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Objectives: Evidence of accelerated brain aging among HIV-infected adults argues for the
increased risk of developing cerebral b-amyloid (Ab) plaques. We compared the frequency
of Ab plaque-bearing cases inour HIV cohort with that in a general cohort reported by Braak
et al. We explored posttranslationally modified Ab forms (N3pE, E22P, phospho-Ser8) in
plaques and E22P-Ab in the postmortem cerebrospinal fluid (CSF) in the HIV cohort.

Design: Clinicopathological study of HIV-infected adults.

Methods: To assess frontal Ab plaque deposition, we conducted immunohistochemis-
try for generic Ab (4G8) and three modified Ab forms. We determined CSF E22P-Ab

levels by ELISA.

Results: We found 4G8-Ab plaques in 29% of 279 HIV-infected cases. Within the age
range of 31–70 years, the frequency of 4G8-Ab plaque-bearing cases was higher in our
HIV cohort (n¼273) compared with the general cohort (n¼1110) overall (29.3 vs.
25.8%) and across four age groups by decade (odds ratio 2.35, P<0.0001). In HIV-
infected cases with (n¼37) and without (n¼12) 4G8-Ab plaques, modified Ab forms
occurred in order: N3pE, E22P, and phospho-Ser8. In CSF assays of HIV-infected cases
with (n¼27; 17 focal, 10 widespread) and without (n¼11) 4G8-Ab plaques, the
median E22P-Ab/Ab40 ratio was higher among cases with widespread plaques than in
cases with focal or absent plaques (P¼0.047).

Conclusion: Our findings suggest HIV-infected adults are at increased risk of develop-
ing cerebral Ab plaques. The occurrence of modified Ab forms in order suggests the
progression stages of Ab plaque deposition. The potential for E22P-Ab as a CSF
biomarker of cerebral Ab plaques should be investigated.

Copyright � 2019 Wolters Kluwer Health, Inc. All rights reserved.
AIDS 2019, 33:2157–2166
Keywords: Alzheimer’s disease, biomarker, cerebrospinal fluid, neuro-HIV,
posttranslational modification
Introduction

Cerebral b-amyloid (Ab) plaque deposition is one of the
neuropathologic hallmarks of Alzheimer’s disease [1] and
constitutes a biological construct in the research
 Copyright © 2019 Wolters Kluwe
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framework of Alzheimer’s disease continuum [2]. Ab
plaques first appear in the cerebral neocortex of adults in
their fourth decade and progress with age to involve the
allocortex, striatum, and other brain regions [3]. The
frequency of persons having cerebral Ab plaques increases
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in older age groups [4]. In studies of preclinical and
symptomatic Alzheimer’s disease brains [3,5,6], Ab
plaques contained two major nonmodified Ab forms,
Ab1–40 (Ab40) and Ab1–42 (Ab42). In the later stages of
development, Ab plaques also contained a variety of
posttranslationally modified Ab forms, including N-
terminal truncated forms with pyroglutamate modifica-
tion (N3pE-Ab, N11pE-Ab) and phosphorylated forms
(phospho-Ser8-Ab, phospho-Ser26-Ab). Whereas
N3pE-Ab was found in both preclinical and symptomatic
Alzheimer’s disease, phospho-Ser8-Ab was more strongly
associated with symptomatic Alzheimer’s disease [3,5].
Moreover, an Ab42 conformer with a turn at positions
Glu22 and Asp23, detectable by conformation-specific
anti-E22P-Ab antibodies, was found to preferably form
stable low-molecular-weight oligomers and induce
neurotoxicity in vitro and was present in plaques in
Alzheimer’s disease brains [7–10].

Among HIV-infected individuals, evidence of accelerated
brain aging was observed in structural [11] and functional
[12] MRI studies and in DNA methylation epigenetic
analyses [13]. These findings argue for the increased risk
of developing cerebral Ab plaques in the HIV-infected
population. Several HIV autopsy studies described
cerebral Ab plaque deposition [14–21]. Nonetheless, it
remains debatable whether HIV-infected persons carry a
higher risk of developing cerebral Ab plaques. For
instance, Esiri et al. [16] reported the frequency of cases
showing neocortical Ab plaques in the HIV-infected
group (n¼ 97, age range 30–69 years) prior to the era of
HAART rose from 18% in the fourth decade to 50% in
the seventh decade, as compared with a rise in frequency
from 0 to 36% in the age-matched non-HIV group
(n¼ 125). In contrast, Gelman and Schuenke [14] found
no evidence of increased risk of developing hippocampal
Ab plaques in pre-HAART HIV-infected cases (n¼ 25,
age range 21–75 years) compared with age-matched
non-HIV controls (n¼ 25). Anthony et al. [15] observed
hippocampal Ab plaques in 55% of 20 pre-HAART and
22.2% of nine HAART-treated HIV-infected cases (age
range 32–60 years) and in 14.3% of seven non-HIV
controls (age range 30–48 years). In these studies [14–
16], however, the frequency of apolipoprotein E (APOE)
e4 allele, the strongest genetic risk factor for cerebral Ab
plaque deposition and Alzheimer’s disease [22], was not
taken into account.

