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Abstract

Despite the success of combination anti-retroviral therapy (cART), around 50% of HIV-infected individuals still display a
variety of neuropathological and neurocognitive sequelaec known as NeuroHIV. Current research suggests these effects are
mediated by long-term changes in CNS function in response to chronic infection and inflammation, and not solely due to
active viral replication. In the post-cART era, drug abuse is a major risk-factor for the development of NeuroHIV, and
increases extracellular dopamine in the CNS. Our lab has previously shown that dopamine can increase HIV infection of
primary human macrophages and increase the production of inflammatory cytokines, suggesting that elevated dopamine
could enhance the development of HIV-associated neuropathology. However, the precise mechanism(s) by which elevated
dopamine could exacerbate NeuroHIV, particularly in chronically-infected, virally suppressed individuals remain unclear.
To determine the connection between dopaminergic alterations and HIV-associated neuroinflammation, we have examined
the impact of dopamine exposure on macrophages from healthy and virally suppressed, chronically infected HIV patients.
Our data show that dopamine treatment of human macrophages isolated from healthy and cART-treated donors promotes
production of inflammatory mediators including IL-1f3, IL-6, IL-18, CCL2, CXCL8, CXCL9, and CXCL10. Furthermore,
in healthy individuals, dopamine-mediated modulation of specific cytokines is correlated with macrophage expression of
dopamine-receptor transcripts, particularly DRDS, the most highly-expressed dopamine-receptor subtype. Overall, these
data will provide more understanding of the role of dopamine in the development of NeuroHIV, and may suggest new
molecules or pathways that can be useful as therapeutic targets during HIV infection.
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Introduction

Electronic supplementary material The online version of this article

(https://doi.org/10.1007/s11481-018-9825-2) contains supplementary Use of combination anti-retroviral treatment (cART) can
material, which is available to authorized users. successfully suppress HIV replication and has transformed
HIV infection from a terminal illness to a chronic condition.
Antiviral therapy has also dramatically curtailed the inci-
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still show distinct neuropathology and the collection of neu-
rological symptoms known as HIV-associated
neurocognitive disorders (HAND) or NeuroHIV (Schouten
et al. 2011; Cross et al. 2013; Cysique et al. 2014; Baker
et al. 2015; Gelman 2015; Boban et al. 2017; Clifford et al.
2017; Sanford et al. 2017a; Underwood et al. 2017; van den
Dries et al. 2017). Notably, neurocognitive impairment does
not correlate with CNS viral load, indicating development of
NeuroHIV and HIV-associated neurological disorders
(HAND) does not derive solely from damage associated
with actively replicating virus (McArthur 2004; Sevigny
et al. 2004; Tavazzi et al. 2014). In the era of cART, one
of the primary drivers of NeuroHIV is thought to be chronic
neuroinflammation (Gill and Kolson 2014; Rao et al. 2014;
Hong and Banks 2015). Studies suggest that chronic HIV-
associated neuroinflammation may result from the interplay
between host CNS cells and CNS viral reservoir (Finzi et al.
1997; Ruelas and Greene 2013; Rouzine et al. 2015), which
is thought to be comprised mainly of myeloid cells (Aquaro
et al. 2002; Churchill and Nath 2013).

As these cells are the main effectors of the neuroimmune
response, factors that modulate myeloid inflammatory pro-
cesses could have a significant impact on the development
of NeuroHIV (Williams and Hickey 2002; Kaul and Lipton
2006; Kraft-Terry et al. 2009; Rappaport and Volsky 2015;
Saylor et al. 2016; Soontornniyomkij 2017). Recent research
by our lab and others suggests that one of these factors is
dopamine. Dopamine is a catecholamine neurotransmitter that
has been researched primarily for its role in modulating cog-
nition, motivation, and movement. However, associations be-
tween human behavior and immune function (Basu and
Dasgupta 2000; Dantzer et al. 2008; Patterson 2009; Muller
and Schwarz 2010; Sarkar et al. 2010; Sampson and
Mazmanian 2015) have been gaining attention in recent years
and have implicated dopamine as a novel immunomodulatory
agent. Our previous studies have shown that dopamine can
both alter the production of inflammatory factors and increase
HIV infection in primary human macrophages (Gaskill et al.
2009; Gaskill et al. 2012; Gaskill et al. 2014). These data
connect the impact of dopamine on macrophage functions to
the disruption in the dopaminergic system.

Dysregulation of dopaminergic neurotransmission has
been linked to the development of HIV-associated CNS dis-
ease since early in the epidemic (Hriso et al. 1991; Kieburtz
et al. 1991; Berger and Arendt 2000). Early studies found
significant changes in dopamine metabolism in HIV-infected
individuals (Larsson et al. 1991; Berger et al. 1994; Koutsilieri
et al. 1997; di Rocco et al. 2000) and prominent neuropathol-
ogy in dopamine-rich brain regions including substantia nigra,
basal ganglia, and prefrontal cortex. These regions showed
volume loss, neuronal atrophy and greater numbers of infected
myeloid cells in basal ganglia (BG) and substantia nigra (SN)
(Navia et al. 1986; Kure et al. 1990; Reyes et al. 1991;

Aylward et al. 1993; Hestad et al. 1993; Aylward et al. 1995;
Glass et al. 1995; Itoh et al. 2000; Chan et al. 2016; Clifford
etal. 2017; Sanford et al. 2017b). The specific vulnerability of
dopaminergic brain regions, even in virally-suppressed indi-
viduals, suggests that changes in dopaminergic tone are im-
portant to the development of NeuroHIV, potentially through
its effects on myeloid cells.

In addition to changes in response to dopaminergic pathol-
ogy, a number of studies show that dopamine concentrations
can be specifically altered by HIV infection. Viral proteins
such as Tat can impair the function of the dopamine transport-
er (DAT), elevating dopaminergic tone by interfering with
dopamine uptake from the extracellular environment (Ferris
et al. 2009; Zhu et al. 2009; Agrawal et al. 2010; Midde et al.
2012; Liu et al. 2014; Fitting et al. 2015; Zhu et al. 2016;
Gaskill et al. 2017). Some data show that patients naive to
cART have increased CSF dopamine and demonstrate over-
activity in dopaminergic circuits during asymptomatic infec-
tion (Scheller et al. 2010; Horn et al. 2013). However, other
studies report decreased CSF dopamine during chronic HIV
infection (Berger et al. 1994; Lopez et al. 1999; Kumar et al.
2009). As dopamine is sensitive to light and prone to oxida-
tion (Sloviter and Connor 1977; Shen and Ye 1993;
Kankaanpaa et al. 2001; Syslova et al. 2011), differences in
CSF or post-mortem analyses may be due to differences in
tissue preparations. Together with data that shows neuronal
degeneration in dopaminergic brain regions of HIV-infected,
cART-naive patients (Reyes et al. 1991; Lopez et al. 1999;
Kumar et al. 2009; Obermann et al. 2009; Kumar et al.
2011), these data may reflect progressive damage due to con-
sistently elevated dopamine during early infection that medi-
ates greater viral replication and inflammation in these areas.

Although these data indicate that the natural progres-
sion of HIV infection in the CNS involves the dopami-
nergic system, today many infected individuals use
cART, so it is critical to evaluate the impact of dopamine
in the presence of this therapy. With cART, overt dopa-
mine neurodegeneration and many of the behavioral
symptoms of dopaminergic dysfunction are still present,
although subtler [26, 47-50]. Furthermore, many of the
HIV-associated impairments in these patients such as def-
icits in attention or motivation, reflect specific dysfunc-
tion of dopaminergic systems [51-60]. Post-mortem anal-
yses of dopaminergic gene and protein expression dem-
onstrate post-synaptic changes, such as decreased
DRD2L expression, that reflect an elevation of dopami-
nergic tone and were associated with neuroinflammation
and neurocognitive impairment (Gelman et al. 2006;
Gelman et al. 2012). As dopamine regulates a number
of myeloid functions associated with NeuroHIV (Gaskill
et al. 2013; Nolan and Gaskill 2018), the changes in
dopamine concentration could initiate or contribute to
these effects by disrupting myeloid functions.
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It has been shown that exogenous factors that increase ex-
tracellular CNS dopamine would substantially accelerate or ex-
acerbate the development of HIV-associated neuroinflamma-
tion by increasing the number of CNS myeloid cells exposed
to elevated dopamine levels. Around 10% of HIV-infected in-
dividuals concurrently abuse drugs (Mathers et al. 2008;
Strathdee and Stockman 2010; UNODC 2017), all of which
mediate their effects by elevating CNS dopamine (Di Chiara
and Imperato 1988; Koob 1992; Pierce and Kumaresan 2006).
Additionally, common neuropsychiatric co-morbidities of HIV
infection, such as depression (Bing et al. 2001; Do et al. 2014),
often use dopaminergic therapeutics (D'Aquila et al. 2000;
Wood and Reavill 2007; Cohen et al. 2012; Leggio et al.
2013; Agius and Bonnici 2017) that could also dysregulate
dopaminergic tone in the HIV infected brain. These comorbid-
ities are becoming more common as the HIV-infected popula-
tion ages (Watkins and Treisman 2012), potentially increasing
the number of infected individuals with altered dopaminergic
tone. This suggests that altered dopaminergic tone may be an
important factor in the development of HIV-associated neuro-
logical disease in the cART era, particularly among vulnerable
aging and drug abusing sub-populations.

