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Abstract

CD14**CD16™ monocytes are susceptible to HIV-1 infection, and cross the blood-brain barrier.
HIV-1 subtype C (HIV-1C) shows reduced Tat protein chemoattractant activity compared to
HIV-1B, which might influence monocyte trafficking into the CNS. We hypothesized that the
proportion of monocytes in CSF in HIV-1C is lower than HIV-1B group. We sought to assess
differences in monocyte proportions in cerebrospinal fluid (CSF) and peripheral blood (PB)
between people with HIV (PWH) and without HIV (PWoH), and by HIV-1B and -C subtypes.
Immunophenotyping was performed by flow cytometry, monocytes were analyzed within

CD45 + and CD64 + gated regions and classified in classical (CD147*CD167), intermediate
(CD14**CD16%), and non-classical (CD14'°“CD16*). Among PWH, the median [IQR] CD4
nadir was 219 [32-531] cell/mm3; plasma HIV RNA (logso) was 1.60 [1.60-3.21], and 68%
were on antiretroviral therapy (ART). Participants with HI\V-1C and -B were comparable in

terms of age, duration of infection, CD4 nadir, plasma HIV RNA, and ART. The proportion of
CSF CD14**CD16* monocytes was higher in participants with HIV-1C than those with HIV-1B
[2.00(0.00-2.80) vs. 0.00(0.00-0.60) respectively, p = 0.03 after BH correction p = 0.10]. Despite
viral suppression, the proportion of total monocytes in PB increased in PWH, due to the increase
in CD14**CD16* and CD141°“CD16* monocytes. The HIV-1C Tat substitution (C30S31) did not
interfere with the migration of CD14**CD16* monocytes to the CNS. This is the first study to
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evaluate these monocytes in the CSF and PB and compare their proportions according to HIV
subtype.

Keywords

Cerebrospinal fluids (CSF); HIV subtypes; Flow cytometry; Monocytes; Intermediate; Non-
classical

Introduction

Monocytes are critical components of the primary innate immune response (Sampath et

al. 2018). They are multifunctional cells that can act as either pro- or anti-inflammatory
mediators that guide the development of innate and adaptive immune responses to pathogens
(Guilliams et al. 2014; Ziegler-Heitbrock et al. 2010). HIV enters the CNS within 4-8 days
of a peripheral infection. Monocytes/macrophages play a key role in the neuropathogenesis
of HIV because of their ability to enter and activate resident cells of the CNS, as well

as their ability to establish and maintain the CNS viral reservoir (Fischer-Smith et al.

2001; Burdo et al. 2010; Valcour et al. 2012). Within the CNS, monocytes/macrophages
and microglia are the major cell types that harbor replication-competent viruses even after
long-term viral suppression by antiretroviral therapy (ART) (Avalos et al. 2016; Gama et al.
2017; Williams et al. 2001).

In humans, monocytes can be further divided into three circulating subsets based on
expression levels of the surface proteins CD14 (co-receptor for TLR4) and CD16 (Fcy
receptor Il1a) as follows: classical (CD14**CD167), intermediate (CD14**CD16™), and non-
classical (CD14!°“CD16™) (Ziegler-Heitbrock et al. 2010). These three subsets of monocytes
are phenotypically and functionally distinct (Sampath et al. 2018).

CD14**CD16~ monocytes comprise approximately 80-95% of circulating monocytes in
the peripheral blood (PB), and are important scavenger cells; few differentiate into
macrophages, whereas most differentiate into dendritic cells (Wong et al. 2011; Chimen

et al. 2017; Villani et al. 2017; Boyette et al. 2017; Sampath et al. 2018). These cells

are effective phagocytes with multiple functions, including coordination of innate immune
responses, production of pro-and anti-inflammatory cytokines, and migration into tissues in
response to inflammatory signals (Kapellos et al. 2019; Auffray et al. 2009).

CD14**CD16" monocytes account for 2-11% (Sampath et al. 2018) of PB circulating
monocytes; they are a non-homogenous population that have the potential to differentiate
into macrophages and less frequently into dendritic cells (Villani et al. 2017; Boyette et al.
2017). Their functions include the production of reactive oxygen species (ROS), antigen
presentation (Lee et al. 2017), proliferation and stimulation of T lymphocytes, inflammatory
responses, and regulation of apoptosis. They are referred to as pro-inflammatory monocytes
because they secrete high levels of pro-inflammatory cytokines (Belge et al. 2002; Chimen
etal. 2017; Gren et al. 2015; Wong et al. 2011; Kapellos et al. 2019). This subset

expresses chemokine receptors that drive their migration into tissues (Ziegler-Heitbrock
2007) and expands in the circulatory system under several conditions, including HIV

J Neurovirol. Author manuscript; available in PMC 2024 January 05.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

de Almeida et al.

Page 3

infection (Ozanska et al. 2020; Patel et al. 2017). CD14"*CD16* monocytes express C-C
chemokine receptor (CCR) type 2 (CCR2) and selectively express CCR5, which reacts with
macrophage inflammatory protein-1a (MIP-1a), a chemokine that mediates macrophage
chemotaxis, and chemokine (C—-C motif) ligand 5 (CCLS5, also referred to as regulated on
activation, normal T cell expressed and secreted, RANTES). CD14**CD16* monocytes
express CCRS5, which is a co-receptor used by HIV to gain entry into macrophages, at
higher levels than classical monocytes, which likely accounts for their higher susceptibility
to HIV-1 infection (Zawada et al. 2011; Weber et al. 2000; Ellery et al. 2007; Campbell et al.
2014; Hijdra et al. 2013), and the fact that they preferentially transmigrate across the blood—
brain barrier (BBB) (Williams et al. 2013, 2012; Pulliam et al. 1997; Ziegler-Heitbrock
2007; Ellery et al. 2007; Jaworowski et al. 2007; Buckner et al. 2011). The circulation of
CD14**CD16™ monocytes infected with HIV contributes to chronic immune activation, and
these monocytes are thought to transport HIV into the brain (Rao et al 2014). The mature
CD14**CD16™ monocyte subset enters the CNS in response to chemokines, including
chemokine (C-C motif) ligand 2 (CCL2), also referred to as monocyte chemoattractant
protein-1, MCP-1). After HIV-infected CD14**CD16* monocytes enter the brain they can
differentiate into macrophages. The entry of infected CD14**CD16* monocytes may lead
to the infection of other CNS cells, including macrophages, microglia, and astrocytes
(Churchill et al. 2006; Thompson et al. 2011). Infected CNS cells produce additional
inflammatory mediators such as cytokines and, despite ART, produce early viral proteins,
such as Tat and gp120 (Conant et al. 1998; Weiss et al. 1999; Saylor et al. 2016; Yeung et
al. 1995; Bansal et al. 2000; Buscemi et al. 2007). This contributes to neuroinflammation
and neuronal damage that leads to HIVV-associated neurocognitive disorders (HAND) despite
ART (Veenstra et al. 2017).

CD14!°"CD16* monocytes comprise approximately 2-11% of the PB circulating
monocytes, and mainly differentiate into macrophages (Villani et al. 2017; Boyette et al.
2017; Sampath et al. 2018). They are mobile in nature and patrol the endothelium in search
of injury. They exhibit pro-inflammatory behavior and secrete inflammatory cytokines in
response to infection. These cells are also involved in antigen presentation and T-cell
stimulation (Wong et al. 2011; Chimen et al. 2017). This subset can survey vasculature,
patrol the endothelium (Kapellos et al. 2019), and promote homeostasis (Buscher et al.
2017; Hernandez and Iruela-Arispe 2020). These cells rarely respond to the inflammatory
signals that drive CD14**CD16~ and some CD14**CD16™ monocytes to transmigrate into
tissues (Chimen et al. 2017).

Monocytes that express surface CD16* possess a more mature phenotype and are associated
with gene ontology terms such as cell-to-cell adhesion, cell trafficking, proliferation, and
differentiation (Ancuta et al. 2009). In addition, they express higher levels of CX3CR1,
which explains why they more readily migrate and adhere to the fractalkine-secreting
endothelium than CD16™ monocytes (Ancuta et al. 2003; Zawada et al. 2011). However,
CD14**CD16* and CD14!°“CD16* monocytes are transcriptionally and functionally
distinct (Gren et al. 2015).

