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Abstract: HIV-1 is known for its complex interaction with the dysregulated immune system and
is responsible for the development of neurocognitive deficits and neurodevelopmental delays in
pediatric HIV populations. Considering that HIV-1-induced immune dysregulation and its associ-
ation with neurodevelopmental and neurocognitive impairments in pediatric populations are not
well understood, we conducted a scoping review on this topic. The study aimed to systematically
review the association of blood and cerebrospinal fluid (CSF) immune markers with neurocognitive
deficits and neurodevelopmental delays in pediatric HIV populations. PubMed, Scopus, and Web of
Science databases were searched using a search protocol designed specifically for this study. Studies
were selected based on a set eligibility criterion. Titles, abstracts, and full texts were assessed by
two independent reviewers. Data from the selected studies were extracted and analyzed by two
independent reviewers. Seven studies were considered eligible for use in this context, which included
four cross-sectional and three longitudinal studies. An average of 130 (±70.61) children living with
HIV, 138 (±65.37) children exposed to HIV but uninfected and 90 (±86.66) HIV-negative participants
were included across the seven studies. Results indicate that blood and CSF immune markers are
associated with neurocognitive development/performance in pediatric HIV populations. Only seven
studies met the inclusion criteria, therefore, these limited the number of significant conclusions
which could have been made by using such an approach. All considered, the evidence suggests that
immune dysregulation, as in the case of adult HIV populations, also has a significant association
with neurocognitive performance in pediatric HIV populations.

Keywords: inflammation; cytokine; pediatric HIV; HIV infection; HIV exposed uninfected (HEU)
and HIV-associated neurocognitive disorders; HAND

1. Introduction

Human immunodeficiency virus (HIV)-1 is a retrovirus that not only severely sup-
presses the host immune system, but also causes neurodevelopmental delays and neu-
rocognitive impairment in both adult and pediatric cohorts. In 2018, approximately
1.7 million children (0–14 years) were living with HIV [1]. Most children with HIV-1
live into adulthood, and they present a higher risk of neurodevelopmental [2] and neu-
rocognitive deficits [3,4] in later life, as compared to individuals who contracted HIV as
adults. This is due to the extended exposure to HIV-1 and its related effects, including
the dysregulated immune system (higher levels of monocyte activating and inflammatory
markers). Furthermore, these neurocognitive deficits are present in children even with
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the initiation of antiretroviral therapy (ART) as early as 5 months old [5–7]. Studies indi-
cate that even HIV-negative children born from HIV positive mothers also present with
neurodevelopmental delays and neurocognitive impairment [8–10], and maternal HIV-1
and treatment status, as well as regimen type, may be contributing factors influencing
neurodevelopment in these pediatric populations. The latter findings on the influence of
in utero ART exposure on neurocognitive performance are however contradictory, with
some studies reporting a significant association [11], and others no association [10,12,13] of
neurodevelopmental delays with ART.

Considering the fact that children living with HIV are now surviving into adulthood
with ART, it is important to understand the underlying mechanisms of the central nervous
system (CNS) pathology, and how this can be used towards improved patient monitoring,
neurocognitive impairment prevention, and improved treatment strategies. Several studies
have demonstrated that blood and cerebrospinal fluid (CSF) inflammation is associated
with neurocognitive deficits seen in adults living with HIV [14–19]. It is thought to also
likely be the case in children living with HIV for a number of reasons. Firstly, the exposure
of the child to the maternal immune system may affect brain development. Studies
suggest that maternal immune activation and increased levels of certain inflammatory
markers during pregnancy may negatively influence fetal brain development [20–23].
Secondly, the immune system of the child itself (and due to HIV-1 exposure) may also
influence neurocognitive performance [24–26]. However, in comparison to HIV-1 studies
conducted in adults, much less is known about the association of immune markers with
neurocognitive performance in children exposed to and living with HIV. Furthermore, it
is not clear which immune markers are most commonly associated with neurocognitive
impairment in pediatric HIV populations.

Therefore, in order to gain a better understanding of the association of immune
markers with neurocognitive performance in children exposed to and living with HIV, we
conducted a scoping review on the topic. The primary aim of the scoping review was to
provide commentary on whether peripheral/CSF immune markers are associated with
neurocognitive performance in children exposed to HIV and children living with HIV.
Secondary aims were to (1) investigate the potential determinants/confounding factors
in these associations, (2) determine the extent of the available evidence by reviewing all
literature on this topic to date, (3) determine the value of undertaking a full systematic
review and meta-analysis, and (4) to summarize and disseminate most relevant research
findings to date.

2. Methods
2.1. Eligibility Criteria

The eligibility criteria for selecting the relevant literature were all studies comprising
children living with HIV or children HIV-exposed but uninfected (all medication types
included and no cut off for treatment duration) with neuropsychological and medical
assessments. Due to the limited number of studies in this field, we included those with
perinatally and behaviorally acquired HIV infected, HIV-exposed uninfected (HEU) and
HIV-unexposed uninfected (HUU)/HIV-negative populations. The focus/scope of this in-
vestigation was children/pediatric cohorts, therefore only study participants of ≤18 years
of age were considered (adult studies (>18 years old) were excluded). For comparability
of studies, marker measurements needed to be taken from blood/CSF using solid-phase
and/or bead array platforms, including enzyme-linked immunosorbent assay (ELISA),
chemiluminescence, multiplex, nephelometry or immunoturbidimetric assays for the anal-
ysis of cytokines, chemokines, and monocyte-associated immune markers.

Exclusionary criteria were pre-clinical (animal and cell culture models) studies and
reviews. Studies investigating samples other than serum, plasma and CSF markers were
excluded, as these were considered outside the scope of this study.
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2.2. Data Sources

PubMed, Scopus, and Web of Science databases were searched for all studies writ-
ten in English and published up to 21 September 2021. The full search criteria for each
database are included in Appendix A. Briefly, the following search conditions were applied
to PubMed: (HIV [mh] OR HIV [tw] OR Acquired Immunodeficiency Syndrome [mh]
OR “Acquired Immunodeficiency Syndrome” [tw] OR AIDS [tw]) AND (HIV associated
neurocognitive disorders [mh] OR HAND [tw] OR neurocognitive [tw] OR cogniti* [tw]
OR Executive Function [mh] OR executive [tw] OR Memory [mh] OR memory [tw] OR
Attention [mh] OR attention [tw] OR Neuropsychological Tests [mh] OR neurodevelop-
mental disorders [mh] or neurodevelopment testing [tw] OR Neurocognitive development
[tw]) AND (Inflammation [mh] OR inflammation [tw] OR Neurogenic Inflammation [mh]
OR neuroinflammation [tw]).

Furthermore, reference sections were manually searched and the contact authors of
the included studies, as well as other experts in this field, were consulted for the inclusion
of additional papers. The search strategy and the retrieved articles are shown in Figure 1.
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diagram for results of search strategy.