To better define the impact of dopamine on NeuroHIV, it
is critical to determine the precise effects of dopamine on
inflammatory processes in human myeloid cells. To do
this, we examined the macrophage dopaminergic system
and dopaminergic modulation of the HIV-associated in-
flammatory mediators IL-6, IL-1(3, IL-10, TNF-«, CCL2,
CXCLS8, CXCL9, and CXCL10. The effect of dopamine
exposure on the production of these factors was examined
in primary human monocyte-derived macrophages isolated
from healthy human donors and from virally suppressed,
chronically infected HIV patients on cART. The expression
of the five subtypes of dopamine receptors on human mac-
rophages varies widely between healthy donors, with
DRDS5 the most highly expressed in this cell population.
Dopamine increased the production of the majority of the
inflammatory cytokines and chemokines, and decreased
the production of the anti-inflammatory cytokine IL-10 in
response to LPS. The dopamine-induced decrease in IL-10
correlated with greater expression of the D1-like dopamine
receptors DRD1 and DRDS5, while dopamine-induction of
IL-6 was negatively correlated with D2-like dopamine re-
ceptor expression. Examination of macrophages from
healthy versus cART-suppressed donors demonstrated that
dopamine modulates cytokine production in a similar man-
ner in healthy and virally-suppressed HIV-infected individ-
uals. Overall, these data provide a greater understanding of
the possible impact of dopamine on the development of
NeuroHIV, as well as other neuroinflammatory diseases.
Furthermore, these findings suggest that targeting dopa-
mine receptors may be a useful therapeutic avenue during
HIV infection.
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Methods
Reagents

RPMI-1640 medium and penicillin/streptomycin (P/S) were
from Invitrogen (Carlsbad, CA, USA). LPS from E. coli
055:B5, hydroxyethyl piperazineethanesulfonic acid
(HEPES), -mercaptoethanol, Tween 20 and dopamine hy-
drochloride (DA) were obtained from Sigma-Aldritch (St.
Louis, MO, USA). Dopamine was resuspended at 10 mM
in dH,O before use. Fetal calf serum (FCS) and human AB
serum were from Lonza (Basel, Switzerland). Macrophage
colony stimulating factor (M- CSF) was from Peprotech
(Rocky Hill, NJ, USA). TagMan Master Mix, and PCR as-
say probes for DRD genes and 18 s were purchased from
Applied Biosystems (Foster City, CA, USA). Tagman
primers were validated for DRD targets in primary human
cells using 5 point standard curves to assure optimal ampli-
fication efficiency.

Generation of Primary Human Macrophages

Human peripheral blood mononuclear cells (PBMC) were
separated from blood obtained from de-identified healthy do-
nors (New York Blood Center, Long Island City, New York;
and BioreclamationI VT Collection Center, Miami, Florida) by
Ficoll-Paque (GE Healthcare, Piscataway, NJ, USA) gradient
centrifugation. After isolation, the percentage of monocytes
was calculated by positive selection with CD14" microbeads
(MACS, Miltenyi Biotechnology) and PBMC’s were plated at
a density of approximately 1 x 10> monocytes/cm? to obtain
monocyte-derived macrophages (MDM) via plastic adher-
ence. Monocytes were cultured in RPMI-1640 with 10%
FCS, 5% human AB serum, 10 mM HEPES, 1% P/S, and
M-CSF (10 ng/mL) for 3 days, washed twice with fresh media
to remove non-adherent cells, and cultured for another 3 days
in fresh media containing M-CSF. After 6 days in culture cells
were washed again and considered to be mature MDM. De-
identified demographic information was obtained from the
New York Blood Center and BiolVT for every donor to en-
sure that we were examining a diverse population. Table 1
describes demographic characteristics of individuals from
the two cohorts, including age, gender, race, and CMV status.
Alcohol and drug use status were not available.

HIV Study Subjects

12 cART-treated donors were obtained from patients at
McGill University Health Centre who participated in a blood
banking study of Chronic Viral Illness via Dr. Elias Haddad
(Drexel University Division of Infectious Diseases and HIV
Medicine). Frozen PBMC Cells from healthy donors were
obtained from the Martin Memorial Health Systems in
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Table 1  Demographic characteristic of donors (n =47)

Variable Statistic

Age (years)® 34.9 (13.8)[17-67]

Ethnicity
Caucasian 31%
African-American 16.7%
Latino 11.9%
Not disclosed 38.1%
Gender (% men) 63.4%
CMV status (% +) 51.4%

#Mean (standard deviation) [range]

Florida (n=8) and from the University of Pennsylvania
Human Immunology Core (UPenn HIC, n =4). PBMCs from
all cohorts were obtained by leukapheresis between 2014 and
2015 and then frozen to be used for our purposes. All proce-
dures were approved by the Institutional Review Boards at the
relevant institutions, and all participants provided signed in-
formed consent. PBMCs were isolated from blood by density-
gradient centrifugation using Ficoll-Paque PLUS (GE
Healthcare). Cells were subsequently frozen until use for the
relevant assays.

Frozen PBMC were thawed rapidly, spun down in 1:1 FBS
and RPMI, and treated with Benzonase® Endonuclease
(MilliporeSigma, US) before culturing as described. De-
identified demographic information was obtained for the
cART donors from McGill University, and for healthy donors
from UPenn HIC. Table 3 describes demographic and medical
characteristics of cART-treated individuals including age, gen-
der, CMYV status, years-infected with HIV, and years before
cART initiation. Alcohol and drug use status were not avail-
able. All cART donors were also HEP C negative, and plasma
viral load was <40 copies/ml indicating successful HIV sup-
pression. In addition, to ensure that the cART-treated donors
were successfully virally suppressed following MDM isola-
tion and differentiation, we performed a p24 alphalLISA assay
on supernatants from MDM cultures derived from these do-
nors. None of the 12 cART suppressed donors showed any
viral replication in MDM cultures (data not shown).
Demographic information was not available for the healthy
donors from VGTI, but all healthy donors were <45 years of
age and were negative for HIV and HEP C.

Quantitative RT-PCR

Once mature, total RNA was extracted from MDM using the
RNeasy Mini Plus™ kit (Qiagen) or with TRIzol ™ reagent
and chloroform extraction. Purity and concentration of RNA
were determined using a NanodropOne spectrophotometer
(Nanodrop technologies, Wilmington, DE, USA), and no

differences in RNA quality or yield, or PCR amplification
were seen for either RNA isolation technique. Synthesis of
cDNA was performed on 500 ng/pl of RNA from each donor
using the High Capacity cDNA Reverse Transcriptase synthe-
sis kit (Applied Biosystems, Foster City, CA). Specific dopa-
minergic and housekeeping genes were amplified from cDNA
by quantitative PCR (qQPCR) from 1 pL of cDNA reaction
using gene-specific TagMan™ primers. Gene expression
levels were finally expressed as 22C where A Cr= [Cr (sam-
ple)- Ct (housekeeping gene)]. Human Brain Total RNA was
used as a positive control (Life Technologies, Carlsbad, CA)
and samples containing no cDNA served as the negative con-
trols. Samples with a Ct value above 37 were considered to
have no amplification. The expression level of each dopamine
receptor for each donor is plotted as the 2"2CL in order to
demonstrate the relative pattern of expression. In samples in
which no amplification occurred ACr relative to 18 s was set
to 32 in order to include those donors in our statistical
analysis.

Cytokine Secretion Assay

Primary human monocyte derived macrophages cultured at
1 x 10° cells per cm? in 48-well plates (BD Falcon) were in-
cubated for 24 h with different concentrations of dopamine
(1079, 1078, 1077, and 10°° M) in the presence or absence of
LPS (1 ng/mL). Treatment with LPS was used as a positive
control, and MDM that did not respond to LPS with at least a
1.5-fold increase in the cytokine of interest were excluded
from analysis for that cytokine. For cytokines not significantly
increased by LPS, the effect of LPS on IL-6 was used as a
control for normal macrophage function After 24 h, superna-
tants and MDM lysates were collected, aliquoted and stored at
—80 °C. Supernatants were analyzed for IL-6, IL-10, TNF-c,
CCL2, CXCL8, CXCL9, and CXCL10 using alphalISAs
performed according to the manufacturer’s protocol
(PerkinElmer). For IL-13 and IL-18 cell lysates were ana-
lyzed, as these cytokines were not released into the superna-
tant. The limits of detection for alphalLISAs were IL-6, 1.3 pg/
mL; IL-10, 39 pg/ml; IL-1 (3, 0.6 pg/ml; IL-18, 5 pg/ml;
TNF-«, 2.2 pg/mL; CCL2, 3.8 pg/ml; CXCLS8, 1.1 pg/mL;
CXCLY, 1.6 pg/mL; and CXCL10, 8.6 pg/ml.