The Tat protein plays a pivotal role in inducing chemokine secretion, mainly B-chemokines
(such as CCL2) (Kutsch et al. 2000). Tat also upregulates the expression level of several
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cytokines, including TNF-a (Chen et al. 1997; Bennasser and Bahraoui 2002), which is
attributed to its C30C31 dicysteine motif (Albini et al. 1998; Beall et al. 1996). In vitro
studies have suggested that HIV-1C is less neuropathogenic than subtype B based on a
defective Tat chemokine dimotif in the C30C31 position, which might influence cellular
trafficking and CNS inflammation (Ranga et al. 2004; Williams et al. 2020). HIV-1C Tat
(C30S31) interferes with monocyte and lymphocyte migration into the CNS. An in vitro
study found that HIV-1C Tat was less effective at upregulating markers such as TNF-a in
monocytes (Gandhi et al. 2009). Furthermore, HIV-1C Tat does not induce calcium influx,
resulting in lower levels of IL-10 in monocytes (Wong et al. 2011). Our group reported
that the frequency of the C30S31 substitution in HIV-1C Tat in Brazil was 82% vs. 10%
in HIV-1B (p < 0.0001; de Almeida et al. 2021a). However, we did not find that HIV-1C
Tat was associated with less neurocognitive impairment than subtype B (de Almeida et al.
2013).

In the present study, we hypothesized that a lower proportion of monocyte subsets would
be present in the cerebrospinal fluid (CSF) of participants with HIV-1C than in those with
HIV-1B. This is expected because of the reduced transmigration of these cells, mainly
CD14**CD16" monocytes, through the BBB due to the Tat C30S31 substitution that
results in a defective HIV-1C Tat chemoattractant property. To investigate this hypothesis,
we conducted a cross-sectional survey to analyze monocyte subsets in fresh CSF and

PB samples. The aims of this study were to assess the proportions of CD14**CD16",
CD14**CD16*, and CD14/°YCD16™ monocyte subsets to: (a) compare the proportion of
each monocyte subset in CSF and PB between people with HIVV (PWH) and HIV-negative
controls (people without HIV; PWoH) and (b) compare the proportions in participants with
HIV-1B and -C. In addition, (c) secondary exploratory comparisons were performed to
assess the relationship between monocyte subsets and HIV RNA in CSF and PB samples
categorized by the distribution of HIVV RNA in both compartments.

Ethics statement

This study was conducted in accordance with the principles of the Declaration of Helsinki.
The protocols were approved by the Institutional Review Board of the Hospital de Clinicas,
Universidade Federal do Parana (Curitiba, Parand, Brazil). Written informed consent was
obtained from all participants before enrollment in the study.

Study design

This cross-sectional study explored monocyte phenotypes in the CSF of a subset of
participants enrolled in the Hospital de Clinicas, Universidade Federal do Parana (Brazil).

CSF and peripheral blood samples

CSF was collected by lumbar puncture (LP) without the addition of anticoagulant. PB
samples were collected with the addition of ethylenediaminetetraacetic acid (K3 EDTA
7.5%) at the time of the LP, and processed in parallel with the CSF.

J Neurovirol. Author manuscript; available in PMC 2024 January 05.
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Participants characteristics

In this study, 36 PB and 34 paired CSF samples were collected from 36 neuroasymptomatic
subjects, purely for research purposes, recruited from Curitiba, Southern Brazil. Participants
were selected by convenience sampling (PWH, n = 22; PWoH, n = 14).

PWH recruited were all without opportunistic CNS infections. HIV-1 subtypes were
genotyped using pol or env sequences. Genotyping revealed that eight individuals were
infected with HIV-1B, while 14 were infected with non-B HIV-1 subtypes (C,n=9; BF, n =
3; CF,n=1;and F, n =1). In 9 participants the subtype HIV-1B or C was confirmed by the
Tat sequencing (de Almeida et al. 2021a). All HIV-1B (N = 4) have Tat sequence C30C31
and all HIV-1C (N = 5) showed C30S31.

For the PWoH group, 14 age-matched subjects who underwent surgery with spinal
anesthesia were recruited. The indications for surgery were hernia (n = 3), lower-limb
varicose veins (n = 3), column surgery (n = 2), hysterectomy (n = 2), knee surgery (n

= 2), hemorrhoidectomy (n = 1), and perineoplasty (n = 1). These participants had no
neurological comorbidities or cognitive complaints, and had negative serological tests for
HIV, hepatitis C virus, and syphilis. The CSF inclusion criteria for this group were a white
blood cell (WBC) count < 5 cells/mm3, total protein < 45 mg/dL, and glucose = 55 mg/dL.
All volunteers underwent serological testing to confirm their HIV status prior to enrollment
(Brasil 2018). Demographic data, clinical and HIV infection characteristics, comorbidities,
and biochemical, cytological, and virological characteristics of CSF samples are shown in
Table 1.

Laboratory methods

Immunophenotyping—Multiparameter flow cytometry was used to identify and quantify
cellular phenotypes in the CSF and PB. Immunophenotyping was performed on fresh CSF
samples processed within 20 min of LP. Preservative medium was not added. CSF samples
(4-6 mL) were centrifuged at 500 x g at room temperature for 5 min. The supernatant

was aspirated (it was not decanted to prevent excessive cell loss), and the cell pellets were
resuspended in 300 pL of 0.5% bovine serum albumin (BSA) and gently mixed. The goal
was to obtain at least 5,000 events per tube. The cells were mixed well by inversion and
WBCs were counted using a hemocytometer (Sysmex, Roche, USA).

Sample source and processing—The relative frequency of each monocyte population
was determined using paired CSF and PB samples from both groups.

For the conventional technique, fresh PB samples containing 10° cells and 100 pL blood
were incubated for 15 min at room temperature in the dark with pre-titrated saturating
amounts of four-color combinations of fluorochrome-conjugated and monoclonal antibody
(MoAb): fluorescein isothi-ocyanate (FITC), peridinin-chlorophyll-protein (PerCP), or
peridinin-chlorophyll-protein cyanine 5.5 (PerCPCy5.5) and allophycocyanin (APC). An
additional unstained sample was processed in parallel as a negative control. Non-nucleated
red blood cells were lysed using FACS lysing solution (BD Biosciences, San Jose, CA,
USA), according to the manufacturer’s instructions. The remaining cells were sequentially

J Neurovirol. Author manuscript; available in PMC 2024 January 05.
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centrifuged at 500 x g at room temperature for 5 min, washed twice in phosphate-buffered
saline (PBS pH 7.4) or PBS plus 0.5% BSA (pH 7.4), and resuspended in 300 uL of PBS for
FC acquisition and analysis (Craig et al. 2011). For each PB sample aliquot, a minimum of
50,000 events were acquired using the CellQUEST software (BD Biosciences).

Flow cytometry analysis—CSF and PB cells were analyzed for surface marker
expression using flow cytometry. Cells were stained with optimal concen-trations of

the following monoclonal antibodies: control mouse isotypes and anti-human CD45
conjugated with peridinin chlorophyllprotein/cyanin 5 (PerCP-Cy5.5), anti-human CD14
conjugated with allophycocyanin (APC; BD Biosciences, San Jose, CA, USA), anti-human
CD16 conjugated with FITC (BD Biosciences), and anti-human CD64 conjugated with
phycoerythrin (PE; Beckman-Coulter, Brea, CA, USA).

CSF cell staining was performed at room temperature in the dark, and washes and
incubations were performed in 0.5% PBS/BSA. Whole PB samples were labeled for 15 min
at room temperature and then lysed with 2 mL lysis solution (BD Biosciences). The cells
were then washed twice. For data acquisition and analysis, a flow cytometer (FACSCalibur
™ Four Color, BD Biosciences) with Infinicyt software 2.0 (Cytognos, Salamanca, Spain)
was used. Monocytes were analyzed within the CD45* and CD64* gated regions.

The entire cell suspension was acquired for CSF samples, and the median (interquartile
range; IQR) number of events was 1328 (885-2648), of which 116 (69.5-478.0) were
analyzed. CSF samples with fewer than 10 cells (events) acquired in the phenotype gate
were considered to have zero events (Quijano et al. 2009). The percentage of positive cells
was measured from a cut-off set using an isotype-matched nonspecific control antibody. The
gating strategy used for flow cytometry experiments to define each monocyte population
was developed for PB samples and applied to CSF samples (Supplementary Fig. 1).

The total monocytes/CD3"CD19" and the CD3*/total monocytes ratios were calculated, in
order to evaluate the predominance of adaptive or innate immune response in CSF or PB
(Han et al. 2014; Njemini et al. 2014; Bielekova and Pranzatelli 2017).

Clinical laboratory measurements—Nadir CD3*CD4* counts were retrieved from
the medical records. Total CSF protein, glucose, and WBC counts were quantified using
standard laboratory methods. The total CSF WBC count (cells/mm3) was quantified using
fresh, non-centrifuged CSF samples immediately after LP.

