14
Any brain
Region ¥ NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA

Widespread
p-Tau (any

brain
region)

51.6 (11.1) 54.9 (15.1) F(1,28) =
0.4, p = 0.51 48.6 (8.3) 49.6 (11.9) F(1,26) =

0.1, p = 0.79 48.7 (8.1) 46.9 (9.3) F(1,28) =
0.3, p = 0.58 51.3 (7.8) 51.7 (15.1)

F(1,28) =
0.01, p =

0.93

Note. Path+ = pathology positive. Path− = pathology negative. Means and standard deviations (SD) are from domain-specific, demographically-adjusted T-scores. Pathology positive
was defined as pathology grade ≥ 1 with the density of Aβ plaques graded as 0 (absent), 1 (focal), or 2 (widespread), and the density of p-Tau neuropil threads graded as 0 (absent),
1 (barely present at 100× magnification), 2 (easily noted at 100× magnification), or 3 (notable with naked eye inspection). ¥ Comparison is not possible as 100% of cases were p-Tau
positive in at-least one brain region. NA: not available.
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Table 5. Summary of results (statistical significance) examining relationships between Aβ and p-Tau positivity status and domain-specific cognitive function.

Brain Region-Specific Pathology Positivity Status Pathology Positivity Status in Any Brain Region

Cognitive Domain
Frontal Neocortex Basal Temporal

Neocortex Hippocampus Trans-
Entorhinal

Cortex p-Tau

Entorhinal
Cortex p-Tau

Any Aβ
Pathology

Wide-Spread
Aβ

Pathology

p-Tau Pathology
(Any Brain

Region)

Wide-Spread
p-Tau

PathologyAβ p-Tau Aβ p-Tau Aβ p-Tau

Learning T - - - - - - - + + - -
Recall T - - - - - - - + + - -

Executive Function - - - - - - - - - -
Speed of

Information
Processing

- - - - - - - - - - - -

Attention/Working
Memory - - - - - - - - - T - -

Verbal Fluency - - - - - - - - T + - -
Motor - - - - - - - - - - - -

Note. + indicates a significant association at p < 0.05. T indicates a relationship that is a statistical trend, p ≤ 0.10—indicates a relationship that is not significant or a trend.
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3.6. AD Pathology Prevalence in Women versus Men with HIV

Among PWH, women were significantly less likely to self-identify as White (X2 = 7.08,
p = 0.008; Supplementary Table S1), more likely to self-identify as Hispanic (X2 = 3.69,
p = 0.05), and found to have a lower mean WRAT-3 score (F(1,41) = 9.50, p = 0.004) com-
pared to men. There were no additional statistical differences in demographic or clinical
characteristics between the sexes. Supplementary Table S2 presents a comparison of the Aβ
and p-tau pathology positivity rates between women and men with HIV. With the exception
of frontal neocortex Aβ pathology, women had higher rates of Aβ and p-Tau positivity
across brain regions, although these results were not statistically significant, likely due to
the small sample of women. The phi coefficient (ϕ), an effect size measure for chi-square
analyses (0.1 = small, 0.3 = medium, 0.5 = large) indicated that the largest sex differences
in positivity rates were small-to-medium and medium sized for frontal neocortex p-Tau
pathology (80% in women vs. 56.4% in men, ϕ = −0.20), hippocampal p-Tau pathology
(85.7% in women vs. 64.0% in men,ϕ = −0.19), and basal temporal neocortex Aβ pathology
(62.5% in women versus 26.9% in men, ϕ = −0.32).

3.7. AD Pathology and Cognitive Function Relationship in Women versus Men with HIV
3.7.1. Women with HIV

Means and SDs of domain T-scores by pathology positivity status and ANOVA results
for sex-stratified samples are displayed in Supplementary Table S3 for memory-related
domains and in Supplementary Table S4 for other cognitive domains. In women, we found
the presence of any Aβ pathology to be strongly associated with lower learning (d = 1.46)
and recall (d = 1.49) T-scores, and these associations were even stronger when examining the
presence of widespread Aβ pathology (learning: d = 2.06; recall: d = 2.74). The presence of
any Aβ pathology also showed strong relationships with lower executive function (d = 0.70),
attention/working memory (d = 0.92), and complex motor function (d = 0.90) T-scores. The
presence of widespread Aβ pathology also showed strong relationships with lower execu-
tive function (d = 1.74), attention/working memory (d = 0.84), and verbal fluency (d = 0.93)
T-scores. The presence of widespread p-Tau pathology showed strong relationships with
poorer learning (d = 1.50) and recall (d = 1.39), speed of information processing (d = 0.79),
and attention/working memory (d = 0.91) T-scores. (See Supplementary Table S5 for a
summary of results regarding pathology relationships with cognitive function relationships
in sex-stratified samples.)