Statistical Analyses

Statistical analyses were performed using Prism 7.0
(Graphpad, La Jolla, CA, USA). Differences in the expression
of dopamine receptor transcripts was determined with a
Kruskal-Wallis ANOVA followed by Dunn’s multiple com-
parisons test. For freshly isolated MDM, the fold-change in
the amount of each factor upon dopamine treatment was cal-
culated by normalizing to the cytokine level in the control
condition (either untreated MDM or MDM treated with
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1 ng/mL LPS) for each individual donor. Extreme data points
presumed to be technical outliers were identified via ROUT
test (Q=0.1%) and removed from analysis. Due to the strin-
gency of the outlier test, only the most extreme points were
removed from the analysis (2 donors for IL-6 and IL-10; 1
donor for IL-18, and only 1 data point for CXCLS). In order to
maintain the ability to perform a matched ANOVA for
CXCLS, the missing point was replaced with the mean-
value calculated from all the remaining donors for that specific
dopamine concentration.

Dopamine-induced changes in cytokine production were
then analyzed by one-way analysis of variance (ANOVA);
Kruskal-Wallis test for IL-1{3, and Friedman test for IL-18,
TNF-&, CCL2, CXCLS8, CXCL9, and CXCL10 with Dunn’s
multiple comparisons test for post-hoc analysis. A significant
correlation between dopamine receptor expression (22 and
cytokine response to DA (fold change in cytokine production
at each DA concentration) was determined using a non-
parametric Spearman correlation. For the purpose of correla-
tion analysis, the ACy values for DRD1, DRD2, DRD3, and
DRD4 were set to a threshold level of 32 in the individual
donors that did not express these receptors. These points are
indicated by the arrow in Fig. 1. For the cytokine assays done
in the frozen cells, equivalence of dopamine-responsiveness
was determined by a repeated measures two-way ANOVA.
Parametricity was tested by Kolmogorov-Smirnov test, and
cytokine concentration data were determined to be nonpara-
metric in each treatment condition so values were transformed
to their log(10) values prior to analysis. Dunnett’s multiple
comparisons post-hoc test was then used for pairwise compar-
ison of within-subjects effect of dopamine treatment.

Fig. 1 RNA from human MDM
was collected from 35 healthy

Results

Macrophages Show a Distinct Pattern of Dopamine
Receptor Expression Despite Heterogeneity
Across the Population

Our previous data showed that human macrophages express
mRNA for all five dopamine receptor subtypes (Gaskill et al.
2009; Gaskill et al. 2012), but did not examine the specific
receptors mediating the activity of dopamine in these cells.
Therefore, the relative expression of all five dopamine recep-
tor subtypes was quantified in primary human monocyte de-
rived macrophages (MDM) isolated from 35 individual
healthy donors (Fig. 1). To do this, mRNA from these cells
was isolated and analyzed by qRT-PCR for DRD1, DRD2,
DRD3, DRD4, DRDS5 and the housekeeping gene 18 s, using
mRNA from total human brain as a positive control. These
analyses showed that MDM express significantly greater
levels of DRDS5 than any other receptor subtype [Fig. 1, n=
35, Kruskal-Wallis test, Kruskal-Wallis statistic 68.6,
p<0.0001#*** Dunn’s multiple comparisons test, DRDI,
2, 3,4 vs. DRD5 (p<0.0001 ****)]. In addition, MDM also
express significantly greater DRD1 than DRD3 and DRD4
(Dunn’s multiple comparisons test, DRD3, DRD4 vs DRD1
(p < .01*%)] with no significant differences between any of the
other receptors. In general, individual donors expressed the
same pattern of dopamine receptor subtypes as the overall
population (DRDS5 >DRD1 >DRD2 >DRD3, DRD4) with
minimal exceptions (Supplemental Fig. 1). While all 35 do-
nors expressed mRNA for the D1-like receptor DRD5 [ACy
relative to 18 s 0f22.7 +3.026 (mean + SD)] only around 77%

Dopamine receptor expression in primary human macrophages
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of donors expressed mRNA for DRD1 (ACrrelative to 18 s of
26.13 £4.217). For the D2-like receptors, 89% of donors
expressed mRNA for DRD2 (ACr relative to 18 s of 27.34
+2.365), 60% of donors expressed mRNA for DRD3 (ACy
relative to 18 s 029.27 £2.915) and 66% of donors expressed
mRNA for DRD4 (ACr relative to 18 s of 29.32 +£2.33).
Every donor expressed mRNA for at least 2 dopamine recep-
tor subtypes, and the expression of DRD1 and DRDS5 was
positively correlated, as was the expression of DRD2 with
DRD3 and DRD4 (Supplemental Fig. 2). These data show
that dopamine receptor expression varies widely between in-
dividuals, but transcripts for DRDS5 show the most consistent
and highest levels of expression among donors. This suggests
that D5 may be prominent in mediating the effects of dopa-
mine in primary human macrophages.

Dopamine Modulates Macrophage Cytokine
and Chemokine Secretion

To determine the impact of dopamine on cytokine and chemo-
kine production, MDM isolated from healthy blood donors to
the New York Blood center (n=37) or BiolVT (Miami, FL
n =6) were treated with dopamine (1076, 107,108, 107° M)
either alone or with LPS (1 ng/mL) for 24 h prior to collection
of supernatants and lysates for analysis by alphalISA. The
extracellular concentration of dopamine can vary widely due
to normal metabolism and/or exogenous stimuli, so a given
macrophage is may be exposed to more than a single, precise
concentration of dopamine. To accommodate these variations,
the concentrations of dopamine used in this study encompass
the physiologic range of dopamine levels likely to be encoun-
tered in the CNS. LPS treatment was used to model inflam-
matory conditions and induce production of IL-10 and
TNF-c, as macrophages in non-inflammatory conditions pro-
duce minimal amounts of IL-10 and TNF-«.

These studies demonstrate that in human MDM, dopamine
increases the production of inflammatory cytokines IL-6, IL-
13 and IL-18, with the dopamine response to IL-1f3 and IL-18
seen in cell lysate rather than supernatant [Fig. 2a; IL-6,
Friedman test, n =30, ** p=0.0041, Friedman statistic
17.71, Dunns multiple comparisons test, 10°® M DA vs.
Untx, * p=0.0359, 10°® M DA vs. Untx, *** p=0.0002,
10 ° MDA vs. Untx, * p=0.0171; IL-1f3, Kruskal-Wallis test,
n=23-26, ** p=0.0047, Dunn’s multiple comparisons test,
10°® M DA vs. Untx, *#* p=0.0005; IL-18, Friedman test,
n=10, p=0.1468, Friedman statistic 6.8, Dunn’s multiple
comparisons test, 107 M DA vs. Untx, p=0.0436].
Changes in IL-1f3 and IL-18 secretion in MDM supernatants
were not examined because IL-1(3 and IL-18 were not detect-
ed in MDM media in any of the treated and untreated condi-
tions (data not shown). Dopamine also inhibits the production
of the anti-inflammatory cytokine IL-10 in response to LPS
[Fig. 2b, Friedman test, n =32, ** p=0.0053, Friedman

statistic 12.71, Dunn’s multiple comparisons test, 10°°M
DA vs. LPS, ** p=0.0042, 107 M DA vs. LPS, * p=
0.011], and increases the production of the chemokines
CCL2, CXCL8, CXCL9 and CXCL10 [Fig. 2¢c; CCL2,
Friedman test, n =15, p =0.0374, Freidman statistic, 10.19,
Dunn’s multiple comparisons test, 108 M DA vs. Untx, *
p=0.0156; CXCLS, Friedman test, n=16, p=0.0862,
Friedman statistic, 8.15, Dunn’s multiple comparisons test,
10® M DA vs. Untx,* p=0.0208; CXCL9, Friedman test,
n=19, ** p=0.0041, Friedman statistic, 15.28, Dunn’s mul-
tiple comparisons test, 107’ M DA vs. Untx, ** p=0.0028,
10" M DA vs. Untx, ** p=0.0028; CXCL10, Friedman test,
n=21,%%* p=0.0211, Friedman statistic, 11.54, Dunns mul-
tiple comparisons test, 10® M DA vs. Untx, * p=0.0337,
10 M DA vs. Untx,** p=0.0072]. Surprisingly, dopamine
had no effect on LPS-induced TNF-« production [Fig. 2b,
Friedman test, n =14, (»p>0.9999), Friedman statistic,
3.686]. The untreated and LPS-stimulated concentration of
each factor as well as the fold change induced by each signif-
icant concentration of dopamine is reported in Table 2. There
are no demographic associations (age, gender, race, or CMV
status) with dopamine-mediated changes in cytokine or che-
mokine production, however baseline IL-10 concentration in
untreated cell supernatants was greater in male donors (7 =19,
1635 pg/mL) than in female donors (n =10, 641 pg/ml)
(Supplemental Table 1, Mann-Whitney test, Mann-Whitney
U statistic, 28, **p.0014). Together, these results indicate that
dopamine promotes an inflammatory macrophage phenotype,
and that changes in extracellular dopamine concentrations
may initiate or exacerbate inflammatory conditions (Table 3).