Quantification of plasma and CSF HIV RNA levels—HIV RNA levels in PB and
CSF were quantified using the m24sp and m2000 Real-Time System (Abbott, Chicago,

IL, USA) using 1 mL of CSF or plasma. The assays were performed immediately after
sample collection. Samples with HIV RNA levels > 40 copies/mL were within the detection
limit. The data are shown as logg values. HIV groups were categorized based on the
quantification of HIV RNA in paired CSF and PB samples, when CSF > PB, the discordance
between levels was defined as the CSF HIV RNA level with any value greater than the PB
viral load; PB > CSF; and suppressed (aviremic) in both compartments.

J Neurovirol. Author manuscript; available in PMC 2024 January 05.
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Data analyses

The demographic and HIV disease characteristics and biochemical, cytological, and virology
measures of the CSF are presented as the median (IQR or range) or number (%), as
appropriate, and were compared between individuals infected with HIV-1B and -C using

the independent sample ~test for continuous variables and Fisher’s exact test for binary and
categorical variables (i.e., sex, AIDS diagnosis, ART, and HIV RNA in plasma and CSF).
Similar methods were used to compare the demographics and biochemical and cytological
measures of CSF between PWH (including subtypes B, C, BF, BC, CF, and F) and PWoH.

The proportion was assigned a missing value if the denominator (number of events) was
zero. Comparisons of monocyte subsets between CSF vs. peripheral blood (PB), PWH vs.
PWoH, and HIV-1B vs. HIV-1C in CSF and PB were performed using weighted linear
regression analyses. To stabilize the variance and improve normality, the proportion of
monocyte subsets was arcsine square root-transformed prior to statistical analysis. The
weight in the regression model was regarded as N (events), and more weight was assigned
to larger denominators because the proportions with small denominators (events) were noisy.
For some monocyte subsets, the Wilcoxon test was used due to highly skewed data; Welch’s
two-sample t-test was conducted when two groups had unequal variance (i.e., variance = 0
for one group). Multiple testing corrections for multiple related biomarkers were performed
using the Benjamini-Hochberg (BH) procedure. Age and sex were considered as covariates
in comparisons of biomarkers between the PWH and PWoH groups, and blood/CSF HIV
viral load suppression as covariates in comparisons of biomarkers between HIV-1B and -C.

In the exploratory analysis, PWH were categorized into three groups ( CSF > PB, CSF < PB,
and aviremic) based on the distribution of HIV RNA in the CSF and PB. The proportion of
monocyte subsets in the CSF and PB was compared among groups using the Kruskal-Wallis
test and pairwise comparisons were made using the Mann—Whitney test.

Correlation coefficients (p) between the proportion of monocyte subsets and the main
lymphocyte subpopulations in CSF and PB (described in detail in de Almeida et al.

2022a), CSF characteristics (white blood cell count and total protein), CSF and PB HIV
RNA, nadir CD3*CD4", PB CD3*CD4* recovery, duration of infection, and CNS anti-
retroviral Penetration-Effectiveness Rank (CPE, Letendre et al. 2010), were estimated using
Spearman’s rank-order method.

The R software (version 3.4.1) was used to perform statistical analyses. The significance
level of a was set at 5%. The effect size (ES), analogous to Cohen’s d (and 95% confidence
interval [CI]), was estimated as the coefficient divided by the residual standard deviation.

Results

Subject characteristics

Age and sex were comparable between the PWH and PWoH groups. Among PWH, the
median (IQR) CD4 nadir was 219 (33-532) cells/mm3, the median plasma HIV RNA (log1o)
was 1.60 (1.60-3.21), and 68% were on ART. Individuals infected with HIV-1C and HIV-1B
did not differ in age or HIV infection characteristics, including duration of infection, CSF

J Neurovirol. Author manuscript; available in PMC 2024 January 05.
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and plasma HIV RNA, nadir CD4 counts, CSF WBC count, and frequency of ART use (p >
0.05), but differed in sex (33.3% vs. 100% males, respectively, p = 0.009; Table 1).

Monocyte subsets in CSF and blood in PWH infected with HIV-1B and HIV-1C

The proportion of CD14**CD16* monocytes in CSF analyzed in the leukocyte gate was
higher in participants with HIV-1C than in those with HIV-1B [2.00 (0.00-2.80) vs. 0.00
(0.00-0.60), respectively; Cohens @, 2.12; p = 0.03 after BH correction p = 0.10] (Table
2 and Fig. 1a). The proportion of total monocytes and monocyte subsets in the PB was
comparable between HIV-1C and HIV-1B participants (Table 2).

The proportion of CD14** CD16~ monocytes in the CSF was comparable between HIV-1B
and HIV-1C participants (p = 0.63) (Table 2). There were more CSF samples with total
monocytes [7/8 (87.50%) vs. 2/7 (28.57%), p = 0.041] and a trend of more CSF samples
with CD14**CD16" or CD14*+*CD16~ monocytes in HIV-1C participants than in HIV-1B
participants [4/5 (80.00%) vs. 1/7 (17.29%), p = 0.072 and 2/5 (40.00%) vs. 1/7 (17.29%), p
= 0.523, respectively] (Table 2).

A subgroup of PWH was categorized according with the Tat sequencing in C30C31
(HIV-1B, n = 4) and C30S31 (HIV-1C, n = 5), the total monocytes and its subsets in

CSF and PB were comparable (Supplementary Table 2). However we must consider the low
number of samples in each group.

Monocyte subsets in CSF and blood in PWH and PWoH

HIV-infected and uninfected participants had distinct proportions of monocyte subsets in the
CSF and PB (Table 3). The proportion of total monocytes in the CSF did not significantly
differ between PWH and PWoH [0.50 (0.00-2.60) vs. 0.00 (0.00-4.35), p = 0.383)]. The
proportions of CD14**CD16™ and CD14"*CD16™ monocytes in the CSF were comparable
between PWH and PWoH (all p > 0.05) (Table 3 and Fig. 1b).

The number of CSF samples with total monocytes was numerically higher in PWH

than in PWoH (10/20, 50.00% vs. 3/14, 21.43% respectively, p = 0.153), although the
difference was not significant (Table 3), as well as the number of CSF samples with
CD14**CD16™ monocytes [6/17 (35.29%) vs. 3/14 (21.43%), respectively, p = 0.456].
CD14!o% CD16* monocytes were not present in any CSF samples in either group (Table 3).
PB CD14**CD16™ monocytes were predominant in both PWH and PWoH, with a higher
proportion in PWoH (p < 0.05). The proportions of CD14**CD16* and CD14!CD16*
monocytes were higher in the PWH group than in the PWoH group (both p < 0.05) (Table 3).

In CSF and PB of PWH there was predominance of adaptive, mainly CD3™ cell response,
over innate immune response (Table 3). In the four CSF samples with CD3~CD19*
identified, there was predominance of innate immune response in two; all these four samples
were HIV-1C (Table 2).

J Neurovirol. Author manuscript; available in PMC 2024 January 05.
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Monocyte subsets in CSF and peripheral blood in PWH categorized according to the
distribution of HIV RNA in CSF and blood compartments

The proportion of CD14*+*CD16* monocytes in the CSF was higher in PWH without viral
suppression in the CSF or PB (i.e., greater HIV RNA levels in CSF than PB, or greater

in PB than in CSF) than participants with viral suppression (i.e., aviremic in CSF and PB)
[66.00 (31.00-100.00); 73.05 (0.0-100.00); 0.00 (0.00-0.00), respectively, p = 0.003] (Table
4 and Fig. 1c). This indicates that there is more transmigration of CD14**CD16™ monocytes
through the BBB in PWH with uncontrolled HIV infection.

The proportion of CD14**CD16" monocytes in the CSF was comparable between the
two non-suppressed groups. In the HIV-suppressed group, there were no CD14**CD16™"
monocytes in the CSF (p > 0.05, Table 4).

A pairwise comparison of the non-suppressed group with the PWoH group is shown in Table
4.

Analyzing the groups on-HAART and non-HAART in CSF total monocytes and its subsets
were comparable; in PB CD141°VCD16* were higher in the on-HAART than the non-
HAART (p = 0.07), the others were comparable (Supplementary Table 3).

Correlations among HIV-1 infection characteristics

CD14**CD16™ monocytes in the CSF were positively correlated with CSF and PB HIV
RNA [p = 0.685 (0.290-0.880), p = 0.002 and p = 0.752 (0.412-0.908), p = 0.0005,
respectively]; CD14**CD16* monocytes in the PB were negatively correlated with CSF
HIV RNA [p = -0.558 (-0.812— —0.124), p = 0.013]; and total monocytes and HIV RNA
in the PB were negatively correlated [p = —0.437 (—-0.731- -0.005), p = 0.042] (Fig. 2b,
f-h). There was no correlation between total monocytes or their subsets and CD3*CD4*
nadir, PB CD3*CD4* recovery, duration of infection, and CNS anti-retroviral Penetration-
Effectiveness Rank (CPE) (data not shown).