2.3. Data Selection

All articles were retrieved and loaded onto a single database using a reference man-
ager (EndNote X9, Clarivate, PA, USA). Two authors, MEW and AJVR, independently
identified studies meeting the inclusion criteria. Where there was a discrepancy in article
inclusion/exclusion, this was discussed amongst all authors, and a decision was made
regarding suitability.
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The quality of the included studies was assessed by authors MEW and AJVR and the
inter-rater reliability was assessed. The quality criteria were adopted from the Joanna Briggs
Institute (JBI) critical appraisal tools, which are used for assessing the trustworthiness,
relevance, and results of published papers. For this scoping review, we amended the JBI
critical appraisal tools by implementing a Likert scale [27] to provide a quantitative measure
of study quality. We only considered the JBI quality questions that may significantly affect
findings in the included studies (i.e., inflammatory levels and background information).
The aforementioned criteria included the following: (1) potential confounding factors with
the appropriate statistical analysis, and (2) background information of the mothers and
children living with HIV. These areas were assessed by the following questions:

1. Did the study report on potential confounders and were these controlled for upon
statistical analysis, including the controlling of multiple comparisons?

2. Did the study report on the background information of the mother and child, which
may have affected inflammatory levels and neurocognitive performance/development
in the pediatric population (i.e., maternal substance use, prematurity, ART duration
and specific regimens, low birth weight, socioeconomic status and malnutrition)?

Each question was rated as follows: 0 = no, 1 = partly, and 2 = yes. Studies that
addressed all the above questions, and had a total rating of 4, were classified as high quality.
Studies with a rating between 1 and 3 were considered as intermediate quality, and less
than 1 as low quality. A kappa statistic was calculated to measure inter-rater reliability.

2.4. Potential Confounders

Several factors may influence the degree of inflammation within the pediatric co-
horts investigated. We have therefore investigated the influence of these potential con-
founders. Firstly, we reviewed the influence of maternal and pediatric viral load and
nadir/current CD4+ count, in order to determine if the stratification of studies according
to these factors determined the association of immune markers with neurocognitive de-
velopment/performance. Hence, we investigated (1) maternal and (2) pediatric viral load,
and (3) nadir and (4) current CD4+ count. We stratified the seven studies according to viral
load, which was defined as undetectable (viral suppression) versus detectable (non-viral
suppression). Next, we stratified according to a mean/median CD4+ count of <200 cells/µL
or >200 cells/µL. Secondly, we investigated if in utero ART exposure and/or if a specific
ART regimen influenced inflammatory profiles. Thirdly, we investigated if maternal inflam-
mation directly, and/or other factors affecting maternal inflammation (i.e., infection during
pregnancy), influenced inflammatory profiles in pediatric HIV populations. Fourthly, we
investigated the influence of various neurodevelopmental factors (i.e., premature birth,
socioeconomic status, and malnutrition) on inflammation. Fifthly, we wanted to determine
if any other additional factors could influence the association of the immune markers
with neurocognitive development/performance, including gender, the HIV-1 subtype
and duration of infection. Lastly, pediatric populations can be grouped into different
subpopulations based on age and the developmental stage including neonates (birth to
one month), infants (one month to two years), developing children (age 2 to 12 years) and
adolescents (12–16 years). It is known that the pediatric immune status differs consid-
erably between these developmental stages [28]. Further, the transplacental transfer of
maternal antibodies plays a major role in conferring immune protection in neonates and
infants [29,30], and puberty greatly influences the immunological response [31,32]. There-
fore, we wanted to determine if immune markers of HIV-1-induced immune dysregulation
impacts neurodevelopment when stratifying the studies according to age.

3. Results
3.1. Study Characteristics

The search strategy yielded a total of 2632 research studies, as indicated in Figure 1.
Duplicates (n = 433) were removed, resulting in 2199 studies. Thereafter, abstracts and
titles were screened and a total of 2175 studies were excluded, which comprised of:
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• Review articles/book chapters/conference proceedings (n = 731).
• Pre-clinical investigations (n = 650).
• Studies not investigating HIV-1 in general (n = 193).
• Studies without a neuropsychological evaluation and hence no information on neu-

rocognitive development/performance in children (n = 165).
• Participants over the age of 18 (n = 141).
• Studies investigating neuroimaging data only (n = 59).
• Studies that have not investigated immune markers in general (n = 194).
• A study design that required additional blood culturing steps for cytokine measure-

ment (n = 1).
• Treatment naïve participants (n = 1).
• Studies not reporting statistical analysis for immune marker levels and neurocognitive

development/performance (n = 1).
• Studies not published in English (n = 39), which included: Spanish (n = 6), French

(n = 13), Hebrew (n = 2) Japanese (n = 3), Chinese (n = 2), Polish (n = 1), German
(n = 8), Slovak (n = 1), Italian (n = 1) and Russian (n = 2).

Of the remaining 24 studies, full-text articles were assessed, and an additional 17 were
excluded as follows:

• Review (n = 1).
• Pre-clinical investigations (n = 1).
• Participants over the age of 18 (n = 2).
• Studies that have not performed a neuropsychological evaluation to determine neu-

rocognitive development/performance in children (n = 6).
• Studies that have not investigated immune markers in general (n = 5).
• Studies not reporting statistical analysis for immune marker levels and neurocognitive

development/performance (n = 2).

Using the selection criteria, 7 studies were eligible for inclusion (Section 2.2), yield-
ing a total sample size of n = 783 children living with HIV (mean (SD): 130 (±70.61)),
n = 207 children exposed to HIV but uninfected (mean (SD): 138 (±65.37)), and n = 270
HIV-unexposed/uninfected participants (mean (SD): 90 (±86.66)). Approximately half of
the eligible studies (4; 57%) employed a cross-sectional design, while the remainder (3; 43%)
employed a longitudinal study design. All participants were on a regimen of ART (exact
regimen not stated in all studies) which included the use of first-, second-, and third-line
ART. Not all of the studies had reported the minimum ART duration before the relevant
assays; however, no restriction was applied for the minimum required duration of ART
exposure. Half of the studies reported treatment duration (ranged from birth to 84 months)
before analysis. Several immune-related markers were investigated across all 7 studies. To
provide practicality (despite this being an oversimplified classification), immune-related
markers were clustered into (1) monocyte activation (including neopterin, soluble cluster
of differentiation (sCD)14 and sCD163) and (2) inflammation (including C reactive protein
(CRP), fractalkine, interferon-γ (IFN)-γ, IFN-α2, IFN-γ-inducible protein-10 (IP-10), inter-
leukin (IL)-1β, IL-2, IL-4, IL-6, IL-10, IL-12, IL-12p40, IL-12p70, macrophage inflammatory
protein (MIP)-1α, MIP-1β, monocyte chemoattractant protein (MCP)-1/CCL2, neutrophil
gelatinase-associated lipocalin (NGAL), tumor necrosis factor (TNF)-α and thymus and
activation regulated chemokine (CCL17).