Dopaminergic Changes in Cytokine Production
Correlate with Dopamine Receptor Expression

To determine whether the dopamine-mediated changes in cyto-
kine production were associated with expression of specific
dopamine receptors, donor-dependent mRNA expression for
each dopamine receptor with was correlated with the
dopamine-induced fold change in each cytokine. These analy-
ses show that decreases in LPS-induced IL-10 production by
dopamine are significantly negatively associated with expres-
sion of the D1-like receptors DRD1 and DRDS [Fig. 3a, DRD1
vs IL-10 fold change at 10°° M, n=25, Spearman r, —0.5171,
**p=.0081; DRDS5 vs IL-10 fold change at 10°° M, n=25,
Spearman r, —.6069,**p =.0013; DRDI1 vs IL-10 fold change
at 1077 M, n =24, Spearman r, —0.5432, **p =0.0061; DRDS5
vs IL-10 fold change at 107 M, n=24, Spearman r, —0.4217,
*p=0.0401]. The negative correlation indicates that macro-
phages with higher levels of DRD1 and DRDS5 show greater
dopamine-mediated reductions in IL-10. Production of IL-6 is
negatively associated with the expression of the D2-like dopa-
mine receptors DRD2 and DRD3 at dopamine concentrations
of 1078 M, which is the concentration which induced the
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Fig. 2 MDM from healthy donors were treated with different
concentrations of DA (10° M, 108 M -1077, 10°® M) for 24-h, then
supernatants were analyzed for IL-6, IL-10, CCL2, CXCLS8, CXCL9,
and CXCL10 (n=9-28). Lysates were analyzed for IL-1(3 and IL-18
(n=10-26). Cytokine levels in the DA-treated groups were normalized
to the untreated or LPS condition to determine fold change. a Compared
to the untreated condition, we found a significant increase in the cytokines
IL-6, IL-1p3, and IL-18 following dopamine exposure. IL-6 was signifi-
cantat 10°°M, 10 * M, and 10° M. IL-1 {3 was significant at 10°M, and
IL-18 was significant at 10~ M. b Compared to the LPS-alone condition,

greatest increase in IL-6 production relative to untreated MDM
[Fig. 3b, DRD2 vs IL-6 fold change at 1078 M, n=23,
Spearman r, —0.6044, **p = 0.0023; DRD3 vs IL-6 fold change
at 10" M, n=23, Spearman r, —0.4155, *p = 0.0486].
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10°° M and 10”7 M DA inhibits LPS-induced production of the anti-
inflammatory cytokine IL-10. Dopamine had no impact on LPS-
induced TNF-« production. ¢ Compared to the untreated condition, we
found a significant increase in the chemokines CCL2, CXCL8, CXCL9,
and CXCL10 following dopamine exposure. CCL2 was significant at
10 M, CXCLS8 was significant at 10°° M, CXCL9 was significant at
107" M and 10~ M, and CXCL10 was significant at 10°® M and 107 M.
Significance was determined using a Kruskall-Wallis test (IL-1f3) or a
Friedman test (all other factors) followed by Dunn’s multiple compari-
sons. * p<0.05, ** p<0.01, *** p <0.001

These results spggest that the effect of dopamine on the
production of different cytokines may be dependent on both
the expression of specific dopamine receptor subtypes and on
dopamine concentration. To further examine this hypothesis,
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Table2  Cytokine levels in UT and LPS-stimulated macrophages and effect of dopamine on cytokine production
Cytokine Effect Concentration Concentration in Dopamine concentration p value
in UT cells* LPS-stimulated cells® of significant effect”

IL-6 Inflammatory 26,872 (+ 6,625) 300,390 (£ 67,051) 1075 M: 12.3x (£ 42) *

1078 M: 12.8x (¢ .44) ek

107° M: 12.1x (& .30) *
IL-1B Inflammatory 3057 (+ 1418)° 102,924 (+73,646)° 107 M: 11.8x (+ .24) o
IL-18 Inflammatory 11,019 (= 2750)° 19,594 (£3847)° 1078 M: 11.4x (£ .13) #*
TNF-« Inflammatory 408 (= 129) 12,853 (£3937) No change P=.9999
IL-10 Anti-inflammatory 914 (£ 237) 11,733 (£2472) 1076 | .766x (+ .07) o

107 | .882x (+ .10) i
CCL2 Monocyte chemoattractant 128,563 (£ 23,695) 146,365 (£24,859) 1078 M: 1 1.4x (£.19) *
CXCLS8 Neutrophil chemoattractant 312,828 (+84,409) 1,484,658 (+285,143) 1078 M: 1 2.2x (.31) *
CXCL9 T cell chemoattractant 16,547 (£ 5413) 42,011 (£12,421) 107 M: 1 2.3x (.31) ok

1078 M: 1 2.3x (+£.30) ok

10°° M: 1 2.4x (+.42) o
CXCLI10 T-cell chemoattractant 28,337 (£8513) 166,873 (+=36,916) 107 M: 12.2x (£.43)

1078 M: 1 2.6x (+.44) ok

107% M: 1 2.0x (+.44)

aMean concentration in pg/mL per 10° cell supernatant (+/-SEM)
® Concentration of dopamine: mean fold change from control (+/-SEM)
°Mean concentration in pg/ml/ug of protein per 10° cell lysate (+/-SEM)

cytokine production was examined in MDM lacking DRD1 or
DRD2 mRNA. Donors without DRD1 mRNA show a de-
crease in IL-6 production (n =4, 10°° M, 0.81 of untreated
condition; 10~7 M, 0.84 of untreated) while donors that do
express DRD1 show an increase in IL-6 production (n=20—
21,107° M, 2.8-fold increase from untreated; 10~ M, 2.5-fold
increase from untreated) following exposure to 10® and
1077 M dopamine [Fig. 4a, Mann Whitney test, 10 ° M dopa-
mine, Mann-Whitney U statistic, 12, *p =0.0245; 107 M do-
pamine, Mann-Whitney U statistic, 11, **p =.0056].
Similarly, 107 M dopamine inhibited LPS-induced IL-10
production less effectively in donors without DRD1 (n=7,
1.2 fold reduction from LPS-treated) compared to those ex-
pressing DRD1 (n =20, 3-fold reduction from LPS-treated),
an effect that is trending towards significance [Fig. 4b, Mann
Whitney test, 107 M dopamine, Mann-Whitney U statistic,
44, p=0.1618]. The absence of DRD2 also impacts the

Table 3 Demographic and medical characteristics of cART-treated do-
nors (cryopreserved McGill cohort, n=12)

Variable Statistic

Age (years)* 47 (3.68)[32-59]
92.3%
17.25 (6.31)[8-30]

1.67 (2.81) [0-10]

Gender (% men)
Years infected”
Years without cCART

#Mean (standard deviation) [range]

dopamine-induced production of IL-1(3, and may impact
dopamine-induced production of IL-6. In donors without
DRD2, dopamine significantly increased IL-13 production
(n=4, 3-fold increase from untreated) more robustly than in
donors expressing DRD2 (n =19, 1.4-fold increase from un-
treated) [Fig. 4c, Unpaired t-test, 10~ M dopamine, #=2.908,
df=21, **p =0.0084]. In donors without DRD2, dopamine
increased IL-6 production (n = 3, 3-fold increase from untreat-
ed) more robustly than in donors expressing DRD2 (n =22,
2.4-fold increase from untreated) [Fig. 4d, Mann Whitney test,
10°M dopamine, Mann-Whitney U statistic, 14, p =0.1278].
Altogether, these results suggest that DRD1 expression may
be partially responsible for the pro-inflammatory effects of
dopamine, and that DRD2 expression may be important for
opposing the inflammatory effects of dopamine.

Macrophage Dopamine Receptor Expression Pattern
Is Not Altered in MDM from Chronically Infected,
cART-Treated Individuals

In the current era, the majority of HIV-infected individuals are
engaged in cART, therefore dopamine receptor expression
was examined in human macrophages isolated from HIV-
infected individuals undergoing successful cART treatment
(Fig. 5). Frozen PBMC from HIV-infected, cART-treated pa-
tients (n = 12) were thawed and differentiated into MDM prior
to collection of RNA. This RNA was compared with that
collected from frozen PBMC from healthy, uninfected donors
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Fig. 3 The expression of each DR subtype was calculated for each donor
and plotted against the fold change in cytokine production at 10~ M (IL-
10), 107 M (IL-10), and 108 M (IL-6) DA. a Decreased LPS-induced
production of IL-10 by 10 M and 10”7 M dopamine is associated with
greater expression of the D1-like receptors DRD1 and DRDS. b

(n=12), which were used as a control. All donors from both
the HIV-infected and the healthy cohorts expressed mRNA for
DRDS5 [mean ACr relative to 18 s 0f 23.48 +2.245 in the 12
healthy donors, and 21.07 £3.214 in the 12 cART-treated
donors]. For DRDI1, 67% of healthy donors and 42% of
cART donors expressed mRNA for DRD1 [mean ACt of
29.21 £3.207 (healthy) and 28.37 +5.367 (cART)]. For D2-
like receptors, 75% of healthy donors and 50% of cART do-
nors expressed mRNA for DRD2 [mean ACrt of 29.04 +
2.119 (healthy) and 29 +3.434 (cART)], 67% of healthy do-
nors and 17% of cART donors expressed mRNA for DRD3
[mean ACt of 30.01 +£1.596 (healthy) and 31.06 +
2.301(cART)] and 58% of healthy donors and 25% of cART
donors expressed mRNA for DRD4 [mean ACr of 30.86 +
1.372 (healthy) and 30.62 £2.794 (cART)].