Correlations between monocytes in the leukocyte gate (gate 45) and the main lymphocyte
populations

Total monocytes in the CSF were negatively correlated with CSF CD3* [p = —0.528
(-0.792—-0.097), p = 0.017]. CSF CD14**CD16~ monocytes were correlated with CSF
CD37CD19 + [p = 0.508 (0.020-0.800), p = 0.038)]. CD14"*CD16™ monocytes in the

CSF were positively correlated with CSF WBC count [p = 0.506 (0.017-0.799), p =

0.038] and CSF CD3"CD19* [p = 0.688 (0.295-0.882), p = 0.002], whereas they were
negatively correlated with CSF CD3* [p = -0.866 (—0.953--0.652), p < 0.0001] (Fig. 2a,
c-€). CD14**CD16~ monocytes in the PB were not related to the other PB monocytes

(data not shown). There was no correlation between monocyte subsets in the CSF and

their corresponding subsets in the PB (data not shown). Data showing the main lymphocyte
populations in the studied groups have been published previously (de Almeida et al. 2022a).
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Discussion

In this study, we used flow cytometry to analyze the direct impact of HIV subtypes on the
migration of monocytes from the PB to CSF. Different from other studies that indirectly
investigated this impact by analyzing inflammatory and immunologically soluble biomarkers
(de Almeida et al. 2016, 2020, 2021b, 2022b, c). The proportion of CD14**CD16*
monocytes in the CSF was higher in participants with HIV-1C than in those with HIV-1B,
while the proportion in PB was comparable between the two subtypes. Although these
findings do not support the hypothesis of this study, and in fact oppose our hypothesis, they
are valuable as they show that HIVV-1C Tat and HIV-B Tat are capable of stimulating the in
vivo transmigration of CD14**CD16™ monocytes through the BBB. This is the first study to
demonstrate this in human samples.

In this study, the proportion of total monocytes in the PB was higher in PWH than that

in PWoH, mainly because of the higher proportions of CD14**CD16* and CD14/°vCD16*
monocytes. In the CSF, although there was an increase in the proportion of CD14**CD16*
monocytes in PWH, this increase was not significant, probably due to the small sample
size. Monocytes were identified in 50% of the CSF samples in the PWH group. In normal
CSF, the proportion of total monocytes in the CSF is small, ranging from 0 to 22% (Ho et
al. 2013; Kowarik et al. 2014). Lymphocyte T cells are the most abundant cell type in the
CSF, with a predominance of CD3*CD4* over CD3*CD8™" T cells (de Graaf et al. 2011; de
Almeida et al. 2022a).

This study adds to the published literature by analyzing paired CSF and PB samples of
HIV-1C compared with HIV-1B subtypes. It is widely accepted that HIV infection of the
CNS targets cells of monocyte-macrophage-microglial lineage and is associated with an
increase in CD14** CD16* monocytes in the blood and monocyte migration into the brain
(\Veenhuis et al. 2021), causing immune activation and BBB disruption (Williams et al. 2012;
Williams et al. 2013, 2014a, b; Campbell et al. 2014; Fischer-Smith et al. 2001).

Previously, our group found comparable levels of CCL2 in HIV-1C and —1B CSF and serum
samples, showing that in vivo, HIV-1C Tat as well as HIVV-1B Tat were capable of activating
CCL2 and other p-chemokines at comparable levels (de Almeida et al. 2016). These findings
are in line with those of the present study, as prior to entering the CNS, monocytes must

be directed to their site of entry at the BBB by the chemokine gradient. HIV-infected
CD14** CD16* monocytes transmigrated across the BBB in far greater numbers in response
to CCL2 than their uninfected counterparts did. This heightened sensitivity to CCL2

is mediated by increased CCR2 expression in HIV-infected CD14** CD16™ monocytes
(Williams et al. 2013).

The findings of the present study provide additional support for our previously published
studies, which found a comparable frequency of HAND between HIV-1B and -C
participants (de Almeida et al. 2013). Moreover, CSF inflammation was investigated
based on the increase in CSF WBC count, interleukin levels, 1gG intrathecal synthesis,
and the presence of oligoclonal bands, as well as CSF discordance or CSF viral escape,
which were comparable between HIV-1C and —1B participants (de Almeida et al. 2016,
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2020, 2021b). Recently, our group investigated differences in the proportions of the main
lymphocyte subpopulations between HIV subtype using the same cohort of PWH as in the
present study, and found that the proportions of CD3*CD4*, CD3*CD8*, and CD3"CD19"
lymphocytes in the CSF were comparable between HIV-1B and C samples. This shows
that the HIV-1C Tat substitution (C30S31) did not interfere with migration of the main
lymphocyte subpopulations to the CNS (de Almeida et al. 2022a).

Our group evaluated the soluble form of CD14 (sCD14, a marker of monocyte activation) in
CSF and serum in a different cohort of PWH than that included in the present study. During
cellular activation, sCD14 is generated by proteolytic shedding of the membrane-associated
form (mCD14) (Striz et al. 1995). However, in contrast with the findings of this study, we
found an increase in sCD14 that was subtype-dependent, with a greater increase in HIV-1B
than in C participants, which was in accordance with our hypothesis (de Almeida et al.
2022b). This was the first time that subtype-dependent differences were described in terms
of inflammatory biomarker stimulation. The reduced monocyte stimulation observed in
HIV-1C samples when compared to HIV-1B could be attributed to the Tat C30S31 mutation
present in HIV-1C Tat, which would be in line with the results of in vitro studies (Gandhi et
al. 2009; Ranga et al. 2004; Williams et al. 2020). However, our group evaluated the impact
of HIV-1 on other monocyte activation biomarkers in CSF and serum, including SuPAR,
2m, and neopterin, and did not find differences by subtype (de Almeida et al. 2022c).

There was no correlation between monocyte subsets in the CSF and the corresponding
population in PB, in accordance with a previous study that found no correlation between
total monocytes in the CSF and PB (Ho et al. 2013).

In this study, the proportion of CD14**CD16* monocytes in the CSF was high and
comparable in PWH groups without viral suppression (i.e., HIV RNA level greater in
CSF than in PB, or greater in PB than in CSF), but these monocytes were not present in
the HIV-suppressed group. CD14/°"CD16* monocytes were not identified in the CSF of
any group. One study showed that 24 weeks after ARV, the percentage of non-classical
monocytes decreased in the CSF (Amundson et al. 2020).

In the current study, the proportion of CD14**CD16* monocytes in the CSF increased with
increasing CSF and PB HIV RNA levels, indicating a higher proportion of transmigration of
CD14**CD16™ monocytes in non-suppressed PWH. It has been reported that HIV-infected
CD14**CD16" monocytes preferentially transmigrate across the BBB, which is mediated
by increased surface expression of junctional adhesion molecule A (JAM-A) and activated
leukocyte cellular adhesion molecule (ALCAM) (Williams et al. 2015; Veenstra et al.

2017), and the chemokine receptor CCR2, which is the only known receptor for CCL2

on monocytes (MVolpe et al. 2012). CCR2 and the adhesion markers are not the only receptors
that may mediate monocytes transmigration, monocytes can express CXCR3 and respond

to the CXCL10 gradient among others (Niu et al. 2021). The finding that HIV-infected
CD14**CD16™ monocytes preferentially transmigrate across the BBB suggests that this
contributes to the initial seeding and replenishment of reservoirs within the CNS (\Veenstra
et al. 2017). Similar to their intermediate precursors, the CD14!°¥CD16* monocyte subset
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can also be infected with HIV and this monocytes subset expands during HIV infection
(Campbell et al. 2014).

In this study, no CD14**CD16* monocytes were identified in the CSF of participants with
HIV suppression in either the CSF and PB, indicating that the intermediate monocytes

did not transmigrate to the BBB in these conditions, or did so in a limited number. The
proportions of CD14**CD16* and CD14!°“CD16™ monocytes were higher in the PB of
PWH than in PWoH, despite virological control, in accordance with a previous report
(Williams et al. 2015). This is important because, although CD14*+*CD16* monocytes were
not present in the CSF in the group with HIV suppression in the CNS and PB (aviremic
group) in this study, these monocytes can migrate from the PB to CNS, replenish, and
restore the reservoir. The CD14**CD16™ monocyte population is the most susceptible to
HIV-1 infection (Campbell et al. 2014; Hijdra et al. 2013), and preferentially transmigrates
across the BBB (Williams et al. 2013; Pulliam et al. 1997; Ziegler-Heitbrock 2007; Ellery et
al. 2007; Jaworowski et al. 2007).