3.2. Neuropsychological Evaluation

Neurocognitive development and performance were evaluated using a range of crite-
ria, including the Bayley Scales of Infant and Toddler Development, Third Edition (n = 1),
Wechsler Intelligence Scale for Children, Fourth Edition (n = 3), Denver Developmental
test (n = 1), Kaufman Assessment Battery for Children, 2nd edition (KABC-II) (n = 1), Tests
of Variables of Attention (TOVA) D-prime, Bruininks–Oseretsky Test of Motor Proficiency,
2nd edition (n = 1), Behavior Rating Inventory of Executive Function (n = 1) and a screening
test battery measuring >5 separate composite cognitive domains (n = 2).



Viruses 2021, 13, 2543 6 of 17

3.3. Quality Assessment of the Included Studies

The kappa was 1.000 and the majority of the included studies were rated as intermedi-
ate quality (n = 6), with one [33] rated as high quality. As an inclusion criterion, all study
participants had to be treated with ART (or initiate treatment in longitudinal studies). Five
studies reported on the duration of therapy (ART exposure) before the respective immune
marker assays were conducted [24–26,33,34]. In addition, all studies reported the exact
ART regimen used (Supplementary Table S1). Lastly, only five studies reported on both the
duration of treatment before the relevant assays, as well as the exact treatment regimen
used [24–26,33,34] (Supplementary Table S1). All of the studies have reported and/or
controlled for potential covariates within their statistical analysis; however, four studies
have controlled for multiple comparisons, which included the Benjamini-Hochberg [26,33],
false discovery rate (FDR) [25] and Bonferroni [24]. Only two studies [33,34] provided key
background information (e.g., prematurity, low birth weight, ART regiment and treatment
duration, maternal health and inflammatory loads) of both mother and child that may have
affected the findings. Based on these findings, recommendations are proposed in the latter
part of the review.

3.4. Immune Markers Associated with Neurodevelopment and Neurocognitive Performance in
Pediatric HIV Populations

From the seven selected studies, CRP (5), IL-6 (5), CCL-2 (3), sCD14 (3), and sCD163 (3)
were the most reported markers, with the majority of the studies (86%) reporting the associ-
ation of plasma/CSF immune markers with neurocognitive performance in HIV-pediatric
populations (Table 1). Significant associations with neurocognitive performance were
reported for several markers, including CRP, CCL2, INF-γ, IL-1β, IL-2, IL-4, IL-6, IL-10,
IL-12p70, NGAL, and sCD163 (Table 1). The majority of the immune markers were associ-
ated with neurocognitive performance as reported by at least one independent study with
IL-6, CRP and sCD163 supported by at least two independent studies. Although we report
on a limited number of studies, we considered the markers to be compelling/significant
for our purpose when at least 2 independent studies found a consistent direction in the
association of the immune marker with neurodevelopment/neurocognitive performance
(Table 1). Certain markers were investigated more often and therefore would inherently
have more supporting evidence. Therefore, we considered the frequency a marker was
investigated when contextualizing the findings. We considered sCD163 to be an important
marker for possible future investigation as at least 66% of the studies which included
sCD163 in their investigation found it to be associated with neurocognitive impairment in
pediatric HIV populations. A descriptive summary of the cohort and main findings of all
seven studies are provided in Tables 2 and 3, respectively.

3.5. Potential Confounders
3.5.1. Viral Load

Only one study included data for maternal viral load [33], thus the influence of mater-
nal viral load could not be adequately reported on in the current investigation. Six remain-
ing studies reported viral load in children living with HIV [24–26,34–36], and the majority
of these studies (n = 4) included non-virally suppressed participants, 75% of which reported
a significant association of immune markers with neurodevelopment/neurocognitive per-
formance. Two studies included virally suppressed participants, and both reported a
significant association of immune markers with neurodevelopment/neurocognitive perfor-
mance [24,34] (Supplementary Table S2).
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Table 1. Immune markers associated neurodevelopment delays and neurocognitive impairment in pediatric HIV populations.

Markers Levels p-Value (p)/Effect Size Domain Affected Reference

Serum-C Reactive Protein (CRP)

Higher p < 0.01, r = −0.33 general intelligence

[24]Higher p = 0.03, r = −0.24 visual spatial ability

Higher p = 0.04, r = −0.22 executive function

Plasma-C Reactive Protein (CRP) Higher (part of a clustered group of
investigated markers)

Kaufman Assessment Battery for Children (KABC)-II:
week 0: (Regression Coefficient (RC): −2.19 (−3.67, −0.71))
Week 48 (CI: −3.04 (−4.73, −1.34))
Test of Variables of Attention
(TOVA) D-prime:
Week 0 (RC: −0.22 (−0.36, −0.07))
Week 48: (RC: −0.18 (−0.34, −0.03))

cognition and attention/impulsivity [34] *

Cerebrospinal fluid (CSF)–Chemokine
(C-C motif) ligand 2(CCL2) Lower p = 0.004 processing speed [25]

Serum-Interferon-γ (IFN-γ) Higher p = 0.011, r = −0.339 motor development [33] *

Serum-Interleukin-1β (IL-1β) Higher p < 0.001, r = −0.491 motor development [33] *

Serum-IL-2 Higher p = 0.022, r = −0.308 motor development [33] *

Serum-IL-4 Higher p = 0.002, r = −0.418 motor development [33] *

Serum-IL-6
Higher p = 0.004, r = −0.383 motor development [33] *

Higher HIV+ and HIV exposed uninfected (HEU): p = 0.014, estimate = −0.19
HIV+: p = 0.032, estimate = −0.21 processing speed [35]

Serum-IL-10 Higher p = 0.001, r = −0.451 motor development [33] *

Serum-IL-12p70 Higher p = 0.004, r = −0.379 motor development [33] *

Serum-Neutrophil gelatinase-associated
lipocalin (NGAL) Higher p = 0.004, r = −0.383 motor development [33] *

Plasma-Soluble cluster of differentiation
(sCD163)

Higher p = 0.07, r = −0.42 cognition

[26] *Higher p = 0.08, r = −0.52 short-term memory

Higher p = 0.05, r = −0.39 non-verbal test performance

Higher (part of a clustered group of
investigated markers)

KABC-II:
week 0: (RC: −2.19 (−3.67, −0.71))
Week 48 (CI: −3.04 (−4.73, −1.34))
TOVA D-prime:
Week 0 (RC: −0.22 (−0.36, −0.07))
Week 48: (RC: −0.18 (−0.34, −0.03))

cognition and attention/impulsivity [34] *

Plasma Macrophage
inflammatory protein (MIP)-1β

Lower (part of a clustered group of
investigated markers)

TOVA D-prime:
Week 48 (RC: 0.17 (0.02, 0.33))
Between week 0 and 48 (RC: 0.20 (0.08, 0.33)).

attention/impulsivity [34] *

* Longitudinal study design. Abbreviations: CCL2 (chemokine (C-C motif) ligand 2), CRP (C-reactive protein), HIV-1 exposed uninfected (HEU), interferon (IFN), interleukin (IL), Kaufman Assessment Battery
for Children (KABC), macrophage inflammatory protein (MIP), neutrophil gelatinase-associated lipocalin (NGAL), regression coefficients (RC), soluble cluster of differentiation (sCD) and Test of Variables of
Attention (TOVA).
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Table 2. Summary of cohort information of studies reporting the association of immune markers with neurodevelopment and neurocognitive performance in pediatric HIV populations.