3.7.2. Men with HIV

In men, the presence of Aβ pathology in any brain region showed strong relationships
with lower learning (d = 0.74), recall (d = 0.63), and verbal fluency (d = 0.71) T-scores scores
and a moderate relationship with recall T-scores (d = 0.63) (Supplementary Tables S3 and S4).
The presence of widespread Aβ pathology in any brain region showed strong relationships
with lower recall (d = 0.79), verbal fluency (d = 0.87), and attention/working memory
(d = 1.23) T-scores. Positivity for any or widespread p-Tau pathology did not relate to any
domain T-score.

4. Discussion

As the lifespan of PWH approaches that of PWoH, there is growing interest in the
prevalence and potential contribution of age-related neuropathology (e.g., Aβ, p-Tau)
on neuropsychological phenotypes and AD risk among PWH. Studies have previously
reported the presence of Aβand p-Tau pathology in the brain tissue of PWH; however,
the regional specificity of this pathology, how pathology burden compares to that seen
across the aging-MCI-AD dementia trajectory of PWoH and the clinical neurocognitive
manifestation of this pathology are major knowledge gaps. Our study used the gold-
standard method of assessing AD pathology burden (neuropathological characterization
in brain tissue) in a sample limited to adults at-least 50 years of age (age range: 50–68)
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to address these questions. The strength of this approach is that initial AD pathogenesis
typically occurs in the 5th and 6th decades of life and is often not detected by PET [73].

We found that, depending on region, the prevalence of any Aβ pathology ranged from
19% in the hippocampus (widespread in 16%) to 41% in the frontal neocortex (widespread in
24%) among PWH. The prevalence of any p-Tau pathology was at or near 70% (widespread
in 10–30%) in all regions except the entorhinal cortex where the prevalence was 47%.
Generally, Aβ and p-Tau pathology positivity rates were 30–50% lower in PWH versus NC
PWoH across brain regions, except for similar rates of frontal neocortex p-Tau positivity in
PWH and NC PWoH. Expectedly, the difference in pathology prevalence between PWH
versus PWoH increased in magnitude with advancing stage of the aging-MCI-AD spectrum
in PWoH, although widespread p-Tau pathology in the medial temporal lobe regions
was prevalent in approximately 100% of PWoH regardless of cognitive status. Among
PWH, Aβ positivity in any brain region related specifically to poorer memory performance,
and this relationship was consistent across sexes. P-Tau positivity rates did not relate
to cognitive performance in any domain in the overall sample; however, sex-stratified
analyses revealed a strong, albeit non-significant, relationship of p-Tau positivity to poorer
memory performance among women only.

Overall, our results indicate that AD pathology is present in a sizable portion of PWH,
aged 50 years and older; however, the prevalence in PWH was considerably lower than
those in samples of NC, MCI, and AD PWoH that were substantially older than the PWH.
Our results do not provide support for accelerated aging or increased AD risk hypotheses
in PWH; however, the results also do not refute the hypotheses either because the higher
levels of AD pathology in PWoH are likely due to their older age (30-year mean difference).
The rates of AD pathology among PWH reported in this study are similar to those reported
in a prior post-mortem study by Morgello et al. (2021) [19] that examined AD pathology in
the frontal and temporal lobe regions of 194 PWH and 63 PWoH from the Manhattan Brain
Bank site of the NNTC. They reported Aβ pathology in 28% of PWH and p-Tau pathology
in 60% of PWH; however, they did not differentiate between frontal and temporal regions
and the sample was not limited to older PWH (age range: 21–86) [19]. Unlike the current
study, PWH and PWoH groups in the Morgello et al. (2021) study were demographically
matched, but they similarly found lower rates of Aβ pathology in PWH (rates of p-Tau
pathology were similar between PWH and PWoH). The authors speculated that this could
be due to a survivor effect in older PWH whereby advantageous health factors that allowed
them to live longer with HIV may also mitigate risk of Aβ pathology. Conversely, some
postmortem and neuroimaging studies with better age-matched samples of PWH and
PWoH reported no difference in the prevalence of Aβ plaques between PWH (on ART) and
PWoH [22–26], while other postmortem studies reported a higher prevalence of neocortical
Aβ plaques in PWH versus PWoH [13,14,18,21]. In the Morgello et al. (2021) study, they
found that longer HIV disease duration was a predictor of Aβ pathology of equal strength
as chronological age [19], which suggests a contribution of HIV-related mechanisms to Aβ
pathology. Overall, the literature regarding Aβ pathology remains equivocal possibly due
to differences across studies in age of the study sample, levels of viral suppression and ART
use, the brain regions examined, and the method of Aβ detection with PET tracers being
less sensitive to the diffuse Aβ plaques commonly seen in PWH. The research regarding
p-Tau in PWH is limited.