The main strength of this study is the fact that it was the first to examine monocyte subsets
in the CSF and serum of participants infected with HI\V-1C and compare them with HIV-
negative healthy controls. All previous studies limited their analyses to HIV-1B samples.
Additionally, participants with HIV-1B and —1C were from the same geographical region
in southern Brazil and were similar in age and sex. We analyzed a subgroup of participants
categorized according with the Tat sequencing (C30C31 or C30S31), although the number
of samples was small in each group, this was the first time it was analyzed.

The PWH and PWoH samples were analyzed concurrently. The healthy HIV-negative
control group (PWoH) consisted of neuro asymptomatic HIV- and hepatitis C virus-
seronegative participants, rather than subjects with non-inflammatory neurological disease.
The use of fresh samples allowed us to account for all monocytes present in the PB and CSF
at the time of drawing. Freezing and subsequent thawing of PBMCs can lead to preferential
loss of inflammatory cell types (Rundgren et al. 2018).

This study had the following limitations:

The small sample size increased the possibility of a type 1l error when comparing PWH and
PWOH, as well as when comparing HIV-1B and HIV-1C participants, and when comparing
groups based on CSF/plasma HIV RNA, limiting the capacity of meaningful conclusions.
However, the absolute values of Cohen’s d effect sizes were medium to large, indicating
that the sample size was sufficient for power analysis of the comparisons of the PWH and
PWoH, as well as HIV-1B and HIV-1C.

Despite monocytes were minor leucocytes population in CSF, other studies, including from
PWH, have detected monocytes in CSF (Ho et al. 2013; Amundson et al. 2020), while in
this study, many samples did not have monocytes detected at all. We must consider that
the CSF monocytes reference range, calculated in symptomatic controls (i.e. headache and
paresthesia of unspecific origin) was 0.0 to 21.6% (Kowarik et al. 2014)
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The study enrolled both untreated PWH and those using ART, with most of the participants
being on ART. This could be a major confounding factor, and the differences in the
populations may be based on CSF viral load rather than viral sequences. We attempted

to overcome this limitation by controlling for the effect of plasma HIV viral load in the
multivariable analysis, and analyzing the groups on-HAART and non-HAART. Nonetheless,
HIV-1B and HIV-1C were found to be comparable in the CSF to plasma HIV RNA ratio.

As the sample size was small, mainly when analyzing HIV-1C and HIV-1B, to avoid
overfitting and in order to generate more precise statistical results, we included only one
covariate. The authors decided to include peripheral blood HIV viral load, to the detriment
of CSF HIV RNA, age or sex.

In this study HIV-1 was genotyped based on pol or env sequences, Tat sequencing was not
addressed. In a previous study of our group sequencing HIV-1 Tat, with another cohort of
participants, HIV-1C was confirmed by the presence of the C30S31 substitution in 82% and
HIV-1B was confirmed, by the absence of this substitution, in 90% of the participants (de
Almeida et al. 2021a).

The method used to quantify HIV RNA in PB and CSF samples had a limit of detection
of 40 copies/mL, which is less sensitive than other comparable assays currently available.
Single-molecule assays, which quantify plasma HIV-1 RNA down to a single copy, have
enhanced our understanding of the source and dynamics of persistent HIV-1 in the plasma,
cells, and reservoirs of PWH. Future CSF studies will benefit from the utilization of these
methodologies, as viremia persists in the plasma and CSF even after years of effective
therapy (Wang and Palmer 2018).

The study was limited by its cross-sectional design.

In addition, the present study did not evaluate neuropsychological function, and evidence
from cross-sectional studies indicates that increased circulation of CD14** CD16*
monocytes infected with HIV is associated with neuropsychiatric impairment (Shiramizu
et al. 2005; Williams et al. 2013; Williams et al. 2014a, b; Veenstra et al. 2019; Veenhuis et
al. 2021).

Conclusion

The results showed that the proportions of PB CD14**CD16* and CD14/°VCD16*
monocytes were higher in PWH than those in PWoH, despite viral suppression. The

impact of HIV-1 on CD14**CD16* monocytes indicated that BBB transmigration was
subtype-dependent and higher in HIV-1C than in —1B participants, showing that both HIV-1
subtypes effectively stimulate the transmigration of CD14*+*CD16" monocytes. Thus, the
HIV-1C Tat substitution (C30S31) did not affect the migration of CD14**CD16" monocytes
in the CNS. In addition, other HIV proteins such as gp-120 or the auxiliary protein Nef

are involved in cytokine and chemokine stimulation and WBC transfer to the CNS. To our
knowledge, this is the first study to evaluate monocyte subsets in both the CSF and serum
of HIV-1C participants, thereby contributing to the understanding of the pathophysiology
of HIV infection in the CNS and the impact of HIV-1 genetic diversity on intermediate
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monocyte activation, as well as reservoir establishment and replenishment. This was an
exploratory study, its importance is that it is the first study to address monocytes subsets
in CSF HIV-1 C compared with HIV-1B, however more studies are necessary for more
meaningful conclusions.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgements

The authors acknowledge Yara Schluga, BSc; Julie Lilian P Justus, BSc; Maria Tadeu da Rocha; Edna Martins for
providing laboratory support for flow cytometry analysis.

Funding

This research did not receive any specific grant from funding agencies in the public, commercial, or not-for-profit
sectors.

Data availability

Prof. Sergio Monteiro de Almeida, declare that he has full access to all of the data.
Anonymized data from the current study will be made available at the request of qualified
investigators if approved by our Research Ethics Board.

References

Albini A, Benelli R, Giunciuglio D, Cai T, Mariani G, Ferrini S, Noonan D (1998) Identification
of a novel domain of HIV tat involved in monocyte chemotaxis. J Biol Chem 273:15895-15900
[PubMed: 9632634]

Amundson B, Lai L, Mulligan MJ, Xu Y, Zheng Z, Kundu S, Lennox JL, Waldrop-Valverde D,
Franklin D, Swaims-Kohlmeier A, Letendre SL, Anderson AM (2020) Distinct cellular immune
properties in cerebrospinal fluid are associated with cognition in HIV-infected individuals initiating
antiretroviral therapy. J Neuroimmunol 344:577246 [PubMed: 32371201]

Ancuta P, Rao R, Moses A, Mehle A, Shaw SK, Luscinskas FW, Gabuzda D (2003) Fractalkine
preferentially mediates arrest and migration of CD16™ monocytes. J Exp Med 197:1701-1707
[PubMed: 12810688]

Ancuta P, Liu KY, Misra V, Wacleche VS, Gosselin A, Zhou X, Gabuzda D (2009) Transcriptional
profiling reveals developmental relationship and distinct biological functions of CD16" and CD16~
monocyte subsets. BMC Genom 10:403

Auffray C, Sieweke MH, Geissmann F (2009) Blood monocytes: development, heterogeneity, and
relationship with dendritic cells. Annu Rev Immunol 27:669-692 [PubMed: 19132917]

Avalos CR, Price SL, Forsyth ER, Pin JN, Shirk EN, Bullock BT, Queen SE, Li M, Gellerup D,
O’Connor SL, Zink MC, Mankowski JL, Gama L, Clements JE (2016) Quantitation of productively
infected monocytes and macrophages of simian immunodeficiency virus-infected macaques. J Virol
90:5643-5656 [PubMed: 27030272]

Bansal AK, Mactutus CF, Nath A, Maragos W, Hauser KF, Booze RM (2000) Neurotoxicity of HIV-1
proteins gp120 and Tat in the rat striatum. Brain Res 879:42-49 [PubMed: 11011004]

Beall CJ, Mahajan S, Kuhn DE, Kolattukudy PE (1996) Site-directed mutagenesis of monocyte
chemoattractant protein-1 identifies two regions of the polypeptide essential for biological activity.
Biochem J 313:633-640 [PubMed: 8573103]

J Neurovirol. Author manuscript; available in PMC 2024 January 05.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

de Almeida et al.