Reference Cohort Sample Type ART Assessment of Neurodevelopment/Performance Markers
Investigated Method Covariates

[26] *

Perinatal HIV (PHIV)+:
n = 67 (31 male)
Age: 3.8 (3.1–4.0) months
Baseline Plasma VL
3,981,072 (1,000,000–10,000,000) copies/mL
CD4 count: N/A

Blood

Antiretroviral therapy (ART) initiation at study
entry.
Ritonavir-boosted lopinavir (if previously exposed
to nevirapine) or nevirapine combined with
lamivudine and zidovudine.
Infants enrolling later received abacavir instead of
zidovudine.

Milestones were selected and adapted based on items in the Denver
Developmental Screening Test.
NPT testing battery included:

(1) Kaufman Assessment Battery for Children 2nd edition
(2) Behaviour Rating Inventory of Executive Functioning
(3) Visual Test of Variables of Attention
(4) Bruininks–Oseretsky Test of Motor Proficiency 2nd edition.

sCD163, sCD14 and Neopterin Enzyme linked immunosorbent
assay (ELISA)

6-month plasma HIV RNA level,
CD4%, and weight-for-age.

[25]

PHIV+: n = 34 (16 male)
HIV-: n = 37 (18 male)
Age:
PHIV: 13.6 (11.5–15.9) years
HIV-: 12.1 (11.5–15.7) years
CD4 count: N/A
Plasma and CSF VL:
83% < 150 copies/mL

Plasma and
CSF

cART (Protease inhibitors,
Abacavir)

Wechsler Intelligence Scales for Children (age ≤ 15 years)
Wechsler Adult Intelligence Scales (age ≥ 16 years)

Plasma:
CCL2, INF-
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cular cell adhesion molecule-1 (sVCAM-1) Test of Variables of Attention (TOVA), viral load (VL) and Wechsler Intelligence Scale for Children (WISC).

, IP-10, CRP, sCD14, sCD163
CSF:
CCL17, IL-12p40,
MIP-1-alpha, IL-6, CCL2 and sCD163

Meso Scale Discovery
electrochemiluminescence-based
immunoassay, ELISA

Age, sex, ethnicity, and
socio-economic status.

[24]

PHIV+: n = 168 (81 male)
HIV-: n = 43 (18 male)
Age:
PHIV: 10.8 (±0.89) months
HIV-: 10.7 (±0.99) months
CD4 count:
Current: 980 (±503) cells/µL
Plasma VL: 0 (±40) copies/mL

Blood ART > 6 months:
(First/second/third line)

Child Behaviour Checklist, functional competence and a battery of
tests measuring 10 separate composite cognitive domains: general
intellectual, functioning, attention, working memory, visual
memory, verbal memory, language, visual-spatial ability, motor
coordination, processing speed, and executive function.

CRP Immunoturbidimetric assay Age

[36]

PHIV+: n = 89 (39 male)
Age: 12.3 (10.5–14.12) years
VL: 251,189 (100,000–630,957) copies/mL
Nadir CD4 count: 366 (184–595) cells/µL

Blood HAART: 91% Wechsler Intelligence Scale for Children-Fourth Edition (WISC-IV) CCL2, IL-6, and CRP ELISA and Nephelometry Demographics, disease severity,
and receipt of HAART

[35]

PHIV+: n = 212 (88 male)
HEU: n = 130 (70 male)
Age: 11.4 (±2.60) years
CD4 count:
Nadir: 386 (220–586) cells/µL
Current: 713 (495–920) cells/µL
Viral load (VL):
398 (50–1995) copies/mL

Serum
HAART-
(protease inhibitors and
non-nucleoside reverse transcriptase inhibitors)

WISC-IV CRP, IL-6 and CCL2 ELISA and Nephelometry Multiple

[34] *

PHIV+: n = 213 (92 male)
Age: 1.2 (0.5–2.6) years
CD4 count: N/A
Viral load: 100% < 400 copies/mL

Plasma ART (nevirapine, lopinavir/
ritonavir)

NPT testing battery included:

(1) Kaufman Assessment Battery for Children, 2nd edition
(KABC-II) Mental Processing Index

(2) Tests of Variables of Attention (TOVA) D-prime
(3) Bruininks–Oseretsky Test of Motor Proficiency, 2nd edition
(4) Behavior Rating Inventory of Executive Function, Parent

Form, Global Executive Composite

CRP, IL-10, CX3CL1, MCP-1, MIP-1β,
IFN-γ, IFN-α2, IL-1β, IL-6, IP-10, TNFα
sCD14, sCD163

ELISA

Age and sex, study site, sex, age at
study entry, age at ART initiation,
ART regimen at the time of
biomarker specimen collection
participant regimens, specimen
collection and consensus factor
scores at week 0.

[33] *

Infants (6–10 weeks):
HEU n = 63 (26 male)
HUU: n = 159 (70 male)
HEU children (24–28 months):
n = 77 (30 male)
HUU children: n = 190 (77 male)
CD4 count: N/A

Serum Prophylaxis (nevirapine alone or combined with
zidovudine) from birth

Bayley Scales of Infant and Toddler Development, third edition
(24–28 months)

IFN-γ, IL-1β, IL-2, IL-4, IL-5, IL-6, IL-7,
IL-8, IL-10, IL-12p70, IL-13, TNF-α and
NGAL

Multiplex bead array and ELISA
Maternal sociodemographic and
lifestyle factors, infant health, and
maternal HIV disease parameters.

* Longitudinal study design. Abbreviations: ART (antiretroviral therapy), cART (combination antiretroviral therapy), CCL17 (thymus and activation-regulated chemokine), CCL2 (chemokine (C-C motif) ligand
2), CRP ( C-reactive protein), CSF (cerebrospinal fluid), HAART (highly active antiretroviral therapy), HEU (HIV exposed uninfected), HUU (HIV unexposed uninfected), IFN-γ (interferon gamma), IL-10
(interleukin-10), IL-12p40 (interleukin-12p40), IL-12p70 (interleukin-12p70), IL-13 (interleukin-13), IL-1β (interleukin-1β), IL-2 (interleukin-2), IL-4 (interleukin-4), IL-5 (interleukin-5), IL-6 (interleukin-6), IL7
(interleukin-7), IL-8 (interleukin-8), NGAL (neutrophil gelatinase-associated lipocalin), sCD14 (soluble cluster of differentiation 14), sCD163 (soluble cluster of differentiation 163), TNF-α (tumor necrosis factor-α)
and viral load (VL). Multiple: Age, sex, race, ethnicity, primary language, caregiver education, household income, relationship of participant and caregiver, hyperlipidemia status, BMI z-score, serum lipids, body
composition measures, fasting glucose and insulin, log homeostasis model assessment of insulin resistance, receipt of HAART, protease inhibitors or non-nucleoside reverse transcriptase inhibitors, CDC HIV
disease class, current CD4+ cell count, current and nadir CD4+ percentage (CD4%), log viral load, and log peak viral load.
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Table 3. Main findings of studies reporting the association of immune markers with neurodevelopment and neurocognitive performance in pediatric HIV populations.