In the current study, we asked whether HIV-infected
adults were at increased risk of developing cerebral Ab
plaques. We compared the frequencies of Ab plaque-
bearing cases across age groups in our HIVautopsy cohort
in USA with those in a large-scale general autopsy cohort
reported by Braak et al. [4] from Germany while
accounting for the APOE e4 allele frequency in the HIV
cohort. Further, we asked whether cerebral Ab plaques in
HIV-infected persons contained posttranslationally mod-
ified Ab forms [3]. In line with the Alzheimer’s disease
 Copyright © 2019 Wolters Kluwer H
research framework focusing on biomarkers of cerebral
Ab deposition [2], we explored the relationship between
E22P-Ab levels in the postmortem cerebrospinal fluid
(CSF) and cerebral Ab plaque deposition in HIV-
infected persons.
Methods

HIV autopsy cohort
We studied 279 autopsy HIV-infected cases from the
National NeuroAIDS Tissue Consortium (NNTC) in
USA that had frontal neocortex sections available. All
study participants provided written informed consent
including consent to autopsy at four operating sites in the
NNTC. The University of California San Diego Human
Research Protections Program approved the project as
part of the California NeuroAIDS Tissue Network
(CNTN) in the NNTC (Request # R432 and # R458).
The participants died between 1999 and 2014 and ranged
in age at death from 26 to 70 years [median (interquartile
range)¼ 46 (40–55) years, n¼ 279]. There were 231
men (82.8%) and 48 women (17.2%, compared with
19.4% in the NNTC tissue bank cohort [23]). For race/
ethnicity, 148 participants (53.0%) were white, 59
(21.1%) black, 61 (21.9%) Hispanic, and 11 (3.9%) Asian
or other. HAART was defined as regimens containing
three or more antiretroviral drugs from at least two drug
classes. The antiretroviral regimens recorded at the last
clinical assessment [median (interquartile range)¼ 18.29
(7.21–36.14) weeks before death, n¼ 274] were grouped
into HAART (n¼ 159, 58.0%), non-HAART (n¼ 26,
9.5%), and no antiretroviral treatment [n¼ 89, 32.5%, i.e.
either discontinuation of (n¼ 65) or never receiving
(n¼ 24) antiretroviral treatment]. At autopsy, 116 (41.9%)
of 277 cases had postmortem delay (>12 h), data not
available in the remaining two cases. The 279 cases came
from four operating sites in the NNTC: 112 (40.1%)
CNTN, 79 (28.3%) National Neurological AIDS Bank,
48 (17.2%) Texas NeuroAIDS Research Center, and 40
(14.3%) Manhattan HIV Brain Bank.

Apolipoprotein E genotyping
APOE genotypes (e2, e3, e4 alleles) were determined at
the University of California Los Angeles Biological
Samples Processing Core. DNA was extracted from
frozen brain tissue samples. Single nucleotide polymor-
phism genotyping (rs429358 and rs7412) was conducted
on the Sequenom MassARRAY iPLEX platform (Agena
Bioscience, San Diego, California, USA), as previously
described [24].

Immunohistochemistry for b-amyloid plaques
We immuno-labeled 5-mm-thick paraffin-embedded
formalin-fixed frontal neocortex sections with primary
antibodies directed against Ab17–24 (mouse monoclonal,
clone 4G8; SIG-39220; Covance, Princeton, New Jersey,
ealth, Inc. All rights reserved.
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USA; 1 : 20 000 dilution), N3pE-Ab (rabbit polyclonal;
18591; Immuno-Biological Laboratories, Minneapolis,
Minnesota, USA; 1 : 100), E22P-Ab (mouse monoclo-
nal, clone 11A1; 10379; Immuno-Biological Laborato-
ries; 1 : 200) [10], and phospho-Ser8-Ab (mouse
monoclonal, clone 1E4E11; MABN878; EMD Milli-
pore, Temecula, California, USA; 1 : 1000) [5].