Similar to the freshly isolated macrophages, healthy MDM
derived from previously frozen PBMC express significantly
greater amounts of DRDS5 than any other receptor subtype
[Fig. 5a, n = 12, Friedman test, Friedman test statistic,
32.53, #**%*p < 0001, Dunn’s multiple comparisons test,
DRDS5 vs. DRDI, **p=0.0023, DRDS5 vs. DRD2, *p=
0.0268, DRD5 vs. DRD3, **#p=0.0006, DRDS5 vs. DRD4,
*##*¥%p <0.0001]. MDM from cART donors demonstrate the
same DRD expression pattern [Fig. 5b, n = 12, Friedman test,
Friedman test statistic, 33.35, ****p <.0001, Dunn’s multiple
comparisons test, DRDS5 vs. DRD1, **p =0.0038, DRDS5 vs.
DRD2, *p=0.0125, DRDS5 vs. DRD3, ***p =0.0001, DRD5
vs. DRDA4, ***p = 0.0002]. These data indicate that the pattern
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Decreased production IL-6 at 108 M is associated with greater expres-
sion of the D2-like receptors DRD2 and DRD3. Significance was deter-
mined using a Spearman correlation. *p <0.05, **p <.01, ***p <.001,
iy <0001

of MDM dopamine-receptor expression is not impacted by
chronic, treated HIV-infection. However, comparison of
dopamine-receptor expression between the frozen healthy
(n=12) and frozen cART (n=12) donors shows that cART
donors express significantly more DRD5S mRNA (Fig. Sc,
Mann-Whitney test, Mann-Whitney U statistic, 35, * p=
0.0284). Of note, while the relative expression pattern of do-
pamine receptor subtypes remains stable in healthy MDM
generated from frozen PBMC (n = 12), expression of individ-
ual dopamine-receptor subtypes differs compared to freshly
isolated MDM (n = 35) (Fig. 5d, Mann-Whitney test, DRDI,
Mann-Whitney U statistic, 117, * p=0.0211; DRD2, Mann-
Whitney U statistic, 118, * p=0.0239]. This suggests that the
freeze-thaw process may affect dopamine-receptor expression
in mature MDM. Furthermore, because a lower percentage of
cART donor MDM express mRNA for DRDI1, DRD2,
DRD3, and DRD4, MDM differentiated from cART donors
may be more susceptible to changes in DRD expression intro-
duced by the freeze-thaw process.

Dopaminergic Modulation of Cytokine Production Is
Not Altered in MDM from Chronically Infected,
cART-Treated Individuals

To evaluate the impact of chronic, treated HIV-infection on
dopamine-mediated changes in cytokine production, cytokine
assays were performed in the previously frozen PBMC isolated
from healthy and cART-treated donors. As with the fresh



J Neuroimmune Pharmacol (2019) 14:134-156 143
IL-6 production in DRD1 expressers vs non-expressers - IL-10 production in DRD1 expressers vs non-expressers
o 257
B * ° @ DRD1 (n=20-21) g 204 ° ® DRD1 (n=20)
8 10l ° >k O No DRD1 (n=4-5) 15 O NoDRD1 (n=7)
b= o 10
S ® — [ ] o
o [ e 6
2 °® o 2 *
s ° kS °
DRD1 ¢ 2 °
© o 4
] o A °
Z % e_e o, =
_qE) ° [ ] .. [ ] c °
° c °
5 | ole e o g _JL,
5 -.“- I o S ° [¢] o e o
° P O %% K e’ o Sp~eas
& & % o.'!..' % .uﬂ SIS o 5 %° [ 500 ”. e | O
ol le2l < il IS e o o0 | o 2 . , .
100M 107 M 108 M 10°M 100 M 108M
Dopamine concentration Dopamine concentration
IL-1p production in DRD2 expressers vs non-expressers IL-6 production in DRD2 expressers vs non-expressers
3 *%* ® DRD2 (n=16-19) 3 ° ® DRD2 (n=22)
§ 6 o O No DRD2 (n=4) g 1o ° O No DRD2 (n=3)
5 5 °
L ° [
'2 .g °® [ ]
K- kS o
= T %‘-‘:
& ° ©
4 ° ° = s ° o
DRD2 < e | % ° £ °® o ° ° ®e
° o o @ °
o ®_ o ° o I3 ° o
S 21 e o ., ° R g T 9
g o8, ar 7 2 —Sed & o oY
o ° o | ol @ o J@ kel © Py
e} o =
e ®ee “o® © | o o|© 2 < O
0 —L —L —L LI - ol 100l —L se 1
10%M 107 M 108 M 10°M 10°M 107 M 108 M

Dopamine concentration

Fig. 4 Donors were separated into two groups based on whether or not
they express DRD1 or DRD2. We then compared the fold change in IL-6,
IL-10, and IL-1f induced by each concentration of dopamine between
the two groups. a Donor MDM that do not express DRD1 have signifi-
cantly lower fold-increase in IL-6 production after exposure to 10~® and
1077 M dopamine compared to donors that do express DRD1. b Donor
MDM that do not express DRD1 (n=7) have less inhibition of IL-10
production after exposure to 10 ® M dopamine, an effect that is trending

MDM, macrophages from frozen donors were treated with do-
pamine either alone or with LPS for 24 h prior to collection of
supernatants and lysates for analysis by alphalLISA. Analysis
showed dopamine treatment has a similar effect on IL-6, IL-13,
IL-10, CXCLS, and CXCL10 production in MDM from
healthy and cART-treated donors, as there is no interaction
between dopamine-treatment and donor-group on any cytokine
measured [Fig. 6, 2way ANOVA, IL-6 interaction, F(4,76) =

1.752, p=.1474; IL-1f interaction, F(4,80)=0.3049, p=

0.8739; IL-10 interaction, F(2,38)=0.8859, p=0.4207,
CXCLS interaction, F(4,84) =0.7484, p = 0.5618; CXCL10 in-
teraction, F(4,84) = 0.9847, p =0.4204]. There is also a signif-
icant main effect of dopamine treatment on IL-6, CXCLS, and
CXCL10 [Fig. 6, 2way ANOVA, IL-6 dopamine effect,
F(4,76)=3.273, *p=.0157; CXCL8 dopamine effect,
F(4,84)=3.771, *¥*p=.0072; CXCL10 dopamine effect,
F(4,84)=2.912, *p=0.0261], although IL-13 or IL-10

Dopamine concentration

towards significance at p=.137. ¢ Donor MDM that do not express
DRD2 have a significantly greater fold-increase in IL-1{ production after
exposure to 10”° M dopamine compared to donors that do express DRD2.
d Donor MDM that do not express DRD2 have greater fold-change in IL-
6 after exposure to 10" M dopamine, an effect that is trending towards
significance at p =.128. Significance was determined via unpaired t-test
for IL-13 and Mann-Whitney test for IL-6 and IL-10 (p <.05%, p <.01%%)

production were not increased [Fig. 6, 2way ANOVA, IL-1f3
dopamine effect, F(4,80)=1.197, p=0.3187; IL-10 dopamine
effect, F(2,38)=1.645, p=0.2065]. Additionally, with post-
hoc analysis of within-group effects, we found a significant
decrease in CXCLS production at 10~ M dopamine in cART-
treated donors (Fig. 6, Dunnett’s multiple comparisons test, 7 =
11, *p = 0.0473), an effect that we did not previously observe in
freshly isolated cells from healthy donors. The effect of dopa-
mine on IL-6 production is trending towards significance in
healthy and cART-treated donors at 10¢ M (Dunnett’s multiple
comparisons test, Healthy, n=11, p=0.1066; cART, n =10,
p=.0935) and in healthy donors at 10~ M (Dunnett’s multiple
comparisons test, Healthy, n= 11, p =.0512). There was a sim-
ilar trending effect for CXCLO in healthy donors at 10 M and
10~7 M dopamine (Dunnett’s multiple comparisons test, n = 12,
107° M, p=0.0609; 10" M, p=0.0536). The effect of dopa-
mine on inhibition of IL-10 production was also trending in
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Fig. 5 RNA from human MDM isolated from previously frozen PBMC
was collected from 12 healthy, and 12 cART-treated donors to quantify
expression of DRD1, DRD2, DRD3, DRD4, and DRDS5. Expression
level of each receptor is normalized to the level of the endogenous control
18 s (ACr), and data is represented as the transformed value Z'ACT. a,b
Healthy and cART donor MDMs isolated from previously frozen PBMC
express significantly greater levels of DRDS than any other receptor.
Significance was determined via Kruskal-Wallis test followed by
Dunn’s multiple comparisons test, (*p <0.05, **p <0.01, p <.001%%*,
p<.0001****) ¢ In MDM isolated from previously frozen PBMC,

cART donors at 10" M (Dunnett’s multiple comparisons test,
n=10, p=0.1044).

For most of the cytokines examined, the effect of dopamine
is consistent among MDM derived from healthy, fresh PBMC,
healthy, frozen PBMC and cART-treated frozen PBMC
(Tables 2 and 5). However, compared to the freshly isolated
MDM, the dopamine-induced changes in cytokine production
in frozen-derived MDM is much more variable, regardless of
donor group (Table 5). This suggests that the process of freez-
ing and thawing PBMC may impact function of mature MDM
and introduce greater variability. It is likely that this increased
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cART donors express significantly greater DRDS than healthy donors.
Significance was determined via individual unpaired Mann-Whitney tests
between healthy and cART groups for each dopamine-receptor subtype.
There was no significant difference in expression for any other dopamine-
receptor subtype (*p < 0.05). d Across all healthy donors, MDM isolated
from previously frozen PBMC express less DRD1 and DRD2 than fresh-
ly isolated MDM. Significance was determined via individual unpaired
Mann-Whitney tests between fresh and frozen groups for each dopamine-
receptor subtype. There was no significant difference in expression for
other dopamine-receptor subtype (*p <0.05)

variability within a smaller cohort of donors that resulted in
some of the differences in results observed between the studies
conducted in freshly isolated and frozen-derived MDM such
as the lack of significance in IL-13 production in both groups
[Fig. 6, Dunnett’s multiple comparisons test, 10°® M dopa-
mine, healthy, n=12, p.8646; cART, n=10, p=0.1836]
(Table 4).