Reference Main Findings

[26] *

No associations were found between plasma concentrations of neopterin or sCD14 before or after ART initiation and neurodevelopmental outcomes (both p > 0.05).
Infants with high entry plasma sCD163 concentration had an earlier age at attainment of sitting supported (p = 0.006) and walking supported (p = 0.02).
Infants with high sCD163 at 6 months after initiating ART were older at the achievement of milestones compared to those with low sCD163 (speech: p = 0.02, threw toys: p = 0.04).
Before ART, monocyte activation may reflect transient neuroprotective mechanisms in infants. After ART and viral suppression, monocyte activation may predict worse short- and long-term neurodevelopment outcomes.
27 of the 67 children were followed for 5.8–8.2 years. Nine of 27 children had elevated sCD163 at 6 months after initiation of ART and had worse global cognitive ability (p = 0.07, r = −0.42), short term memory (p = 0.08, r = −0.52),
nonverbal test performance (p = 0.05, r = −0.39).

[25]

Children living with HIV had higher plasma levels of CRP (p = 0.035), INF-

Viruses 2021, 13, x FOR PEER REVIEW 10 of 18 
 

 

Reference Main Findings 
27 of the 67 children were followed for 5.8–8.2 years. Nine of 27 children had elevated sCD163 at 6 months after initiation of ART and had worse global cognitive ability (p = 0.07, r = −0.42), 
short term memory (p = 0.08, r = −0.52), nonverbal test performance (p = 0.05, r = −0.39). 

[25] 

Children living with HIV had higher plasma levels of CRP (p = 0.035), INF-   ƴ   (p = 0.021), IP-10 (p = 0.035), and CCL2 (p = 0.004) compared to HIV negative controls. 
CSF CCL2 positively associated with processing speed (p = 0.004). 
The association between higher CSF sCD163 and NFH could indicate a relationship between monocyte activation and axonal damage. 
Overall, markers of immune activation and inflammation seem to be associated more frequently and strongly with CNS injury in cART-treated children than conventional HIV-1 VL measure-
ments or (nadir) CD4+ T-cell counts. 

[24] 

There were significant differences between the HIV+ and control groups in domains: general intellectual functioning (p = 0.001, T = 3.46), executive functioning (p ≤ 0.001, T = 3.82), working 
memory (p ≤ 0.001, T = 4.22), verbal memory (p = 0.002, T = 3.25) visual memory (p = 0.002, T = 3.09), language (p = 0.048, T = 2.00), processing speed (p ≤ 0.001, T = 4.57). 
No significant differences between groups in motor coordination (p = 0.776, T = −0.29) attention (p = 0.059, T = 1.90) and visual spatial ability (p = 0.052, T = 1.96). 
HIV+ group had significantly lower scores on the Child Behaviour Checklist functional competence  
3 Cognitive domains were significantly negatively associated with CRP: general intelligence (p ≤ 0.01, r = −0.33), visual spatial acuity (p = 0.03, r = −0.24), and executive function (p = 0.04, r = 
−0.22).  
The controls and HIV+ without a neurocognitive disorder had no significant correlations between CRP and cognitive functioning domains (p ≥ 0.05 for all domains). 

[36] None of the markers was associated with the Full-Scale IQ test (all p > 0.05) 

[35] 

Individually, none of the nine candidate biomarkers showed significant relationships with FSIQ in linear regression models (all p > 0.05)  
Both HIV+ and HEU mean WISC-IV scores were in the low average range but did not differ significantly by HIV status (p > 0.40 for all biomarkers). 
3) Using factor analysis, a significant negative association of a group of markers (CRP, IL-6, and fibrinogen) were associated with WISC-IV processing speed score (estimate = −0.21, p = 0.032). 
This finding persisted when restricted to PHIV+ participants after adjusting for peak viral load, nadir CD4%, non-English exposure, BMI z-score, caregiver education, and household income. 

[34] * 

Higher Factor B (sCD163, sICAM-1, sVCAM-1, CRP) scores, at week 0, were associated with lower (poorer) KABC-II scores at weeks 0 (regression coefficient (RC): −2.19 (−3.67, −0.71)) and 48 
(CI: −3.04 (−4.73, −1.34)) and poorer TOVA D-prime scores at weeks 0 (RC: −0.22 (−0.36, −0.07)) and 48 (RC: −0.18 (−0.34, −0.03)). 
Higher Factor D (MIP-1β, VEGF-A); scores, at week 0, were associated with higher (better) TOVA D-prime scores at week 48 (RC: 0.17 (0.02, 0.33)) and a greater increase in TOVA D-prime 
scores between weeks 0 and 48 (RC: 0.20 (0.08, 0.33)). 
Higher Factor E (sCD14, CRP) scores at week 0, associated with increased KABC-II scores between weeks 0 and 48 (RC: −1.17 (−2.18, −0.16)). 
Higher Factor D (MIP-1β, VEGF-A) scores assessed at the start of controlled viremia was associated with higher TOVA D-prime values at Week 0. 
At week 48, higher Factor B (sCD163, sICAM-1, sVCAM-1, CRP) scores were associated with poorer KABCII scores (RC: −3.04 (−4.73, −1.34)). 

[33] * 

No inflammatory markers in mothers with HIV were significantly associated with neurodevelopmental measures in HEU children (all p > 0.05). 
HIV-1 infection was associated with lower serum levels of IFN-γ (p = 0.006) and IL-1β (p = 0.006) in HEU children at 6–10 weeks. 
HIV-1 infection was associated with lower serum levels of IFN-γ (p = 0.006), IL-1β (p < 0.001), IL-2 (p = 0.004) and IL-4 (p = 0.013) in HEU children at 24–28 months. 
In HEU children at 6–10 weeks, higher levels of IFN-γ (p = 0.011, r = −0.339), IL−10 (p = 0.001, r = −0.451), IL-12p70 (p = 0.004, r = −0.379), IL-1β (p < 0.001, r = −0.491), IL-2 (p = 0.022, r = −0.308), 
IL-4 (p = 0.002, r = −0.418), IL-6 (p = 0.004, r = −0.383) and NGAL (p = 0.004, r = −0.383) were associated with poorer motor development after controlling multiple comparisons and covariates on 
all models. 