Tissue sections were deparaffinized with xylene and
rehydrated through graded ethanol series and water. For
4G8-Ab, N3pE-Ab, and E22P-Ab, tissue sections were
pretreated with 88% formic acid (5 min). For phospho-
Ser8-Ab, tissue sections were placed in 121 8C autoclave
(20 min) with 10-mmol/l sodium citrate/0.05% Tween-
20 buffer (pH 6) and then pretreated with 88% formic
acid (3 min). The tissue sections were treated with 0.3%
hydrogen peroxide/PBS (30 min), rinsed in PBS, and
incubated with 2.5% normal horse serum (30 min; Vector
Laboratories, Burlingame, California, USA). Following
24-h incubation with primary antibodies at 4 8C, the
tissue sections were rinsed in 0.1% Tween-20/PBS and
PBS and then incubated at room temperature (RT)
(40 min) with horse antimouse or -rabbit IgG secondary
antibody [ImmPRESS HRP anti-IgG (peroxidase)
polymer detection kits; MP-7402 and MP-7401; Vector
Laboratories]. Following washing with 0.1% Tween-20/
PBS and PBS, the signals were developed with 3,30-
diaminobenzidine [ImmPACT DAB peroxidase (HRP)
substrate; SK-4105; Vector Laboratories] at RT (5 min).
Following water wash, the tissue sections were counter-
stained with Mayer hematoxylin, dehydrated through
graded ethanol series, cleared in xylene, and mounted
with Cytoseal 60 (Richard-Allan Scientific, Waltham,
Massachusetts, USA). For the negative reagent control,
the primary antibody was omitted, as previously
described [25]. Neocortex sections from an Alzheimer’s
disease brain were used as the positive tissue control.

On light microscopy, Ab plaque deposition was
designated as present when extracellular Ab-immunore-
active plaques were noted, regardless of their density or
type [26]. The density of frontal Ab plaques was
qualitatively graded as absent, focal, or widespread, as
previously described [21].

Assays of b-amyloid forms in postmortem
cerebrospinal fluid
The Ab42, Ab40, and Ab38 levels in CSF samples were
assayed by using V-PLEX Plus Ab Peptide Panel 1 (4G8)
Kit (K15199G; Meso Scale Discovery, Rockville, Mary-
land, USA). The E22P-Ab levels in CSF samples were
measured by using solid-phase sandwich ELISA (clone
24B3; 27709; Immuno-Biological Laboratories) with
E22P-Ab40 dimer used as standard [7]. The average of
two technical replicates was used for data analysis. We
used CSF Ab42/Ab38 and Ab42/Ab40 ratios for data
analysis because the ratios were shown to be better than
CSF Ab42 levels in predicting cerebral Ab deposition in
 Copyright © 2019 Wolters Kluwe
preclinical Alzheimer’s disease (i.e. an inverse correlation
between CSF Ab42 levels and cerebral Ab deposition)
[27,28]. Similarly, CSF E22P-Ab/Ab38 and E22P-Ab/
Ab40 ratios were analyzed.

Statistical analysis
To test associations of frontal Ab plaque deposition with
relevant biological factors, we used logistic regression
models. The odds ratio (OR) [95% confidence interval
(CI)] measured the effect size. The Spearman’s rho was
used to test linear correlations between CSF levels of Ab
forms. The Mann–Whitney U test was used to test
differences in median CSF levels of Ab forms between
two independent groups. Two-tailed P values of less than
0.05 were considered statistically significant. The
statistical analyses were performed using IBM SPSS
Statistics Version 25 (IBM, Armonk, New York, USA)
and GraphPad Prism Version 6.0h (GraphPad Software,
San Diego, California, USA).
Results

Apolipoprotein E e4 allele frequency in HIV
cohort
Of the 279 cases (age range 26–70 years), 250 cases had
frozen tissue available for APOE genotyping. The
distribution of APOE genotypes was as follows: e2/e2:
1 (0.4%), e2/e3: 25 (10.0%), e2/e4: 9 (3.6%), e3/e3: 157
(62.8%), e3/e4: 54 (21.6%), and e4/e4: 4 (1.6%). Overall,
the APOE e2 allele frequency was 0.072 and the APOE
e4 allele frequency was 0.142.

Among 245 of the 273 cases (age range 31–70 years), the
distribution of APOE genotypes was as follows: e2/e2: 1
(0.4%), e2/e3: 25 (10.2%), e2/e4: 9 (3.7%), e3/e3: 152
(62.0%), e3/e4: 54 (22.0%), and e4/e4: 4 (1.6%). Overall,
the APOE e2 allele frequency was 0.073 and the APOE
e4 allele frequency was 0.145. By race/ethnicity groups,
the APOE e4 allele frequency was 0.143 among white
participants (n¼ 129, 52.7%), 0.189 among black (n¼ 53,
21.6%), 0.118 among Hispanic (n¼ 55, 22.4%), and
0.063 among Asian or other (n¼ 8, 3.3%).