The statistical analysis also demonstrated a significant main
effect of patient group on IL-6 production across all treatment
conditions, and a similar trend showing an effect of patient
group on IL-1 production [Fig. 6, 2way ANOVA, IL-6 donor
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Fig.6 MDM isolated from healthy and cART-treated donors were treated
with different concentrations of DA (10° M, 10 M -1077, 10"® M) for
24-h, then supernatants were analyzed for IL-6, IL-10, CXCL38, and
CXCLI10. Lysates were analyzed for IL-1f3. Cytokine levels in the DA-
treated groups were normalized to the untreated or LPS condition to show
fold change. Raw data was not normally distributed, so statistics were
performed on cytokine concentrations after log(10) transformation.
Dopamine had a similar effect on MDM cytokine production in healthy
and cART-treated donors as there was no interaction between dopamine-

group effect F(1,19) = 8.605, **p =0.0085; IL-13 donor group
effect F(1,20)=3.871, p=0.0631]. This is indicative of a
slightly lower baseline production of inflammatory mediators
in MDM from chronically HIV-infected, cART-treated individ-
uals (Supplemental Fig. 3), which agrees with previous studies
(Molina et al. 1990; Gordon et al. 2007). Unfortunately, demo-
graphic data was not available for healthy donors in the cryo-
preserved cohort, so we were unable to examine these associa-
tions. The cryopreserved cohorts were also too small to reason-
ably observe correlations between cytokine production and
dopamine-receptor expression. All cART donors except 1 were
male, and the majority of donors initiated cART within the same
year as diagnosis, so we did not examine the effects of gender,
or the number of years an infected individual was untreated.
However, there was no association between dopamine-induced

Dopamine treatment

treatment and donor-group on cytokine production for IL-6, IL-1f3, IL-
10, CXCLS, or CXCL10. There was a simple main effect of dopamine
treatment for IL-6, CXCLS, and CXCL10 (p <.05%, p <.01**). Within-
group pairwise comparison found a significant decrease in CXCL8 pro-
duction following 10~ M dopamine exposure in cART donors (p <.05%).
There was a simple main effect of donor group for IL-6 (p < 05%).
Significance was determined with a repeated measures 2-way ANOVA,
and post-hoc analysis with Dunnett’s multiple comparisons test

changes in any cytokine and the donor age or number of years
infected with HIV (Spearman correlation, data not shown).

Discussion

Despite the widespread implementation of cART, HIV infec-
tion still results in a variety of neuropathologic and
neurocognitive sequelae, collectively known as NeuroHIV,
for which there a few effective treatments. A major challenge
to the development of such adjuvant therapies is that the pre-
cise neuropathogenic mechanisms that lead to the develop-
ment of NeuroHIV have not been identified in chronically
infected, virally suppressed individuals. In the cART era,
neurocognitive impairment is likely mediated by interactions

Table 4 Demographic and

characteristics of healthy donors Donor Age Gender HLA phenotypes Date of PBMC isolation
(Cryopreserved UPenn cohort,
n=4) ND221 39 male A66,68; B41,35; DR13,8 05/26/2014

ND417 36 male A30,11; B27,18; DR18,1 04/08/2015

ND436 24 male A252;B18,8; DR17,16 11/19/2015

ND444 29 male A68,26; B61,13; DR13,4 01/07/2015
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between host and viral factors that perpetuate immune dys-
function, contributing to chronic inflammation in the CNS.
One of these factors is illicit drug use, a history of which is
reported by 50-80% of HIV-infected individuals (Mathers
et al. 2008; Daskalopoulou et al. 2014; Garin et al. 2015)
and may contribute to immune dysfunction and inflammation
via interactions with the dopaminergic system. These data
support this hypothesis, demonstrating that exposure of mac-
rophages to a wide-range of dopamine concentrations pro-
motes an inflammatory environment by modulating the pro-
duction of numerous cytokines and chemokines. For certain
cytokines, the dopamine-induced chances are associated with
the expression level of specific macrophage dopamine recep-
tor subtypes, indicating that specific dopamine-receptor sub-
types may have differing mechanistic roles in the regulation of
the inflammatory environment, and also that an individual’s
expression pattern of macrophage dopamine receptors may
relate susceptibility to dopamine-induced inflammation. This
study also shows that dopamine modulates cytokine produc-
tion in macrophages derived from chronically infected, virally
suppressed individuals, indicating that dopaminergic modula-
tion of myeloid cells could be a source of inflammation in
successfully cART-treated individuals. These data indicate
that disruption of the dopaminergic system could be an impor-
tant factor in the development of neuroinflammation and sug-
gests that therapies targeting the myeloid dopamine system
may be a viable option for the amelioration of HIV-
associated neuroinflammation. Furthermore, the absence of
reliable biomarkers for the development of NeuroHIV
(Armah et al. 2012; Chan and Brew 2014; Saylor et al.
2016) suggests that screening dopamine receptor expression
to identify of individuals who are more susceptible to
myeloid-cell induced inflammation may help clinicians pre-
dict poor neurological outcomes and ultimately provide in-
sights into the pathogenic mechanisms of NeuroHIV.
Dopaminergic involvement in NeuroHIV has been studied
since the start of the epidemic, when research found that indi-
viduals with AIDS were more likely to develop extrapyrami-
dal symptoms in conjunction with the use of neuroleptics and
other dopaminergic therapeutics (Hollander et al. 1985; Hriso
et al. 1991; Kieburtz et al. 1991). Early studies found HIV-
infected individuals showed significant changes in dopamine
metabolism (Larsson et al. 1991; Berger et al. 1994;
Koutsilieri et al. 1997; di Rocco et al. 2000) and prominent
neuropathology, such as volume loss, neuronal atrophy and
greater numbers of infected myeloid cells, in dopamine-rich
brain regions including substantia nigra (SbN), basal ganglia
(BG), and prefrontal cortex (PFC). (Navia et al. 1986; Kure
et al. 1990; Reyes et al. 1991; Aylward et al. 1993; Hestad
et al. 1993; Aylward et al. 1995; Glass et al. 1995; Itoh et al.
2000). These individuals also displayed relatively higher
levels of infection, inflammation and neurological damage in
dopaminergic regions (Wiley and Nelson 1990; Fujimura
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et al. 1997). Similar, although more subtle, regional neuropa-
thology and inflammation is seen today in cART-treated pa-
tients [26, 47-50], and many of the HIV- associated impair-
ments in these patients, such as deficits in attention or moti-
vation reflect specific dysfunction of dopaminergic systems
[51-60]. These associations suggest that interactions between
the dopaminergic and immune systems during HIV-infection
are a key component of the etiology of NeuroHIV.

Dopamine has been shown to regulate the functions of
human T cells, neutrophils and cells of the myeloid lineage
such as macrophages, monocytes and microglia (Ricci et al.
1997; Basu and Dasgupta 2000; Farber et al. 2005; Torres
et al. 2005; Devoino et al. 2006; Mastroeni et al. 2009;
Nakano et al. 2009a; Strell et al. 2009; Huang et al. 2010;
Sarkar et al. 2010; Barnes et al. 2015; Yan et al. 2015;
Levite 2016; Pinoli et al. 2017). A number of these functions
are associated with the development of NeuroHIV, including
dopaminergic modulation of the production of inflammatory
mediators (Gaskill et al. 2012), blood-brain-barrier transmi-
gration and chemotaxis (Li et al. 2003; Watanabe et al.
2006; Mastroeni et al. 2009; Coley et al. 2015; Calderon
et al. 2017), and cell differentiation (Nakano et al. 2009b;
Prado et al. 2012; Qin et al. 2015). In addition, dopamine
can directly influence the spread of infection by increasing
HIV replication in both macrophages and T cells (Rohr et al.
1999; Gaskill et al. 2009; Gaskill et al. 2014). These effects
are mediated by both D1-like (DRDI1, DRDS5) and D2-like
subtypes (DRD2, DRD3, DRD4), which are expressed on
most human immune cells. While the specific impact of indi-
vidual dopamine-receptor subtypes in immunomodulation is
not well-established, studies in rodent models show activation
of D1-like receptors on immune cells including T cells and
dendritic cells (Nakagome et al. 2011; Nakano et al. 2011)
promotes inflammation, while activation of D2-like receptors
is anti-inflammatory (Laengle et al. 2006; Zhang et al. 2012;
Zhang et al. 2015; Zhu et al. 2018), although these studies
have not been done in macrophages. Therefore, the specific
immunomodulatory role of dopamine receptors on human
myeloid cells remains unclear, but these data now demonstrate
that primary human MDM express predominantly D1-like
dopamine-receptor mRNA, with significantly greater amounts
of DRD5 than any other subtype (Fig. 1). This suggests that
the impact of dopamine stimulation of macrophages would be
predominantly inflammatory, which in the context of HIV
may result in exacerbation of neuroinflammation.