* Longitudinal study design. Abbreviations: ART (antiretroviral therapy), body mass index (BMI), CCL2, (chemokine (C-C motif) ligand 2), confidence interval (CI), CNS 
(central nervous system), CRP (C-reactive protein), full fcale intelligence quotient (FSIQ), HIV-1 exposed uninfected (HEU), interferon (IFN), interferon γ-induced protein 
(IP-10), interleukin (IL), Kaufman Assessment Battery for Children (KABC), macrophage inflammatory protein (MIP), neurofilament heavy-chain (NFH), neutrophil gelati-
nase-associated lipocalin (NGAL), regression coefficients (RC), soluble cluster of differentiation (sCD), soluble intercellular adhesion molecule-1 (sICAM-1), soluble vas-
cular cell adhesion molecule-1 (sVCAM-1) Test of Variables of Attention (TOVA), viral load (VL) and Wechsler Intelligence Scale for Children (WISC).

(p = 0.021), IP-10 (p = 0.035), and CCL2 (p = 0.004) compared to HIV negative controls.
CSF CCL2 positively associated with processing speed (p = 0.004).
The association between higher CSF sCD163 and NFH could indicate a relationship between monocyte activation and axonal damage.
Overall, markers of immune activation and inflammation seem to be associated more frequently and strongly with CNS injury in cART-treated children than conventional HIV-1 VL measurements or (nadir) CD4+ T-cell counts.
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There were significant differences between the HIV+ and control groups in domains: general intellectual functioning (p = 0.001, T = 3.46), executive functioning (p ≤ 0.001, T = 3.82), working memory (p ≤ 0.001, T = 4.22), verbal
memory (p = 0.002, T = 3.25) visual memory (p = 0.002, T = 3.09), language (p = 0.048, T = 2.00), processing speed (p ≤ 0.001, T = 4.57).
No significant differences between groups in motor coordination (p = 0.776, T = −0.29) attention (p = 0.059, T = 1.90) and visual spatial ability (p = 0.052, T = 1.96).
HIV+ group had significantly lower scores on the Child Behaviour Checklist functional competence
3 Cognitive domains were significantly negatively associated with CRP: general intelligence (p ≤ 0.01, r = −0.33), visual spatial acuity (p = 0.03, r = −0.24), and executive function (p = 0.04, r = −0.22).
The controls and HIV+ without a neurocognitive disorder had no significant correlations between CRP and cognitive functioning domains (p ≥ 0.05 for all domains).

[36] None of the markers was associated with the Full-Scale IQ test (all p > 0.05)

[35]

Individually, none of the nine candidate biomarkers showed significant relationships with FSIQ in linear regression models (all p > 0.05)
Both HIV+ and HEU mean WISC-IV scores were in the low average range but did not differ significantly by HIV status (p > 0.40 for all biomarkers).
Using factor analysis, a significant negative association of a group of markers (CRP, IL-6, and fibrinogen) were associated with WISC-IV processing speed score (estimate = −0.21, p = 0.032). This finding persisted when restricted to
PHIV+ participants after adjusting for peak viral load, nadir CD4%, non-English exposure, BMI z-score, caregiver education, and household income.

[34] *

Higher Factor B (sCD163, sICAM-1, sVCAM-1, CRP) scores, at week 0, were associated with lower (poorer) KABC-II scores at weeks 0 (regression coefficient (RC): −2.19 (−3.67, −0.71) and 48 (CI: −3.04 (−4.73, −1.34) and poorer
TOVA D-prime scores at weeks 0 (RC: −0.22 (−0.36, −0.07) and 48 (RC: −0.18 (−0.34, −0.03).
Higher Factor D (MIP-1β, VEGF-A); scores, at week 0, were associated with higher (better) TOVA D-prime scores at week 48 (RC: 0.17 (0.02, 0.33) and a greater increase in TOVA D-prime scores between weeks 0 and 48
(RC: 0.20 (0.08, 0.33).
Higher Factor E (sCD14, CRP) scores at week 0, associated with increased KABC-II scores between weeks 0 and 48 (RC: −1.17 (−2.18, −0.16).
Higher Factor D (MIP-1β, VEGF-A) scores assessed at the start of controlled viremia was associated with higher TOVA D-prime values at Week 0.
At week 48, higher Factor B (sCD163, sICAM-1, sVCAM-1, CRP) scores were associated with poorer KABCII scores (RC: −3.04 (−4.73, −1.34).

[33] *

No inflammatory markers in mothers with HIV were significantly associated with neurodevelopmental measures in HEU children (all p > 0.05).
HIV-1 infection was associated with lower serum levels of IFN-γ (p = 0.006) and IL-1β (p = 0.006) in HEU children at 6–10 weeks.
HIV-1 infection was associated with lower serum levels of IFN-γ (p = 0.006), IL-1β (p < 0.001), IL-2 (p = 0.004) and IL-4 (p = 0.013) in HEU children at 24–28 months.
In HEU children at 6–10 weeks, higher levels of IFN-γ (p = 0.011, r = −0.339), IL−10 (p = 0.001, r = −0.451), IL-12p70 (p = 0.004, r = −0.379), IL-1β (p < 0.001, r = −0.491), IL-2 (p = 0.022, r = −0.308), IL-4 (p = 0.002, r = −0.418),
IL-6 (p = 0.004, r = −0.383) and NGAL (p = 0.004, r = −0.383) were associated with poorer motor development after controlling multiple comparisons and covariates on all models.

* Longitudinal study design. Abbreviations: ART (antiretroviral therapy), body mass index (BMI), CCL2, (chemokine (C-C motif) ligand 2), confidence interval (CI), CNS (central nervous system), CRP (C-reactive
protein), full fcale intelligence quotient (FSIQ), HIV-1 exposed uninfected (HEU), interferon (IFN), interferon γ-induced protein (IP-10), interleukin (IL), Kaufman Assessment Battery for Children (KABC),
macrophage inflammatory protein (MIP), neurofilament heavy-chain (NFH), neutrophil gelatinase-associated lipocalin (NGAL), regression coefficients (RC), soluble cluster of differentiation (sCD), soluble
intercellular adhesion molecule-1 (sICAM-1), soluble vascular cell adhesion molecule-1 (sVCAM-1) Test of Variables of Attention (TOVA), viral load (VL) and Wechsler Intelligence Scale for Children (WISC).
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3.5.2. CD4+ Count

Only two studies reported maternal CD4+ counts [26,33]; thus, the influence of
nadir/current maternal CD4+ count could not be investigated. In pediatric populations,
only two studies reported the nadir CD4+ count [35,36] and two studies reported the
current CD4+ count [24,35] (all were stratified as having >200 cells/µL). Only one of the
two studies reporting nadir CD4+ count, and both studies reporting current CD4+ count, re-
ported the association of immune markers with neurocognitive performance/development
(Supplementary Table S3).