Cerebral b-amyloid plaques in HIV cohort
By immunohistochemistry with generic 4G8 pan-Ab
antibody to detect most Ab forms [10], we found frontal
Ab plaques in 81 (29%; 60 focal, 21 widespread) of 279
cases (Table 1). In affected cases, the vast majority of Ab
plaques were of diffuse type [26]. Cored Ab plaques were
occasionally seen, particularly among cases having Ab
plaques of widespread density.

In the original binary logistic regression model, age (1-
year increase) and APOE e4 carriage predicted Ab plaque
deposition [OR (95% CI)¼ 1.08 (1.04–1.12) and 3.28
(1.74–6.18), P< 0.0001 and P¼ 0.0003, respectively,
r Health, Inc. All rights reserved.
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Table 1. The number of cases having neocortical b-amyloid plaques across age groups.

Age groups (years) Number of cases

Total Women With b-amyloid plaques: focal, widespreada

HIV cohortb

26–30 6 2 (33.3%) 1 (16.7%): 1, 0
31–40 65 12 (18.5%) 8 (12.3%): 8, 0
41–50 108 18 (16.7%) 32 (29.6%): 27, 5
51–60 76 14 (18.4%) 26 (34.2%): 15, 11
61–70 24 2 (8.3%) 14 (58.3%): 9, 5
General cohortc

21–30 61 28 (45.9%) 0 (0%)
31–40 100 47 (47.0%) 4 (4.0%)
41–50 188 90 (47.9%) 20 (10.6%)
51–60 330 112 (33.9%) 81 (24.5%)
61–70 492 182 (37.0%) 181 (36.8%)

aThe density of b-amyloid plaques is graded as absent, focal, or widespread only in the HIV cohort.
bIn the HIV cohort, all cases (n¼279) range in age from 26 to 70 years. Cases with frontal b-amyloid plaques (n¼81) range in age from 30 to 68
years, and cases without plaques (n¼198) from 26 to 70 years.
cAlready existing data are obtained from Braak et al. [4]. Not shown are data from age groups younger than 21 or older than 70 years in the general
cohort.
n¼ 250]. When an age by APOE e4 carriage interaction
term was added to the original model, no significant
interaction effect was observed (P¼ 0.83, n¼ 250).
When added to the original model, neither sex alone
(P¼ 0.14, n¼ 250) nor both sex and a sex by APOE e4
carriage interaction term (P¼ 0.19 and P¼ 0.74, respec-
tively, n¼ 250) showed significant effects. When added to
the original model, neither race/ethnicity alone
(P¼ 0.94, n¼ 250) nor both race/ethnicity and a race/
ethnicity by APOE e4 carriage interaction term (P¼ 0.79
and P¼ 0.96, respectively, n¼ 250) showed significant
effects. When added to the original model, neither
HAART status alone (P¼ 0.91, n¼ 248) nor both
HAART status and a HAART status by APOE e4 carriage
interaction term (P¼ 0.94 and P¼ 0.84, respectively,
n¼ 248) showed significant effects. When added together
to the original model, both postmortem delay and
NNTC site showed no significant effects (P¼ 0.53 and
P¼ 0.52, respectively, n¼ 248). In all of the additional
models that included sex, race/ethnicity, HAART status,
or both postmortem delay and NNTC site, the main
effects of age and APOE e4 carriage remained significant
(P< 0.0001 and P<0.041, respectively).

Regarding the density grades of Ab plaque deposition
(relative to absent), age (1-year increase) and APOE e4
carriage predicted focal Ab plaques [OR (95% CI)¼ 1.06
(1.02–1.10) and 2.27 (1.13–4.58), P¼ 0.003 and
P¼ 0.022, respectively] and widespread Ab plaques
[OR (95% CI)¼ 1.19 (1.11–1.29) and 14.08 (4.23–
46.83), respectively, both P< 0.0001, n¼ 250, multino-
mial logistic regression].