The presence of any or widespread p-Tau and Aβ pathology in the frontal neocortex
showed the smallest difference between PWH and NC PWoH and, in fact, the p-Tau
difference was non-significant despite the 30-year age difference. Moreover, the relationship
between Aβ pathology prevalence and memory was driven by Aβ pathology in the frontal
neocortex. These findings suggest an adverse or compounding effect of HIV- and aging-
related overlapping mechanisms on neurodegenerative disease processes specifically in the
frontal lobe that may include chronic inflammation, immune senescence, mitochondrial
dysfunction, and oxidative stress [2,3,5,74,75]. This aligns with the literature in the pre- and
post-ART eras showing that HIV has a particular affinity for the frontal-striatal circuits [76–79].
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HIV-seropositivity is associated with grey matter atrophy [80,81], cortical thinning [82],
synaptic damage [83], gliosis [22], and lower N-Acetyl-Aspartate [84] in the frontal lobe.

Aβ plaques and p-Tau lesions are the hallmarks of AD pathogenesis, but are also seen
in normal aging and in other pathogenic processes, such as chronic traumatic encephalopa-
thy (CTE) and substance use disorders [85,86]. Aβ and p-Tau pathology are common
among cognitively normal older adults [87] and, in this group, a higher burden of Aβ and
p-Tau is associated with a higher risk of future cognitive decline [87–89]. We probed the
clinical significance of Aβ and p-Tau pathology in PWH by examining how its presence
relates to antemortem cognitive function. The results partially supported our hypotheses
with Aβ, but not p-Tau, pathology relating mostly to AD-sensitive domains in the overall
sample of PWH. We found that Aβ positivity status in any brain region significantly related
to poorer learning and recall scores. The presence of widespread Aβ pathology in any
region significantly related to poorer verbal fluency performance in addition to learning
and recall. In region-specific analyses, these associations were driven by frontal neocortex
Aβ pathology. The frontal neocortex is one of the initial sites of Aβ plaque deposition in
AD pathogenesis [9] and the domains of learning, recall, and verbal fluency are domains
impacted in early-stage AD [90]. Thus, the specificity of the relationship to frontal neo-
cortex Aβ pathology and to those particular domains suggests that the presence of Aβ
pathology may be a harbinger of an AD-like neurodegenerative trajectory. These findings
are supported by our prior findings that the presence of frontal neocortex Aβ pathology
significantly related to an aMCI, but not to HIV-associated cognitive impairment, diagnosis
among 74 middle aged to older post-mortem PWH [57]. Additionally, Soontornniyomkij
et al., (2012) found a relationship between the presence of Aβ pathology and HAND but
only among PWH with the APOE-ε4 allele [70].

Our clinicopathologic findings among PWH deviated from an AD-like profile in
that p-Tau pathology was the least prevalent in the entorhinal cortex and the presence of
widespread p-Tau pathology did not relate to cognitive function. Whereas the entorhinal
cortex is an initial site of p-Tau pathogenesis in AD, we saw the lowest prevalence rate of
p-Tau pathology in the entorhinal cortex among PWH. P-Tau pathology is a central patho-
logical feature in a spectrum of conditions termed tauopathies including CTE and primary,
and these conditions show differing patterns of regional p-Tau pathology distribution [91].
P-Tau pathology is closely tethered to cognitive symptoms in AD [92,93], but did not relate
to cognitive performance in the PWH sample, although the sex-stratified analysis hinted
at a female-specific relationship. The inconsistencies in the profile of p-Tau pathology in
our PWH sample versus AD suggests that other etiologic origins to p-Tau pathology in
HIV should be considered. Our findings align with a postmortem study of AD pathology
characterization in 88 to 159 (brain region dependent) postmortem PWH (ages 26–70) by
Soontornniyomkij et al. (2019) [20], although both studies were conducted in the NNTC
cohort and so not independent of one another. Soontornniyomkij et al. found that pre-
frontal and putamen Aβ plaques relate to lower speed of information processing and
attention/working memory, respectively; however, regional p-Tau lesions did not relate to
any cognitive domains [20]. We can only speculate as to why this is the case, but evidence
suggests that Aβ can interact with HIV-related disease mechanisms to become more neu-
rotoxic. Tat protein, which is expressed in HIV-infected macrophages/microglia [94], is
known to interact directly with Aβ and create a Aβ-Tat complex that is more neurotoxic
than Aβ alone [95]. Furthermore, Aβ and Tat can synergistically potentiate the expression
of inflammatory genes in human brain microvascular endothelial cells [96]. Therefore, it is
possible that the functional significance of Aβ is amplified in the context of HIV infection.