Page 15

Belge KU, Dayyani F, Horelt A, Siedlar M, Frankenberger M, Frankenberger B, Espevik T, Ziegler-
Heitbrock L (2002) The proinflammatory CD14+CD16+DR++ monocytes are a major source of
TNF. J Immunol 168:3536-3542 [PubMed: 11907116]

Bennasser Y, Bahraoui E (2002) HIV-1 Tat protein induces interleukin-10 in human peripheral blood
monocytes, involvement of protein kinase C-beta Il and -delta. FASEB J 16:546-554 [PubMed:
11919157]

Bielekova B, Pranzatelli MR (2017) Promise, Progress, and Pitfalls in the Search for Central
Nervous System Biomarkers in Neuroimmunological Diseases: A Role for Cerebrospinal Fluid
Immunophenotyping. Semin Pediatr Neurol 24:229-239 [PubMed: 29103430]

Boyette LB, Macedo C, Hadi K, Elinoff BD, Walters JT, Ramaswami, Chalasani G, Taboas JM, Lakkis
FG, Metes DM (2017) Phenotype, function, and differentiation potential of human monocyte
subsets. PLoS ONE 12(4):e0176460 [PubMed: 28445506]

Brasil (2018) Ministério da Saude. Programa Nacional de DST/AIDS. http://www.aids.gov.br/
assistencia/manualdst/item12.htm. Accessed 01 Oct 2022

Buckner CM, Calderon TM, Willams DW, Belbin TJ, Berman JW (2011) Characterization of
monocyte maturation/differentiation that facilitates their transmigration across the blood-brain
barrier and infection by HIV: implications for NeuroAIDS. Cell Immunol 267:109-123 [PubMed:
21292246]

Burdo TH, Soulas C, Orzechowski K, Button J, Krishnan A, Sugimoto C, Alvarez X, Kuroda MJ,
Williams KC (2010) Increased monocyte turnover from bone marrow correlates with severity of
SIV encephalitis and CD163 levels in plasma. PLoS Pathog 6:61000842 [PubMed: 20419144]

Buscemi L, Ramonet D, Geiger JD (2007) Human immunodeficiency virus type-1 protein Tat
induces tumor necrosis factor-alpha-mediated neurotoxicity. Neurobiol Dis 26:661-670 [PubMed:
17451964]

Buscher K, Marcovecchio P, Hedrick CC, Ley K (2017) Patrolling mechanics of non-classical
monocytes in vascular inflammation. Front Cardiovasc Med 4:80 [PubMed: 29312957]

Campbell JH, Hearps AC, Martin GE, Williams KC, Crowe SM (2014) The importance of monocytes
and macrophages in HIV pathogenesis, treatment, and cure. AIDS 28:2175-2187 [PubMed:
25144219]

Chen P, Mayne M, Power C, Nath A (1997) The Tat protein of HIV-1 induces tumor necrosis
factor-alpha production. Implications for HIV-1-associated neurological diseases. J Biol Chem
272:22385-22388 [PubMed: 9278385]

Chimen M, Yates CM, McGettrick HM, Ward LS, Harrison MJ, Apta B, Dib LH, Imhof BA,

Harrison P, Nash GB, Rainger GE (2017) Monocyte subsets coregulate inflammatory responses by
integrated signaling through TNF and IL-6 at the endothelial cell interface. J Immunol 198:2834—
2843 [PubMed: 28193827]

Churchill MJ, Gorry PR, Cowley D, Lal L, Sonza S, Purcell DF, Thompson KA, Gabuzda D,
McArthur JC, Pardo CA, Wesselingh SL (2006) Use of laser capture microdissection to detect
integrated HIV-1 DNA in macrophages and astrocytes from autopsy brain tissues. J Neurovirol
12:146-152 [PubMed: 16798676]

Conant K, Garzino-Demo A, Nath A, McArthur JC, Halliday W, Power C, Gallo RC, Major EO (1998)
Induction of monocyte chemoattractant protein-1 in HIV-1 Tat-stimulated astrocytes and elevation
in AIDS de dementia. Proc Natl Acad Sci USA 95:3117-3121 [PubMed: 9501225]

Craig FE, Ohori NP, Gorrill TS, Swerdlow SH (2011) Flow cytometric immunophenotyping of
cerebrospinal fluid specimens. Am J Clin Pathol 135:22-34 [PubMed: 21173121]

de Almeida SM, Ribeiro CE, de Pereira AP, Badiee J, Cherner M, Smith D, Maich I, Raboni SM, Rotta
I, Barbosa FJ, Heaton RK, Umlauf A, Ellis RJ (2013) Neurocognitive impairment in HIV-1 clade
C-versus B-infected individuals in Southern Brazil. J Neurovirol 19:550-556 [PubMed: 24277437]

de Almeida SM, Rotta I, Jiang Y, Li X, Raboni SM, Ribeiro CE, Smith D, Potter M, Vaida F, Letendre
S, Ellis RJ (2016) Biomarkers of chemotaxis and inflammation in cerebrospinal fluid and serum in
individuals with HIV-1 subtype C versus B. J Neurovirol 22:715-724 [PubMed: 27400932]

de Almeida SM, Rotta I, de Pereira AP, Tang B, Umlauf A, Ribeiro CEL, Letendre S, Ellis RJ (2020)
Cerebrospinal fluid pleocytosis as a predictive factor for CSF and plasma HIVV RNA discordance
and escape. J Neurovirol 26:241-251 [PubMed: 32002817]

J Neurovirol. Author manuscript; available in PMC 2024 January 05.


http://www.aids.gov.br/assistencia/manualdst/item12.htm
http://www.aids.gov.br/assistencia/manualdst/item12.htm

1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

de Almeida et al.

Page 16

de Almeida SM, Rotta I, Vidal LRR, Dos Santos JS, Nath A, Johnson K, Letendre S, Ellis RJ (2021a)
HIV-1C and HIV-1B Tat protein polymorphism in Southern Brazil. J Neurovirol 27:126-136
[PubMed: 33462791]

de Almeida SM, Rotta I, Tang B, Vaida F, Letendre S, Ellis RJ (2021b) IgG intrathecal synthesis
in HIV-associated neurocognitive disorder (HAND) according to the HIV-1 subtypes and pattern
of HIV RNA in CNS and plasma compartments. J Neuroimmunology 355:577542 [PubMed:
33845284]

de Almeida SM, Beltrame MP, Tang B, Rotta I, Schluga Y, Justus JLP, da Rocha MT, Abramson I,
Vaida F, Schrier R, Ellis RJ (2022a) Main lymphocyte subpopulations in cerebrospinal fluid and
peripheral blood in HIV-1 subtypes C and B. J Neurovirol 28:291-304 [PubMed: 35190973]

de Almeida SM, Tang B, Vaida F, Letendre S, Ellis RJ (2022) Soluble CD14 is subtype-dependent in
serum but not in cerebrospinal fluid in people with HIV. J Neuroimmunol 366:577845 [PubMed:
35313166]

de Almeida SM, Rotta I, Tang B, Umlauf A, Vaida F, Cherner M, Franklin D, Letendre S, Ellis
RJ (2022c) Higher cerebrospinal fluid soluble urokinase-type plasminogen activator receptor, but
not interferon y-inducible protein 10, correlate with higher working memory deficits. J Acquir
Immune Defic Syndr 90:106-114 [PubMed: 35090158]

de Graaf MT, Smitt PA, Luitwieler RL, van Velzen C, van den Broek PD, Kraan J, Gratama JW (2011)
Central memory CD4+ T cells dominate the normal cerebrospinal fluid. Cytometry B Clin Cytom
80:43-50 [PubMed: 20632412]

Ellery PJ, Tippett E, Chiu YL, Paukovics G, Cameron PU, Solomon A, Lewin SR, Gorry PR,
Jaworowski A, Greene WC, Sonza S, Crowe SM (2007) The CD16% monocyte subset is more
permissive to infection and preferentially harbors HIV-1 in vivo. J Immunol 178:6581-6589
[PubMed: 17475889]

Fischer-Smith T, Croul S, Sverstiuk AE, Capini C, L’Heureux D, Regulier EG, Richardson MW,
Amini S, Morgello S, Khalili K, Rappaport J (2001) CNS invasion by CD14*/CD16* peripheral
blood-derived monocytes in HIV dementia: perivascular accumulation and reservoir of HIV
infection. J Neurovirol 7:528-541 [PubMed: 11704885]

Gama L, Abreu CM, Shirk EN, Price SL, Li M, Laird GM, Pate KA, Wietgrefe SW, O’Connor
SL, Pianowski L, Haase AT, Van Lint C, Siliciano RF, Clements JE, LRA-SIV Study Group
(2017) Reactivation of simian immunodeficiency virus reservoirs in the brain of virally suppressed
macaques. AIDS 31:5-14 [PubMed: 27898590]

Gandhi N, Saiyed Z, Thangavel S, Rodriguez J, Rao KV, Nair MP (2009) Differential effects of HIV
type 1 clade B and clade C Tat protein on expression of proinflammatory and anti-inflammatory
cytokines by primary monocytes. AIDS Res Hum Retrovir 25:691-699 [PubMed: 19621989]

Gren ST, Rasmussen TB, Janciauskiene S, Hakansson K, Gerwien JG, Grip O (2015) A single-cell
gene-expression profile reveals inter-cellular heterogeneity within human monocyte subsets. PLoS
ONE 10:e0144351 [PubMed: 26650546]