3.5.3. ART, Inflammation, Neurodevelopmental Factors, Gender, HIV-1 Subtype, and
Duration of Infection

Only one study has indicated in utero ART exposure [33]. All studies had reported
on the exact ART regimen; however, no correlations could be made between the specific
regimen, inflammatory profile, or neurocognitive performance. With regards to factors
affecting maternal inflammation directly, only one study reported on the maternal inflam-
matory profile [33] and maternal health, and therefore no conclusions could be made.
For various neurodevelopmental factors (i.e., premature birth, socioeconomic status and
malnutrition), premature birth was reported in two studies [33,34]; however, no studies
have reported data for malnutrition and its influence on neurodevelopment in the cur-
rent context. Four studies indicated that the participants were from lower socioeconomic
status [33–36]. The remaining studies, however, indicated that participants were from
lower-income and/or developing countries, including Kenya [26] and South Africa [24].
Therefore, the majority of the studies were conducted in settings that may be affected
by socioeconomic status, and these may have influenced the inflammatory profile [37]
and neurocognitive development/performance [38]. Lastly, we wanted to determine if
any other additional factors could influence the association of the immune markers with
neurocognitive development/performance, including gender and the HIV-1 subtype. Un-
fortunately, none of the reviewed studies reported data for gender and the HIV-1 subtype
in their investigations and a conclusion regarding this could not be made in this study. All
HIV-1 pediatric populations were perinatally infected and therefore this review included
participants with varying durations of HIV-1 infection. These included participants with
HIV-1 infection for <2 years [26,34] or >2 years [24,25,35] at the time of immune maker
measurements. Regardless of the duration of HIV-1 infection, all studies reported an asso-
ciation of immune markers with neurocognitive performance/development in pediatric
HIV populations.

3.5.4. Age

Three studies included participants with infants [26,33,34] and two with developing
children [24,35] and adolescents respectively [25,36]. Regardless of the age stratification,
all age subpopulations reported an association of immune markers with neurocognitive
performance/development, which suggests that the dysregulated immune response may
contribute to neurocognitive outcomes as early as infancy into adolescence. This study
could not link particular immune markers to specific age groups because similar immune
markers were not investigated across the limited seven studies.

4. Discussion

Despite the limited number of studies in the field of pediatric HIV research, the main
finding from this review suggests that aberrant immune dysregulation (due to higher levels
of monocyte activating and pro-inflammatory markers) is associated with neurocognitive
performance in children living with HIV, and children HIV-exposed but uninfected. It is of
interest to note that 71% of the selected studies were published in the last 2 years, and all
studies within the last 10 years. Based on the limited evidence and information available,
at this stage, it was not possible to conduct a full systematic review and meta-analysis.
However, there are several important findings made in this review.
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Firstly, the markers related to monocyte activation and inflammation were associated
with neurocognitive performance in children living with HIV and in children HIV-exposed
but uninfected across several studies. These findings indicate that as in adults living with
HIV, inflammation is associated with neurocognitive impairment in children living with
HIV. Furthermore, even in the absence of HIV-1 infection, maternal HIV-1 infection may
influence the dysregulation of inflammation in pediatric populations, and this in turn im-
pairs neurodevelopment [33]. Considering the above, these findings support the role of the
dysregulated peripheral/CNS immune system (higher levels of monocyte activating and
pro-inflammatory markers due to HIV-1 exposure) in the development of neurocognitive
impairments/delays in pediatric HIV populations. Interestingly, CRP, IL-6 and sCD163
were the only markers whose association with neurocognitive impairment was supported
by at least two of the seven independent studies, and for this reason, we consider these
markers to be compelling for future investigations. We also took into consideration the fre-
quency a marker has been investigated across all studies. The findings indicate that sCD163
is an important marker for future investigation as at least 66% of the studies which included
sCD163 in their investigation found it to be associated with neurocognitive impairment in
pediatric HIV populations. sCD163 is an immune indicator for monocyte activation [39]
and therefore highlights the relevance of an activated immune system in pediatric HIV
populations. In recent systematic reviews conducted by our group, peripheral [40] and
CSF sCD163 levels [41] were consistently associated with neurocognitive impairment in
adults living with HIV. HIV-1 invades the CNS through infected monocytes and the activity
of the HIV-1 within the CNS significantly dysregulates the immune response [42]. The
dysregulated immune activation and low-grade inflammation are considered to be key
contributors to the development of cognitive deficits in adults [43] and children [44,45]
within the modern ART era. This review supports the findings from previous studies
in adults [18,39,46,47], indicating that even at younger ages, persistent monocyte acti-
vation (sCD163) and inflammation (CRP and IL-6) are potentially key pathways in the
development of neurocognitive deficits and may be targeted in developing alternative
treatment strategies. The neuropathology of HIV-1 is generally the same for adults and
children [42,48,49]; however, the effects of HIV-1 in the CNS differs when comparing these
groups. It has been suggested that children have a more (1) florid inflammation, (2) higher
frequency of multinucleated giant cells in the cerebral cortex and (3) more basophilic
mineralization [50]. Adults have more perivascular brown pigments and more obvious
white matter changes [50]. The frequency of physical brain damage for children vertically
infected is greater compared to adults living with HIV [51]. Further, substantial brain
development in the first few years of life places children living with HIV at greater risk of
developing neurocognitive impairment compared to adults [52,53]. In particular, it was
shown that language functions are more impaired in children living with HIV compared to
adults living with HIV [54], which supports the premise of the phenomenon of increased
virulence of viral infections in the immature CNS [50,55]. Studies that directly compare
inflammatory profiles between adults and children living with HIV remain limited.

Furthermore, we have particularly focused on blood and CSF immune markers due to
the (1) ease and limited invasiveness of collecting these samples compared to other sample
types (i.e., postmortem brain tissue), and (2) the fact that these samples may provide insight
into the biochemical milieu of the immune system under certain disease states.

Secondly, we report the potential determinants that may affect the associations
between the immune markers and neurodevelopmental outcomes. From the limited
evidence available, the association of immune markers with neurocognitive develop-
ment/performance was persistent regardless of CD4+ count and viral load. This potentially
represents an unchecked monocyte activation and inflammation, and this might be an
initiator for ongoing neuroinflammation and cognitive impairment. ART may be ineffective
in reducing the viral load matching pre-infection levels [56] and this further suggests that
ART alone may not be sufficient to resolve HIV-1-induced neuroinflammation and the
subsequent development of HIV-associated neurocognitive impairment in the modern ART
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era. Considering that children living with HIV are expected to live for a longer period with
HIV-1 compared to adults contracting it in later life, this may suggest that these children
may also experience an extended exposure to the dysregulated immune system (higher
levels of monocyte activation and potentially pro-inflammatory environments). This may
result in a greater risk of developing neurocognitive deficits and increased neurocognitive
severity in later life. Longitudinal studies are required for this purpose.

Thirdly, we report that studies in this field are extremely limited. This emphasizes the
growing interest in this topic and the need for further investigations, since an understand-
ing of the role of the HIV-1 dysregulated immune system in children over time may serve
to elucidate the mechanisms related to the development of HIV-associated neurocognitive
disorders.