Although the small number of women mandates caution in interpreting results in that
subsample, the strong, female-specific relationship between p-Tau pathology and cognition is
interesting and deserves further exploration. There are important sex differences in both AD
and HAND with the prevalence higher in females than males for both conditions [39,40,49].
While it is unknown why a p-Tau pathology and cognition relationship may be female-
specific in our sample, this finding aligns with the AD literature showing a stronger
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relationship between p-Tau burden and cognitive performance in women versus men in
both a PET and a postmortem study [45,56]. Among PWH, Pulliam et al. (2019) found sex
differences in the proteins extracted from plasma neuronal-derived exosomes that related
to cognitive impairment with one of these proteins including total-Tau in women but not
men [97]. This suggests mechanistic differences associated with cognitive impairment in
PWH; however, there are also sociodemographic differences in women versus men with
HIV in the U.S. that may contribute to cognitive reserve disparities. The greater prevalence
of psychosocial risk factors (e.g., poverty, low education, substance use, depression, early
life trauma, barriers to healthcare) in women versus men with HIV in the U.S. [98,99] are
believed to result in a lower cognitive reserve in women with HIV making them more
susceptible to cognitive deficits resulting from brain insult including HIV infection and
neurodegenerative pathology [100,101]. Indeed, mean WRAT-3 Reading scores, a common
proxy for cognitive reserve, were significantly lower in women versus men with HIV in
the current sample. In support of cognitive reserve disparities underlying sex differences
in HAND, an earlier study from our group found that the significantly higher prevalence
of HAND in women versus men with HIV was eliminated when adjusting for scores on
the WRAT-3 Reading subtest, a common proxy for cognitive reserve [102]. Psychosocial
risk factors are also associated with higher levels of stress and inflammation, which also
play a role in risk for HAND and AD [103–107]. We believe that our findings will serve as
a springboard for future studies designed to examine the influence of sex on links between
neuropathology and cognition among PWH.

Major strengths include our examination of AD pathology by brain region and its
relationship to antemortem, domain-specific cognitive performance. Additionally, this
represents the first study to compare AD pathology rates in PWH to a cohort of PWoH
that spanned the health aging-MCI-AD spectrum and to conduct sex comparisons of AD
pathology and its cognitive correlates among PWH. Our study has limitations. The age
difference between PWH and PWoH cohorts was large with the PWoH cohort being consid-
erably older, which limits our ability to assess the relationship between HIV serostatus and
AD pathology prevalence. We did not apply a multiple comparison correction because we
had specific, a priori hypotheses about which cognitive domains would relate to pathol-
ogy; however, an inflated type I error should be considered when interpreting results. As
this was an autopsy cohort, it was characterized by advanced medical morbidity, which
limits the generalizability to the general population of PWH. The generalizability of our
results is also limited in that our sample was predominantly male and white. Thus, we are
cautious in interpreting results from the sex-stratified samples and view those findings as
hypothesis-generating. A strength of our study was that we conducted neuropathological
characterization in multiple brain regions; however, these were limited to AD-relevant
brain regions selected a priori and cannot be generalized to other brain regions. Lastly, the
cross-sectional nature of neuropathological characterization precludes any investigations
or interpretations of the temporal direction of the pathology and cognition relationship or
the stability of this relationship over time.

5. Conclusions

Our results indicate that Aβ and p-Tau pathology are present in AD-relevant regions
in a sizable portion of mid-to-late life PWH; however, with the exception of p-Tau pathology
in the frontal neocortex, the severity of pathology is considerably less (30–50%) than in
older, NC PWoH. The prevalence of Aβ and p-Tau pathology among PWH indicates the
importance of utilizing multiple AD-associated clinical and biological markers in order to
differentiate healthy aging from an AD trajectory among PWH. Studies with better age-
matched PWoH are more well suited to examine the effect of HIV status on Aβ and p-Tau
pathology. Among PWH, the presence of frontal neocortex Aβ pathology significantly
predicted poorer performance in the AD-sensitive domains of learning, recall, and verbal
fluency performance; however, the lack of a relationship between p-Tau pathology and
cognitive performance in the overall sample may suggest etiologies other than AD. An
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interesting female-specific relationship between p-Tau pathology and cognition necessitates
further exploration.
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T-scores) between pathology positive (+) versus pathology negative (−) PWH in sex-stratified samples.
Table S4: Comparison of performance in non-memory cognitive domains (demographically-adjusted
domain T-scores) between pathology positive (+) versus pathology negative (−) PWH in sex-stratified
samples. Table S5: Summary of sex-stratified results examining relationships between Aβ and p-Tau
positivity status and domain-specific cognitive function.
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