Increased risk of developing cerebral b-amyloid
plaques among HIV-infected adults
We chose to compare the frequency of Ab plaque-
bearing cases in our HIVautopsy cohort with that in the
already existing general autopsy cohort reported by Braak
 Copyright © 2019 Wolters Kluwer H
et al. [4] from Germany because of the large scale and
nonselected characteristics of this general cohort and
critical similarities between the two cohorts. Similar to
the HIV cohort, the general cohort focused on
Alzheimer’s disease-related neuropathologic changes
and hence excluded Niemann–Pick disease type C,
subacute sclerosing panencephalitis, progressive supra-
nuclear palsy, Pick disease, and corticobasal degeneration.
Tissue-related parameters were also similar, including
nonselected obtainment of autopsied human brains from
affiliated university hospitals, immersion fixation with 4%
buffered formaldehyde, and Ab immunohistochemistry
with formic acid pretreatment and the 4G8 antibody
(shown to be effective in brain samples fixed in formalin
for up to 14 years [29]). Nonetheless, 5-mm-thick
paraffin-embedded frontal neocortex sections were used
in the HIV cohort, whereas 100-mm-thick polyethylene
glycol-embedded medial temporal lobe sections were
used in the general cohort.

To compare the HIV cohort (age range 26–70 years) with
the general cohort (age range 1–100 years) [4], we limited
our statistical analysis to cases ranging in age from 31 to 70
years [HIV cohort: median (interquartile range)¼ 46
(41–55) years, n¼ 273; general cohort: median age fell in
the range of 51–60 years, n¼ 1110; Table 1]. The
proportion of women was lower in the HIV cohort
compared with the general cohort (16.8% of 273 cases vs.
38.8% of 1110 cases, Table 1) [OR (95% CI)¼ 0.27
(0.19–0.39), P< 0.0001, binary logistic regression
weighted by count] when controlling for age groups.

Within the age range of 31–70 years, the overall
frequency of 4G8-Ab plaque-bearing cases was 29.3% of
273 cases in the HIV cohort and 25.8% of 1110 cases in
the general cohort (Table 1). Across four age groups by
decade (Fig. 1), the frequencies of 4G8-Ab plaque-
bearing cases were higher in the HIV cohort than in the
ealth, Inc. All rights reserved.



b-Amyloid plaques in HIV infection Umlauf et al. 2161

Fig. 1. The frequency distribution of cerebral b-amyloid
(Ab) plaque deposition by age groups (years). The frequen-
cies of Ab plaque-bearing cases are higher in our HIV autopsy
cohort (n¼273) than those frequencies in a general autopsy
cohort reported by Braak et al. [4] [n¼1110; odds ratio (95%
confidence interval)¼ 2.35 (1.67–3.31), P< 0.0001, binary
logistic regression weighted by count] when controlling for
age groups.
general cohort [OR (95% CI)¼ 2.35 (1.67–3.31),
P< 0.0001, binary logistic regression weighted by count]
when controlling for age groups. In the HIV cohort,
compared with the youngest age group (31–40 years), the
frequencies of 4G8-Ab plaque-bearing cases were higher
in the older age groups (41–50, 51–60, and 61–70 years)
[OR (95% CI)¼ 3.00 (1.29–7.00), 3.71 (1.54–8.92),
and 9.98 (3.33–29.91); P¼ 0.011, P¼ 0.003, and
P< 0.0001, respectively].

Occurrence of posttranslationally modified
b-amyloid forms in plaques
To explore the occurrence of posttranslationally modified
Ab forms (i.e. N3pE, E22P, and phospho-Ser8) in
plaques, we examined by immunohistochemistry a subset
of cases with frontal 4G8-Ab plaques (n¼ 37; 17 focal, 20
widespread; Table 2) from the HIV cohort (n¼ 81; 60
focal, 21 widespread; Table 1) and a subset of cases
without plaques (n¼ 12; Table 2) from the HIV cohort
(n¼ 198; Table 1). The rationale for selecting these 37
cases was to include as many as possible cases that showed
4G8-Ab plaques of widespread density from the limited
availability of paraffin-embedded frontal neocortex
sections from the NNTC. Representative Ab immuno-
reactivity patterns are shown in Fig. 2.
 Copyright © 2019 Wolters Kluwe