Lastly, this review provides an overview of studies to date, reporting the association
of immune markers with neurocognitive performance in pediatric HIV populations, and
makes suggestions for the planning and execution of similar studies undertaken on this
topic in the future.

5. Recommendations

Based on the findings of the quality assessment, several suggestions could be made
to improve the quality of future studies in this area. Firstly, studies should include the
(1) duration of HIV-1 infection before participants started ART and (2) duration of treat-
ment before the assessment of immune marker levels where ART was not implemented
at birth, since an early initiation of ART was associated with many beneficial effects on
multiple markers of immune activation, inflammation and viral persistence [57–59]. Fur-
thermore, in utero ART exposure, duration, and specific ART regimens may also influence
inflammatory levels reported in the HIV pediatric cohorts; therefore, these need to be
reported as they may help contextualize the association of markers with HIV-associated
neurocognitive impairment. Secondly, neuroinflammatory marker levels and the preva-
lence of neurocognitive delays may be confounded by several factors, as highlighted
throughout the review. Therefore, studies need to report these potential confounders as
well as control for them upon statistical analysis. Studies should also control for multiple
comparisons. Thirdly, future studies should investigate all relevant maternal related fac-
tors (i.e., maternal health, inflammatory loads, ART duration and regimens) in order to
contextualize the inflammatory profiles in pediatric HIV populations. Fourthly, in studies
investigating inflammation, cognizance needs to be taken of potential neurodevelopmental
factors (i.e., premature birth, socioeconomic status, and malnutrition) which may influence
inflammatory levels. Finally, studies should develop a uniform pipeline for investigating
inflammation and neurodevelopment/neurocognitive performance, in order to limit the
potential confounding factors when interpreting findings. This will allow for improved
comparability of studies and create a clearer picture of the association of immune markers
with neurodevelopment/neurocognitive performance in pediatric HIV populations.

6. Limitations

We felt it necessary to briefly mention possible limitations to this investigation. Firstly,
seven studies met the inclusion criteria; therefore, this limited the number of significant
conclusions which could have been made if more studies were available on this topic.
As an additional aim, we wanted to investigate the possible influence of several factors,
including maternal and neurodevelopmental factors, age, gender, HIV-1 subtype, viral
suppression, duration of infection and CD4+ count on neurodevelopment in pediatric
HIV populations; however, such data were not sufficiently reported, and no conclusions
could be made. Secondly, the majority of the included studies have not declared HIV-1
subtype status. Considering the HIV-1 subtype may affect the severity of (1) neurocognitive
impairment in pediatrics [60] and adults [61] and (2) inflammation [62], this information
becomes important in contextualizing the reported associations.
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Another important factor to consider is that despite the well-defined inclusionary
criteria used in the selection of literature in this review, heterogeneity was still evident.
This heterogeneity can be explained by two factors. Firstly, the different studies employed
various measures of neurodevelopment and neurocognitive performance and the same
neurodevelopmental assessment used may not necessarily be universal and effective
across all geographical regions [63]. Secondly, there is also a significant variation in
cytokine levels between techniques of immune marker measurements [64–66], and these
variations may lead to inconsistent associations observed in the reported studies. Lastly,
although this review reported that the majority of the studies showed an association
of the analyzed immune markers with neurodevelopment/performance, these studies
report findings of selected immune markers (based on evidence of its involvement in the
neuropathophysiology of HIV-associated neurocognitive impairment), and therefore the
findings may present a selection bias. Other exploratory investigations may have reported
findings for markers that are not presented here, which may also be of value.

7. Conclusions

Here we report from the available evidence that immune dysregulation is associated
with neurodevelopment and neurocognitive performance in HIV pediatric populations.
Several immune markers were associated with neurodevelopment and neurocognitive
performance, with findings for CRP, IL-6, and sCD163 supported by at least two of the
seven selected independent studies. Furthermore, sCD163 was considered an important
marker for future investigation since the majority of the studies that selected sCD163 in
its investigation found it to be associated with neurocognitive impairment in pediatric
HIV populations. The association of immune markers with neurocognitive impairment
were reported regardless of CD4+ count and viral load. This investigation also illustrated
the limited amount of data available on the topic, emphasizing the need for further in-
vestigation. Based on our findings, we suggest the latter be conducted using uniform
investigative approaches, as these may help develop a consensus in the immune markers
analyzed and their association with neurocognitive development and impairment in HIV
pediatric populations.
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Appendix A

Full search criteria
Pubmed (n = 1447) 21/09/2021
(HIV [mh] OR HIV [tw] OR Acquired Immunodeficiency Syndrome [mh] OR “Ac-

quired Immunodeficiency Syndrome” [tw] OR AIDS [tw]) AND (HIV associated neu-
rocognitive disorders [mh] OR HAND [tw] OR neurocognitive [tw] OR cogniti* [tw] OR
Executive Function [mh] OR executive [tw] OR Memory [mh] OR memory [tw] OR Atten-
tion [mh] OR attention [tw] OR Neuropsychological Tests [mh] OR neurodevelopmental
disorders [mh] or neurodevelopment testing [tw] OR Neurocognitive development [tw])
AND (Inflammation [mh] OR inflammation [tw] OR Neurogenic Inflammation [mh] OR
neuroinflammation [tw]).

Scopus (n = 514) 21/09/2021
(HIV OR acquired immunodeficiency syndrome OR “acquired immunodeficiency

syndrome” OR aids) AND (hiv associated neurocognitive disorders OR hand OR neu-
rocognitive OR cogniti* OR executive function OR executive OR memory OR attention
OR neuropsychological tests OR neurodevelopmental disorders OR neurodevelopment
testing OR Neurocognitive development) AND (cytokines OR cytokin* OR chemokines OR
inflammation OR neurogenic inflammation OR neuroinflammation OR tnf OR interleukins)
AND (microglia OR monocytes OR monocyte* OR scd163 OR scd14 OR scd40 OR neopterin
OR interferons).

Web of Science (n = 671) 21/09/2021
TS = (HIV OR Acquired Immunodeficiency Syndrome OR” Acquired Immunodefi-

ciency Syndrome” OR AIDS) AND TS = (HIV associated neurocognitive disorders OR
HAND OR neurocognitive OR cogniti* OR Executive Function OR executive OR Memory
OR memory OR Attention OR attention OR Neuropsychological Tests neurodevelop-
mental disorders OR neurodevelopment testing OR Neurocognitive development) AND
TS = (Cytokines OR cytokin* OR Chemokines OR chemokine OR Inflammation OR inflam-
mation OR Neurogenic Inflammation OR neuroinflammation OR TNF OR Interleukins
OR interleukins) AND TS = (Microglia OR microglia OR Monocytes OR monocyte* OR
sCD163 OR sCD14 OR sCD40 OR neopterin OR interferons).

Total: 2632
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