Myeloid cell cytokine production plays a major role in the
development of inflammation, particularly in the CNS where
microglia and macrophages comprise the bulk of the resident
immune cell population (Lassmann et al. 1993; Ransohoff and
Cardona 2010; Katsumoto et al. 2014; Prinz and Priller 2014;
Greter et al. 2015). To better evaluate the impact of dopamine
on this process, four different dopamine concentrations were
used to better model the range of fluctuations in dopaminergic
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tone to which CNS myeloid cells might be exposed during
both normal physiologic conditions, and during HIV-infection
and coincident drug use. The lowest concentration, 107° M,
approximates basal dopamine levels, while 10 M represents
tonic levels in dopaminergic regions or stimulated release in
projection regions by natural rewards. For the higher concen-
trations, 1077 M represents levels observed in most cases of
drug abuse, and 10® M represents the highest concentration
that myeloid cells could be exposed to during the use of
psychostimulants such as cocaine and methamphetamine
(Carboni et al. 1989; Koob 1992; Schiffer et al. 2003;
Kimmel et al. 2005; Zachek et al. 2010). These data show
significant changes in IL-6 production in response multiple
concentrations of dopamine, with both the highest (10° M)
and the lowest (10~° M) concentrations significantly increas-
ing IL-6 2-fold. Significant induction of the chemokines
CCL2, CXCL9, and CXCL10 also occurred at multiple con-
centrations, including the lower concentrations (1078 M and
107° M), and while not significant, CXCL8 also showed a
strong trend toward an increase at these concentrations. This
indicates that dopaminergic modulation of these factors could
occur in the absence of drug use and may be a function of
normal physiology in uninfected individuals. Additionally,
during HIV-infection, elevation of IL-6, CCL2, CXCLS,
CXCL9, and CXCLI10 is believed to play a role in the devel-
opment of neuropathology (Kaul et al. 2001; Anthony and
Bell 2008; Kraft-Terry et al. 2009; Burdo et al. 2013; Saylor
et al. 2016). Thus, our data suggest that even slight elevations
in extracellular dopamine may contribute to the development
and persistence of chronic, HIV-associated neuroinflamma-
tion through cultivation of the myeloid inflammatory milieu.
To better understand this relationship, we examined corre-
lations between the expression of dopamine receptors and the
dopamine-mediated change production of individual cyto-
kines. In the healthy, freshly isolated MDM cohort, there is a
positive correlation between D1-like receptor expression and
inhibition of LPS-induced production of the anti-
inflammatory cytokine IL-10. There is also negative correla-
tion between D2-like receptor expression and the production
of the inflammatory cytokine IL-6. This supports the hypoth-
esis prevalent in the literature, that D1-like receptors promote
an inflammatory macrophage phenotype, while D2-like recep-
tors opposing this effect. We did not observe any correlations
for dopamine receptor expression with dopamine-induced
production of other cytokines. This implies that both subtypes
of dopamine-receptor might be involved in the regulation of
individual cytokines. In addition, it is notable that a correlation
for IL-6 is only present at 10® M dopamine, but not at other
concentrations that had a significant effect. This could indicate
that distinct dopamine receptor subtypes may be dominant at
different dopamine concentrations due to differences in recep-
tor sensitivity. For instance, in certain neuronal populations,
DRDI1 is preferentially activated at low dopamine

concentrations and DRD?2 activation is recruited as dopamine
concentrations rise, as reflected by the inverted-U shaped
dose-response curve for certain dopamine functions (Wang
et al. 2004; Kroener et al. 2009; Gjedde et al. 2010; Cools
and D'Esposito 2011; Floresco 2013). The specific pharma-
cology of macrophage dopamine receptors remains unclear;
while they may be pharmacologically similar to neuronal do-
pamine receptors, preliminary studies in our group suggest
they display their own unique pharmacology (Nickoloff
et al. under review). The associations demonstrated here, as
well as the data describing the relative abundance of dopamine
receptor transcripts in MDM, will support future studies uti-
lizing dopamine-receptor specific agonists and antagonists to
better define dopamine-induced cytokine production. These
experiments should also examine how exogenous changes in
macrophage inflammation state, such as activation of the
inflammasome, regulate dopamine receptor expression and
signaling.

As the majority of HIV-infected individuals are currently
treated with cART (UNAIDS 2016), evaluating the effects of
dopamine in macrophages from cART treated patients is im-
portant to understanding the role of dopamine in the modern
pandemic. In these macrophages, dopamine receptor expres-
sion is similar to that seen in healthy individuals, with signif-
icantly greater DRDS transcript expression relative to other
dopamine receptors for both donor groups. Dopamine-
induced changes in cytokine production were also similar in
healthy and cART-treated donors, with no significant interac-
tion between donor group and dopamine treatment for any
cytokine measured. In this study, dopamine significantly in-
creased production of IL-6, CXCLS, and CXCL10 in macro-
phages from cART-treated donors, replicating our initial find-
ings but in a smaller cohort (n=12) of donor macrophages
that were isolated from previously frozen PBMC. Notably, we
did not observe a significant main effect of dopamine treat-
ment on production of IL-13 or LPS-induced production of
IL-10. This may indicate the effect of dopamine on these
cytokines is subject to greater interdonor variability and
requires a larger cohort size to observe significance.
Therefore, additional studies in a larger cohort of HIV-
infected individuals are needed to replicate our findings
and to resolve differences in effect size between our exper-
iments. Altogether, these results indicate that aberrant do-
pamine levels during HIV infection due to illicit or thera-
peutic drug use could promote tissue-damaging inflamma-
tion even in individuals on suppressive cART. These re-
sults also provide important information for physicians that
contraindicates prescription of dopamine-modifying thera-
peutics to HIV-infected patients. The similar dopamine-
responsiveness in healthy and cART-treated donors also
indicates that performing future mechanistic experiments
in MDM from healthy individuals is a reasonable approach
in future studies.
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We also observed that MDM isolated from cART-treated
patients expressed significantly greater levels of DRDS
mRNA compared to healthy controls isolated in a similar
manner (Fig. 6¢). This finding could be an artifact of a small
sample size, but the prospect that macrophage dopamine re-
ceptor expression could be sensitive to an individual’s im-
mune environment is an intriguing one that is worth further
inquiry. Increased expression of macrophage DRD5 during
chronic HIV-infection could enhance macrophage dopamine
responsiveness and contribute to a pro-inflammatory environ-
ment. However, unlike in our cohort of freshly isolated PBMC
from healthy donors, the macrophages from cART-treated pa-
tients did not show any associations between an individual’s
dopamine-receptor expression and production of any cyto-
kine. This is likely due to the size of our cART-treated cohort,
which may have been too small to elucidate such patterns.

An important caveat to this analysis is the use of previously
frozen PBMC from cART-treated patients. The process of
freezing, transporting, and thawing PBMC could alter the
function of MDM isolated from this population and influence
our results. Based on the response to LPS-stimulation in
healthy or cART-treated donors, the immune response of fro-
zen cells was intact (Supplemental Figs. 3, 4). However, the
baseline and LPS-stimulated level of cytokines demonstrated
greater standard error in MDM derived from frozen PBMC for
both healthy and cART treated populations (Tables 2 and 5),
indicating that greater variability may have been introduced
by the freezing process. Dopamine-responsiveness was also
more variable in healthy MDM isolated from previously fro-
zen PBMC than from freshly isolated PBMC (Supplemental
Fig. 4), suggesting that the freezing or thawing process might
be a confounding variable. To address this, future analysis
should be performed on freshly-isolated MDM from cART-
treated patients or by using larger cohorts to offset the impact
of cryopreservation variability.

The power of larger cohorts was also observed for MDM
obtained from freshly-isolated PBMC. Our prior studies using
a primary human macrophages from a smaller cohort of indi-
viduals (N =6-13) showed dopamine modulates production
of IL-6, CCL2, TNF-«, CXCLS, and IL-10, but variability
between donors was high (Gaskill et al. 2012). Other studies
using both human and rodent macrophages also showed
dopamine-induced changes in cytokine production, but many
of the results are contradictory. Some studies agree with our
finding that dopamine-receptor stimulation largely increases
macrophage inflammatory cytokine production (Chi et al.
2003; Shavali et al. 2006; Gaskill et al. 2012; Trudler et al.
2014; Qin et al. 2015; Yamamoto et al. 2016), while other
studies indicate that dopamine has an inhibitory effect
(Hasko et al. 2002; Farber et al. 2005; Capellino et al. 2010;
Yan et al. 2015; Yoshioka et al. 2016; Bone et al. 2017). The
discontinuity in these findings may be due to differences in
experimental design, as like our own initial study, many of
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these experiments were limited by a small cohort size.
Additionally, much of this research focused on a single, non-
physiologic concentration of dopamine that could evoke oxi-
dative stress and off-target effect. Other studies used non-
specific dopamine receptor agonists and antagonists that
may obscure the overall effect of dopamine by preferentially
activating individual dopamine receptors to unknown degrees.
In addition, there are likely species-specific differences in
MDM dopamine responsivity that could account for dissimi-
larities in the literature. Furthermore, there is high genetic
similarity within rodent colonies that may skew results if
MDM dopamine-receptor expression is homogenous within
experimental groups. This prevents the observation of donor
dependent differences in dopamine sensitivity, and the analy-
sis of the association of specific dopamine receptor sub-types
with particular cytokines. Therefore, it is difficult to interpret
the results of these studies to determine a role for specific
macrophage dopamine receptor subtypes in the regulation of
particular cytokines. It is also possible that differences in cul-
ture conditions between experiments affect baseline cytokine
measurements and obscure the impact of dopamine treatment,
particularly if the effect of dopamine is subtle.