Guilliams M, Ginhoux F, Jakubzick C, Naik SH, Onai N, Schraml BU, Segura E, Tussiwand R, Yona
S (2014) Dendritic cells, monocytes, and macrophages: a unified nomenclature based on ontogeny.
Nat Rev Immunol 14:571-578 [PubMed: 25033907]

Han S, Lin YC, Wu T, Salgado AD, Mexhitaj I, Wuest SC, Romm E, Ohayon J, Goldbach-Mansky
R, Vanderver A, Marques A, Toro C, Williamson P, Cortese I, Bielekova B (2014) Comprehensive
immunophenotyping of cerebrospinal fluid cells in patients with neuroimmunological diseases. J
Immunol 192:2551-2563 [PubMed: 24510966]

Hernandez GE, Iruela-Arispe ML (2020) The many flavors of monocyte / macrophage-endothelial cell
interactions. Curr Opin Hematol 27:181-189 [PubMed: 32167947]

Hijdra D, Vorselaars AD, Grutters JC, Claessen AM, Rijkers GT (2013) Phenotypic characterization of
human intermediate monocytes. Front Immunol 4:339 [PubMed: 24155746]

Ho EL, Ronquillo R, Altmeppen H, Spudich SS, Price RW, Sinclair E (2013) Cellular Composition of
Cerebrospinal Fluid in HIV-1 Infected and Uninfected Subjects. PLoS ONE 8:e66188 [PubMed:
23822975]

Jaworowski A, Kamwendo DD, Ellery P, Sonza S, Mwapasa V, Tadesse E, Molyneux ME, Rogerson
SJ, Meshnick SR, Crowe SM (2007) CD16" monocyte subset preferentially harbors HIV-1 and is

J Neurovirol. Author manuscript; available in PMC 2024 January 05.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

de Almeida et al.

Page 17

expanded in pregnant Malawian women with Plasmodium falciparum malaria and HIV-1 infection.
J Infect Dis 196:38-42 [PubMed: 17538881]

Kapellos TS, Bonaguro L, Gemiind I, Reusch N, Saglam A, Hinkley ER, Schultze JL (2019)

Human monocyte subsets and phenotypes in major chronic inflammatory diseases. Front Immunol
10:2035 [PubMed: 31543877]

Kowarik MC, Grummel V, Wemlinger S, Buck D, Weber MS, Berthele A, Hemmer B (2014) Immune
cell subtyping in the cerebrospinal fluid of patients with neurological diseases. J Neurol 261:130—
143 [PubMed: 24162037]

Kutsch O, Oh J, Nath A, Benveniste EN (2000) Induction of the chemokines interleukin-8 and IP-10
by human immunodeficiency virus type 1 tat in astrocytes. J Virol 74:9214-9221 [PubMed:
10982368]

Lee J, Tam H, Adler L, llstad-Minnihan A, Macaubas C, Mellins ED (2017) The MHC class Il antigen
presentation pathway in human monocytes differs by subset and is regulated by cytokines. PLoS
ONE 12:e0183594 [PubMed: 28832681]

Letendre SL, FitzSimons C, Ellis RJ, Clifford D, Collier AC, Gelman B, Marra C, McArthur J,
McCutchan JA, Morgello S, Simpson D, Vaida F, Heaton R, Grant I, The CHARTER Group
(2010) Correlates of CSF Viral Loads in 1,221 volunteers of the CHARTER cohort. Program and
abstracts of the 17th Conference on Retroviruses and Opportunistic Infections; San Francisco, CA
(poster 430)

Niu F, Liao K, Hu G, Moidunny S, Roy S, Buch S (2021) HIV tat-mediated induction of monocyte
transmigration across the blood-brain barrier: Role of chemokine receptor CXCR3. Front Cell Dev
Biol 9:724970 [PubMed: 34527676]

Njemini R, Onyema OO, Remans W, Bautmans I, De Waele M, Mets T (2014) Shortcomings in the
application of multicolour flow cytometry in lymphocyte subsets enumeration. Scand J Immunol
79:75-89 [PubMed: 24313541]

Ozanska A, Szymczak D, Rybka J (2020) Pattern of human monocyte subpopulations in health and
disease. Scand J Immunol 92:¢12883 [PubMed: 32243617]

Patel AA, Zhang Y, Fullerton JN, Boelen L, Rongvaux A, Maini AA, Bigley V, Flavell RA, Gilroy
DW, Asquith B, Macallan D, Yona S (2017) The fate and lifespan of human monocyte subsets in
steady state and systemic inflammation. J Exp Med 214:1913-1923 [PubMed: 28606987]

Pulliam L, Gascon R, Stubblebine M, McGuire D, McGrath MS (1997) Unique monocyte subset in
patients with AIDS dementia. Lancet 349:692—-695 [PubMed: 9078201]

Quijano S, Ldpez A, Manuel Sancho J, Panizo C, Debén G, Castilla C, Antonio Garcia-Vela J, Salar
A, Alonso-Vence N, Gonzalez-Barca E, Pefialver FJ, Plaza-Villa J, Morado M, Garcia-Marco J,
Arias J, Briones J, Ferrer S, Capote J, Nicolas C, Orfao A (2009) Identification of leptomeningeal
disease in aggressive B-cell non-Hodgkin’s lymphoma: improved sensitivity of flow cytometry. J
Clin Oncol 27:1462-1469 [PubMed: 19224854]

Ranga U, Shankarappa R, Siddappa NB, Ramakrishna L, Nagendran R, Mahalingam M, Mahadevan
A, Jayasuryan N, Satishchandra P, Shankar SK, Prasad VR (2004) Tat protein of human
immunodeficiency virus type 1 subtype C strains is a defective chemokine. J Virol 78:2586-2590
[PubMed: 14963162]

Rao VR, Ruiz AP, Prasad VR (2014) Viral and cellular factors underlying neuropathogenesis in HIV
associated neurocognitive disorders (HAND). Review AIDS Res Ther 11:13 [PubMed: 24894206]

Rundgren 1M, Bruserud @, Ryningen A, Ersver E (2018) Standardization of sampling and sample
preparation for analysis of human monocyte subsets in peripheral blood. J Immunol Methods
461:53-62 [PubMed: 29906454]

Sampath P, Moideen K, Ranganathan UD, Bethunaickan R (2018) Monocyte subsets: Phenotypes and
function in tuberculosis infection. Front Immunol 9:1726 [PubMed: 30105020]

Saylor D, Dickens AM, Sacktor N, Haughey N, Slusher B, Pletnikov M, Mankowski JL, Brown
A, Volsky DJ, McArthur JC (2016) HIV-associated neurocognitive disorder, pathogenesis and
prospects for treatment. Nat Rev Neurol 12:234-248 [PubMed: 26965674]

Shiramizu B, Gartner S, Williams A, Shikuma C, Ratto-Kim S, Watters M, Aguon J, Valcour V
(2005) Circulating proviral HIV DNA and HIV-associated dementia. AIDS 19:45-52 [PubMed:
15627032]

J Neurovirol. Author manuscript; available in PMC 2024 January 05.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

de Almeida et al.

Page 18

Striz 1, Zheng L, Wang YM, Pokorna H, Bauer PC, Costabel U (1995) Soluble CD14 is increased in
bronchoalveolar lavage of active sarcoidosis and correlates with alveolar macrophage membrane-
bound CD14. Am J Respir Crit Care Med 151:544-547 [PubMed: 7531099]

Thompson KA, Cherry CL, Bell JE, McLean CA (2011) Brain cell reservoirs of latent virus in
presymptomatic HIV-infected individuals. Am J Pathol 179:1623-1629 [PubMed: 21871429]

Valcour V, Chalermchai T, Sailasuta N, Marovich M, Lerdlum S, Suttichom D, Suwanwela NC,
Jagodzinski L, Michael N, Spudich S, van Griensven F, de Souza M, Kim J, Ananworanich
J, RV254/SEARCH 010 Study Group (2012) Central nervous system viral invasion and
inflammation during acute HIV infection. J Infect Dis 206:275-282 [PubMed: 22551810]

Veenhuis RT, Williams DW, Shirk EN, Abreu CM, Ferreira EA, Coughlin JM, Brown TT, Maki
PM, Anastos K, Berman JW, Clements JE, Rubin LH (2021) Higher circulating intermediate
monocytes are associated with cognitive function in women with HIV. JCI Insight 6:€146215
[PubMed: 33914710]

Veenstra M, Ledn-Rivera R, Li M, Gama L, Clements JE, Berman JW (2017) Mechanisms of CNS
viral seeding by HIV+ CD14+ CD16+ monocytes: establishment and reseeding of viral reservoirs
contributing to HIV-associated neurocognitive disorders. mBio 8:e01280-17 [PubMed: 29066542]