Table 2. The occurrence of posttranslationally modified b-amyloid forms

Number of cases positive/negative for 4G8

With 4G8 plaques (n¼37, age range 34–68 years) 37/0
Nonmodified only (16.2%) 6/0

N3pE added (54.1%) 20/0
E22P added (24.3%) 9/0

Phospho-Ser8 added (5.4%) 2/0
Without 4G8 plaques (n¼12, age range 26–54 years) 0/12
Of 37 4G8-Ab-positive cases, N3pE-Ab was found in 31
(83.8%; 18 focal, 13 widespread). E22P-Ab was observed
in 11 (35.5%; seven focal, four widespread) of 31 N3pE-
Ab-positive cases but not in six N3pE-Ab-negative cases.
Phospho-Ser8-Ab was seen in two (18.2%; two focal) of
11 E22P-Ab-positive cases but not in 26 E22P-Ab-
negative cases. Among 12 4G8-Ab-negative cases, none
of modified Ab forms examined were present. In other
words, 4G8-Ab-negative cases were always negative for
N3pE, E22P, and phospho-Ser8 Ab forms (Table 2).
Among 4G8-Ab-positive cases, N3pE-Ab-negative cases
were always negative for E22P and phospho-Ser8 Ab
forms. E22P-Ab-negative cases were always negative for
phospho-Ser8 Ab form. Collectively, the posttransla-
tional modification of Ab forms in plaques occurred in
order: nonmodified, N3pE, E22P, and phospho-Ser8.

Relationship between E22P-b-amyloid in
cerebrospinal fluid and cerebral b-amyloid
plaque deposition
To explore whether CSF E22P-Ab levels were related to
cerebral Ab plaque deposition, we included HIV-infected
cases across all three grades of frontal 4G8-Ab plaque
deposition (i.e. absent, focal, and widespread). From the
limited availability of postmortem CSF samples from the
NNTC, we examined subsets of cases with 4G8-Ab
plaques (n¼ 27; 17 focal, 10 widespread; age range 34–68
years) and without plaques (n¼ 11; age range 26–54
years) from the HIV cohort. We conducted CSF assays for
E22P-Ab, Ab42, Ab40, and Ab38.

We found inverse correlations between E22P-Ab/Ab38
and Ab42/Ab38 ratios, and between E22P-Ab/Ab40
and Ab42/Ab40 ratios (Spearman’s rho¼�0.56 and
�0.33, P¼ 0.0003 and P¼ 0.046, respectively, n¼ 38;
see Figure, Supplemental Digital Content 1, http://
links.lww.com/QAD/B516, which illustrates the scatter
plots with trend lines). The median CSF E22P-Ab/
Ab40 ratio was higher among cases with widespread
4G8-Ab plaques (n¼ 10) than in cases with focal or
absent plaques (n¼ 28; P¼ 0.047, U test; Fig. 3a), and the
median CSF E22P-Ab/Ab38 ratio showed a similar
trend (P¼ 0.051, U test; Fig. 3b). The median CSF
Ab42/Ab40 and Ab42/Ab38 ratios were lower among
cases with 4G8-Ab plaques (n¼ 27) than in cases without
plaques (n¼ 11; P¼ 0.038 and P¼ 0.041, respectively,
U test; Fig. 3c and d).
r Health, Inc. All rights reserved.

in plaques in frontal neocortex sections.

Plaques immunoreactive for

N3pE E22P Phospho-Ser8

31/6 11/26 2/35
0/6 0/6 0/6
20/0 0/20 0/20
9/0 9/0 0/9
2/0 2/0 2/0
0/12 0/12 0/12
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Fig. 2. Representative b-amyloid (Ab) immunoreactivity patterns by diaminobenzidine immunohistochemistry with hematox-
ylin counterstaining. The Ab immunoreactivity patterns are shown in four adjacent sections of the same neocortex blocks obtained
from an HIV-infected person (a–d) and a symptomatic Alzheimer’s disease patient (e–h). Plaque deposits of generic 4G8 (a and e,
widespread density), N3pE (b and f, widespread), E22P (c and g, focal), and phospho-Ser8 (d and h, focal) Ab forms are depicted;
scale bar, 300 mm for (a–h). High-magnification images of Ab plaques (arrows) are shown in the corresponding insets. Diffuse and
cored Ab plaques are illustrated in (a) and (b) insets, respectively.
Discussion

We found that diffuse Ab plaques, regarded to indicate
the early stages of Ab plaque development [26],
constituted the vast majority of frontal Ab plaques in
our HIV autopsy cohort, in agreement with prior HIV
autopsy studies [14–16,18–20]. In our study, both
increasing age and APOE e4 carriage were associated
with the presence and relative abundance of frontal Ab
plaque deposition. The overall frequency of Ab plaque-
bearing cases in our HIV cohort (29% of 279 cases, age
range 26–70 years) was comparable with that reported by
Esiri et al. [16] (29% of 97 HIV-infected cases, age range
30–69 years).