Veenstra M, Byrd DA, Inglese M, Buyukturkoglu K, Williams DW, Fleysher L, Li M, Gama L, Leén-
Rivera R, Calderon TM, Clements JE, Morgello S, Berman JW (2019) CCR2 on peripheral blood
CD14(+) CD16(+) monocytes correlates with neuronal damage, HIV-associated neurocognitive
disorders, and peripheral HIV DNA: reseeding of CNS reservoirs? J Neuroimmune Pharmacol
14:120-133 [PubMed: 29981000]

Villani AC, Satija R, Reynolds G, Sarkizova S, Shekhar K, Fletcher J, Griesheck M, Butler A,

Zheng S, Lazo S, Jardine L, Dixon D, Stephenson E, Nilsson E, Grundberg I, McDonald D,
Filby A, Li W, De Jager PL, Rozenblatt-Rosen O, Lane AA, Haniffa M, Regev A, Hacohen N
(2017) Single-cell RNA-seq reveals new types of human blood dendritic cells, monocytes, and
progenitors. Science 356(6335):eaah4573 [PubMed: 28428369]

\olpe S, Cameroni E, Moepps B, Thelen S, Apuzzo T, Thelen M (2012) CCR2 acts as scavenger for
CCL2 during monocyte chemotaxis. PLoS ONE 7:e37208 [PubMed: 22615942]

Wang XQ, Palmer S (2018) Single-molecule techniques to quantify and genetically characterise
persistent HIV. Retrovirol 15:3

Weber C, Belge KU, von Hundelshausen P, Draude G, Steppich B, Mack M, Frankenberger M, Weber
KS, Ziegler-Heitbrock HW (2000) Differential chemokine receptor expression and function in
human monocyte subpopulations. J Leukoc Biol 67:699-704 [PubMed: 10811011]

Weiss JM, Nath A, Major EO, Berman JW (1999) HIV-1 Tat induces monocyte chemoattractant
protein-1-mediated monocyte transmigration across a model of the human blood-brain barrier
and up-regulates CCR5 expression on human monocytes. J Immunol 163:2953-2959 [PubMed:
10453044]

Williams KC, Corey S, Westmoreland SV, Pauley D, Knight H, de Bakker C, Alvarez X, Lackner
AA (2001) Perivascular macrophages are the primary cell type productively infected by simian
immunodeficiency virus in the brains of macaques: implications for the neuropathogenesis of
AIDS. J Exp Med 193:905-915 [PubMed: 11304551]

Williams DW, Eugenin EA, Calderon TM, Berman JW (2012) Monocyte maturation, HIV
susceptibility, and transmigration across the blood brain barrier are critical in HIV
neuropathogenesis. J Leukoc Biol 91:401-415 [PubMed: 22227964]

Williams DW, Calderon TM, Lopez L, Carvallo-Torres L, Gaskill PJ, Eugenin EA, Morgello S,
Berman JW (2013) Mechanisms of HIV entry into the CNS: increased sensitivity of HIV infected
CD14+CD16+ monocytes to CCL2 and key roles of CCR2, JAM-A, and ALCAM in diapedesis.
PLoS ONE 8:€69270 [PubMed: 23922698]

Williams DW, Byrd D, Rubin LH, Anastos K, Morgello S, Berman JW (2014a) CCR2 on
CD14(+)CD16(+) monocytes is a hiomarker of HIV-associated neurocognitive disorders. Neurol
Neuroimmunol Neuroinflamm 1:e36 [PubMed: 25340088]

Williams DW, Veenstra M, Gaskill PJ, Morgello S, Calderon TM, Berman JW (2014b) Monocytes
mediate HIV neuropathogenesis: mechanisms that contribute to HIV associated neurocognitive
disorders. Curr HIV Res 12:85-96 [PubMed: 24862333]

J Neurovirol. Author manuscript; available in PMC 2024 January 05.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnuen Joyiny

de Almeida et al.

Page 19

Williams DW, Anastos K, Morgello S, Berman JW (2015) JAM-A and ALCAM are therapeutic targets
to inhibit diapedesis across the BBB of CD14+CD16+ monocytes in HIV-infected individuals. J
Leukoc Biol 97:401-412 [PubMed: 25420915]

Williams ME, Zulu SS, Stein DJ, Joska JA, Naudé PJW (2020) Signatures of HIV-1 subtype B
and C Tat proteins and their effects in the neuropathogenesis of HIVV-associated neurocognitive
impairments. Neurobiol Dis 136:104701 [PubMed: 31837421]

Wong KL, Tai JJ, Wong WC, Han H, Sem X, Yeap WH, Kourilsky P, Wong SC (2011) Gene
expression profiling reveals the defining features of the classical intermediate and nonclassical
human monocyte subsets. Blood 118:e16-31 [PubMed: 21653326]

Yeung MC, Pulliam L, Lau AS (1995) The HIV envelope protein gp120 is toxic to human brain-cell
cultures through the induction of interleukin-6 and tumor necrosis factor-alpha. AIDS 9:137-143
[PubMed: 7536422]

Zawada AM, Rogacev KS, Rotter B, Winter P, Marell RR, Fliser D, Heine GH (2011) SuperSAGE
evidence for CD147*CD16™ monocytes as a third monocyte subset. Blood 118:e50-61 [PubMed:
21803849]

Ziegler-Heitbrock L (2007) The CD14+ CD16+ blood monocytes: their role in infection and
inflammation. J Leukoc Biol 81:584-592 [PubMed: 17135573]

Ziegler-Heitbrock L, Ancuta P, Crowe S, Dalod M, Grau V, Hart DN, Leenen PJ, Liu YJ, MacPherson
G, Randolph GJ, Scherberich J, Schmitz J, Shortman K, Sozzani S, Strobl H, Zembala M, Austyn
JM, Lutz MB (2010) Nomenclature of monocytes and dendritic cells in blood. Blood 116:e74-80
[PubMed: 20628149]

J Neurovirol. Author manuscript; available in PMC 2024 January 05.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

de Almeida et al.

Page 20

p= 0.03" p=0.06
=
g2 1
+
©
<
8 HIV-1B vs. Ctrl, p= 0.02
b
<
[a]
O 14
_________ ol ___ Joa7s1.00
HIV-1B HIV-1C ctr HIV-18 HIV-1C
CSF PB
a.
p=0.006
Y — —
-
g
g
T
8
5
=
p=0.002
p=0.032
2 -
8 8 8 8 8 8 8 8 8 8 3 ]
HIV Ctrl HIV. Ctrl
CSF PB

P=0.010

754

CcD14""CD16" (%)
@
g

P=0.007

. [ ]
________________ 1;273116 06 %__;L_ _ 3416.36
0

CSF>PI PI>CSF  Aviremic  Ctrl CSF>PI PI>CSF  Aviremic  Ctrl
CSF PB

N
kg

Fig. 1.

Pr%portion of monocyte subsets in CSF and peripheral blood by HIV serostatus and

HIV-1 subtype. Boxes show the medians and interquartile ranges and whiskers indicate the
maximum and minimum values. Dots indicate the number of individuals in each group.
Monocytes: CD14**CD16~ (classical), CD14!/°CD16* (non-classical), CD14**CD16*
(intermediate). a Proportion of CD14**CD16* monocytes in the CSF and peripheral blood
of individuals with HIV-1B or HIV-1C and PWoH analyzed within the CD45*-gated region.
Pairwise comparisons were performed using Welch$ t-test. 1in CSF: HIV-1B vs. HIV-1C p
=0.03 and p = 0.10 after multiple testing correction using the BH method. P values were
showed if p < 0.05. Blue dashed lines indicate mean +two stand - ard deviations for PWoH
(CSF: 0.47 £ 1.90; PB: 0.18 £ 0.28). b Proportion of monocyte subsets in the CSF and
peripheral blood by HIV serostatus, analyzed within the CD64* gated region. P-values were
adjusted for age and sex in the adjusted model and then corrected for multiple testing using
the BH method within the CSF and blood. c. Proportion of CD14**CD16" monocytes in
the CSF and peripheral blood of the PWH and PWoH groups analyzed within the CD64*
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gated region. Samples were categorized according to HIV RNA in the CSF and blood
compartments. Statistical significance was set at p < 0.05. Blue dashed lines indicate mean +
two standard deviations for PWoH (CSF: 3.73 £ 16.06, PB: 4.34 + 6.36). CSF and PB were
compared using the Wilcoxon signed-rank test, and all p > 0.05; for the aviremic group not
done
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Spearman’s rank correlation coefficients [p (95% CI)] for the proportions of CSF monocyte

(classical), CD14** CD16™ (intermediate)
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