In the age range of 31–70 years, the overall frequency of
4G8-Ab plaque-bearing cases was 29.3% of 273 cases in
our HIV cohort and 25.8% of 1110 cases in the general
autopsy cohort reported by Braak et al. [4]. Across age
groups (31–40, 41–50, 51–60, 61–70 years), the
frequencies of Ab plaque-bearing cases in our HIV
cohort were higher than those in the general cohort. The
higher frequency of Ab plaque-bearing cases in the HIV
cohort was likely an underestimate of the true difference
because the sensitivity for detecting Ab plaques might be
higher for the general cohort in which neocortex sections
used (100-mm) were thicker than those used in the HIV
cohort (5-mm). Our findings of increased risk of
developing neocortical Ab plaques in HIV-infected
adults are consistent with those reported by Esiri et al.
 Copyright © 2019 Wolters Kluwer H
[16]. On the other hand, Gelman and Schuenke [14] did
not find the increased likelihood of developing hippo-
campal Ab plaques among HIV-infected cases. This
discrepancy may be explained by the characteristic
sequence of Ab plaque progression, where the involve-
ment of neocortex precedes that of allocortex (e.g.,
hippocampus) [3].

Our autopsy findings contrast with the findings from a
clinical study conducted by Ances et al. [30] showing no
evidence of cerebral Ab deposition in HIV-infected
participants (n¼ 16, age range 38–67 years) by PETwith
Pittsburgh Compound B (PiB). One potential explanation
for this discrepancy is the lower sensitivity of PiB for
detecting diffuse plaques (containing small amounts of
fibrillar Ab [31]) as compared with cored plaques
(composed predominantly of fibrillar Ab) [28,32]. In this
clinical study [30], however, CSF Ab42 levels were
reduced (<500 pg/ml cutoff) in five of 13 HIV-infected
participants. Given a well documented inverse relationship
between CSF Ab42 and cerebral Ab deposition [28], this
CSF finding [30] suggests that some HIV-infected persons
have cerebral Ab deposition that is not detectable by PiB
PET due to the subthreshold burden of fibrillar Ab.

Although information on the APOE e4 allele frequency
was not available in the general cohort from Germany [4],
the overall frequency in our HIV cohort (0.145) was
comparable with that in the general population (estimated
at 0.15) [33]. Among white participants, who constituted
ealth, Inc. All rights reserved.
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Fig. 3. Scatter plots of E22P-b-amyloid (Ab)/Ab40, E22P-Ab/Ab38, Ab42/Ab40, and Ab42/Ab38 ratios in the postmortem
cerebrospinal fluid (CSF) of HIV-infected persons, categorized by frontal 4G8-Ab plaque deposition. The median E22P-Ab/Ab40
ratio (a) is higher among cases with widespread plaques (n¼10) than in cases with focal or absent plaques (n¼28; U¼ 80, P¼ 0.047,
Mann–Whitney U test), and the median E22P-Ab/Ab38 ratio (b) shows a similar trend (U¼81, P¼0.051). The median Ab42/Ab40
(c) and Ab42/Ab38 (d) ratios are lower among cases with plaques (n¼27) than in cases without plaques (n¼11; U¼84 and U¼85,
P¼0.038 and P¼0.041, respectively, U test). Horizontal bars represent median and interquartile range values. �P< 0.05.
the majority of our HIV cohort (52.7%), the APOE e4
allele frequency in the HIV cohort (0.143) was also similar
to that in the general population (estimated at 0.15) [34].
Thus, a difference in the APOE e4 allele frequency could
not account for the higher likelihood of cerebral Ab
plaques in the HIV cohort compared with the general
cohort, although even a small difference in the APOE e4
allele frequency between the HIV and general cohorts
could contribute to the finding. The age-dependent
increase in cerebral Ab plaque burden was greater in
women than men in the general cohort [4]. In addition, in
a meta-analysis of 40 Alzheimer’s disease studies [35],
Farrer et al. found that women were more likely than men
to develop Alzheimer’s disease among white APOE e4
carriers (age range 40–90 years). In comparison with the
general cohort, we found the higher frequency of Ab
plaque-bearing cases in the HIV cohort even with the
lower proportion of women. We did not find any
significant effect of sex or sex by APOE e4 carriage
 Copyright © 2019 Wolters Kluwe
interaction on frontal Ab plaque deposition when
controlling for age and APOE e4 carriage. Together,
our findings suggest that HIV-infected adults between 31
and 70 years of age are at increased risk of developing
cerebral Ab plaques when compared with the general
population. Our findings may be confirmed in future
studies comparing HIV-infected cases with non-HIV
controls from the same autopsy cohort and under the
same neuropathological protocols.

Cerebral Ab plaque deposition in HIV-infected adults
may be mechanistically related to accelerated brain aging
observed in this population [11–13], for example
regarding deficiencies in Ab clearance [36,37]. Clearance
of soluble Ab forms from the brain parenchyma may be
mediated by enzymatic degradation, perivascular macro-
phages, receptor-mediated transcytosis across the blood–
brain barrier [37], bulk flow of the interstitial fluid into
the ventricular CSF compartment [38], and drainage of
r Health, Inc. All rights reserved.



2164 AIDS 2019, Vol 33 No 14
the interstitial fluid along the brain vasculature, including
the paravascular glymphatic pathway [39] and the
intramural vascular basement membrane pathway [40].
Accordingly, age-related degeneration of cerebral blood
vessels may play a role in the development of cerebral Ab
plaques [40,41]. In our current study, however, data on
cerebral vascular disease were not available in either of the
HIV and general autopsy cohorts. In addition to
deficiencies in Ab clearance, it is possible that cerebral
Ab plaques develop in response to chronic microbial
infection, with the potential interaction with the APOE
e4 isoform [42] since Ab can function as an antimicrobial
peptide in innate immunity [42,43]. In HIV disease, HIV-
1-derived proteins or other microbes [44] may enhance
neuronal production of Ab. Future studies are warranted
to explore whether there are specific profiles of brain
microbiota that lead to the development of cerebral
Ab plaques.

In the HIV cohort, we found that posttranslational Ab
modification in plaques occurred in order: nonmodified,
N3pE, E22P, and phospho-Ser8. Our finding suggests the
existence of progression stages of Ab plaque deposition,
in agreement with prior studies in the general population
[3,5] in which N3pE-Ab was observed in both preclinical
and symptomatic Alzheimer’s disease brains, whereas
phospho-Ser8-Ab was present mainly in symptomatic
Alzheimer’s disease brains. The significance of modified
Ab forms was also supported by experimental results.
Both N3pE-Ab and phospho-Ser8-Ab were found in
Alzheimer’s disease-model mouse brains [45,46] and to
have an increased propensity to form oligomeric and
fibrillar assemblies in vitro [47,48].

Along with its predisposition to form neurotoxic oligomers
in vitro [7–10], E22P-Ab was associated with cognitive
impairment in vivo. In Alzheimer’s disease-model mice, the
chronic intraperitoneal injection of anti-E22P-Ab anti-
body (clone 24B3) ameliorated impairments in spatial
memory and executive function [9]. In our CSF assays, we
found inverse correlations between E22P-Ab/Ab38 and
Ab42/Ab38 ratios, and between E22P-Ab/Ab40 and
Ab42/Ab40 ratios. These findings suggest that CSF E22P-
Ab/Ab38 and E22P-Ab/Ab40 ratios directly reflect
cerebral Ab deposition because a reduction in the CSF
Ab42/Ab38 or Ab42/Ab40 ratio is predictive of cerebral
Ab deposition [27,28]. This interpretation is further
supported by our findings that the median CSF E22P-Ab/
Ab40 ratio was higher among HIV-infected cases with
widespread frontal 4G8-Ab plaques compared with those
with focal or absent plaques. The median CSF Ab42/
Ab40 and Ab42/Ab38 ratios were lower among HIV-
infected cases with frontal 4G8-Ab plaques compared with
those without plaques, in agreement with the observations
in the general population [27,28].

Postmortem studies are naturally biased toward advanced
stages of disease conditions. The profiles of our HIV
 Copyright © 2019 Wolters Kluwer H
autopsy cohort might not fully reflect those of living
HIV-infected persons with systemic viral suppression in
the HAART era. Not every case had all tissue or fluid
samples of interest available for examination. Our findings
on posttranslational Ab modification in plaques were
based on the limited availability of paraffin-embedded
frontal neocortex sections from the NNTC and thereby
might be subject to a selection bias. In addition, there was
a degree of subjectivity in our qualitative assessment of the
density of frontal Ab plaques (i.e. absent, focal, or
widespread). Regarding our CSF assays, the sample size
was relatively small due to the necessary inclusion of all
three grades of frontal 4G8-Ab plaque deposition,
together with the limited availability of CSF samples
from the NNTC. Therefore, our findings on CSF E22P-
Ab may be seen as preliminary to further systematic
investigations.

In conclusion, our findings suggest that HIV-infected
adults between 31 and 70 years of age are at increased risk
of developing cerebral Ab plaques when compared with
the general population. It remains to be determined
whether the Ab plaque progression stages based on
posttranslational Ab modification denote the progression
toward more advanced neurodegeneration [3,5]. The
potential for CSF E22P-Ab as a biomarker of cerebral Ab
deposition should be further investigated [7]. Future
studies are warranted to explore the implications of
cerebral Ab plaque deposition for the development of
neurocognitive decline among HIV-infected persons.
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