This experimental protocol is designed to and expand upon
prior studies by addressing many of these limitations. To ac-
commodate the high-inter-donor variability inherent to the use
of primary cells, MDM were obtained from a large number of
individuals recruited from 5 separate cohorts; the New York
Blood center (NYBC, n=35), BiolVT in Miami (n=6),
University of Pennsylvania (n =4), Martin Memorial Health
Systems in Florida (n = 8), and a group of HIV+, cART sup-
pressed patients at McGill University in Montreal (n = 12).
Analysis of cytokine production was performed using a sen-
sitive, bead-based AlphalISA assay with a large dynamic
range to more precisely measure changes in cytokine levels.
The results of this updated methodology demonstrate that do-
pamine increases the production of IL-6, IL-13, IL-18, CCL2,
CXCLS8, CXCL9, and CXCL10 in non-LPS stimulated mac-
rophages across a range of concentrations (Table 2, Fig. 3).
This confirms our previous finding that dopamine increases
production of IL-6 and CCL2 in MDM, with a magnitude
similar to our previous finding (Gaskill et al. 2012).
Contrary to our prior study, in this larger cohort dopamine
(10"° M) increased production of CXCLS in non-LPS stimu-
lated cells, an effect that was not significant in our prior study
(Gaskill), although this difference may be due to the difference
in cohort size. Other differences with our previous data, are
that dopamine does not change the production of TNF-x in
LPS-stimulated macrophages, and that dopamine inhibits
rather than increases LPS-induced IL-10 production. As both
studies used a significant number of individuals from the
NYBC, the differences are unlikely to be due to differences
in the cohorts, but the use of a larger number of donors en-
abled more robust statistical analysis that better accounted for



149

J Neuroimmune Pharmacol (2019) 14:134-156

(NES-/+) a1esAT [100 01 1od urojord yo Sri/Tuu/3d ur uonenuaou0d UEdA ,
anpea-d (pAq I,

(152 uostredwood-adnnuw spouun( ‘onfea-d) WHS-/+ pareanun 0} aAne[a1 33uYd PO ,

(NAS-/+) uepeuradns 00 (01 Jod Tui/3d ur UORERUIIUOD UBIA ,

yL8y=d
‘05'=(17°' 14 ‘ON

80L7=d
‘9T 1=(17°D4 ‘°ON

Lygg=d
‘b0'=(61'1d ON

1£90'=d
‘L8°¢=(0T' D4
‘Surpuoi],

#+5800'=d
‘9'8=(61°T)d ‘SOA

Yoy =d
‘86'=(18%)d ‘ON

819¢'=d
‘SL=(8%)d ‘ON

Lozy=d
‘68'=(8¢°0)d ‘ON

6¢L8=d
‘0€=(08%)d ‘ON

pLy1=d
‘SLT=OL'P) ON

x2920=d
16 7=(18Y)d ‘SR

#%CL00=d
‘LLE=(18P)A ‘SR

s90z=d
P9 1=(8¢°0)d ‘ON

L81¢=d
‘T1=(08'P)d ON

#LS10=d
LT €=(9L°p)d ‘SOA

(ree) €1 -/+ X98
(LLS) 9T -1+ X€'T

#(LY0) T+ %49
(988) ¥1" -/+ X96°

(6667 80" -/+ X1
(8667 1" -+ XI'1

(€16) 61"+ X€'1

(866) 1t -+ X1

(SeL) o1 -+ XL
(rTy) 09 -+ X1'C

(€68) 1T -1+ x¢'1
(rS0) € -+ X8'1

(T66) S+ XL'1
(1$8) LT -+ X571

(WLL) 8€-/+XS'T
(r6L) ¥'1 -1+ X9C

(666'<) ¥ -+ X¢'1
(T1507) S8+ XL'T

(L08) 6T -1+ X'
(190) ¥'T -+ %91

(806) T1-/+ LT
019) v€ -+ XL'1

(F01°) ¥80" -/+ X68'

(626" €90" -/+ 86°

W81 I'T-+X9C
(S98) TL -+ x8'1

(1607) €5°€ /+ X65°S
(9901 1L /+X9°C

(WLLTET -4) 6€¥°91C
(009°S6T -+) LIT'LES

(990°568°1
/+) 6SS°LTY'S
(01L°66S ~/+) T115°T€6'T

(T€1°TT -14) 68L9T
(S€T°€ /+) 0T9°¢T

H(8Y8°€ /+) TSE'LI
HESTTT +/ 4) 0£0°FE

(EVT°08T -+) 0€1°TTY
(T1Z7°90€ -/+) 6757689

(9SL°LY ~/+) 6¥T°18
(S96°¢y -/+) 8€€°T6

(segt18¢
/) 8L6°980°T
(WLLYLY -1+) T69°LO6

(IST-+) LOT‘T
(TT€ /+) 9ST'1

(191 /4) 8 THL
o(861 /+) 96€°1

(6L5°0T ~/+) S60°0C
(09S°T1T ~/+) 09T°€

LV
Ayieoy

0I'IOXD

LIV
Aoy

8TOXD

AR\
Apresy

01-11

AR
Aypresy

d1-1

AR
Aypreay

911

q0dnoid
I0UOp JO 109119
urew o[dwig

Juaunean

pue dnoig Jouop _jjuswgean surwedop

U0OM}aq UONOBIAU]  JO 10y50 urewr ofduwrg

201

01

501

q

surwedop 0} asuodsar ur 93ueyd plog

LSI[90 paje[nuwuns
-Sd'1 Ul UONENUIOU0))

S92
1 Ul UONEHUIIUO))

unjoIL)

SIOUOp PaJedN-I VO Pue Aeay wolj pajejost NN W uononpoid aunjo)£o uo durwedop Jo 109JJ0 PUE S[OAJ] JUIN0IL))

S djqeL

pringer

Qs



150

J Neuroimmune Pharmacol (2019) 14:134-156

individual variance in dopamine sensitivity. The increased
sensitivity of the assays used, the use of LPS as a positive
control for capability to produce cytokines, or random varia-
tion in the donor population could also have led to these dis-
parities in the results. These differences highlight the value of
using a large cohort sourced from several locations to ensure
that the heterogeneity of the population can be properly
accounted for.

Unfortunately, demographic information available for the
Martin Memorial Health (n=12) and UPenn cohorts (n=4)
was limited, making it impossible to determine whether
healthy and cART donors were matched for age, gender, race,
or CMV status. The majority of frozen PBMC obtained from
these cohorts were from males, so these findings may primar-
ily reflect the response of male donors. However, in the freshly
isolated macrophages, there were no group differences be-
tween LPS or dopamine response with gender, race, CMV
status, and there was no association with age (Supplemental
Table 1), indicating the influence of these variables on the
results may be negligible. However, information on drug
abuse history, which could be a major confounding variable,
was not available for any of our donor populations. Alcohol or
drug use can affect dopamine levels in the periphery (Faraj
et al. 1993; Stuerenburg et al. 2002), potentially influencing
expression or sensitivity of macrophage dopamine receptors,
thereby impacting dopamine-responsiveness. It is possible
that some of the inter-donor variability observed could be
attributed to unknown differences in substance use. Future
analyses of this type will control for this variable and/or spe-
cifically investigate the impact of drug abuse history on hu-
man macrophage function, MDM dopamine receptor expres-
sion, and response to dopamine.

In addition to substances of abuse, many dopaminergic phar-
maceuticals are commonly prescribed to treat a range of condi-
tions including ADHD, depression, diabetes, Alzheimer’s, or
Parkinson’s dementia (Smits et al. 2000; Rogers et al. 2007; Hu
et al. 2008; Miller et al. 2009; Garcia-Tornadu et al. 2010; Gate
et al. 2010; Via et al. 2010; Kalra et al. 2011; Sun et al. 2012;
Kleinridders et al. 2015). Use of these pharmaceuticals in our
donor populations is also unknown and should be considered a
potential confounding variable. However, the widespread use
of dopamine-modifying therapeutics also increases the rele-
vance of our findings, as many of these therapeutics influence
extracellular dopamine in the brain by modulating dopamine
uptake, release, or metabolism (Tanda et al. 1994; Kaseda et al.
1999; Volkow et al. 2001). These include psychostimulants
such as Ritalin (Spanagel et al. 1994; Volkow et al. 2001,
Peeters et al. 2003; Zhang et al. 2004) and anti-depressants such
as Wellbutrin (dopamine-uptake inhibitor) and Emsam (mono-
amine oxidase inhibitor) that are widely prescribed in both
healthy and HIV-infected populations, often for an extended
period of time (Currier et al. 2003; Basu et al. 2005; Huffman
and Fricchione 2005; Cecchelli et al. 2010). Long-term changes
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in dopaminergic tone due to use of these drugs could affect
myeloid cell function and contribute to the development of
chronic neuroinflammation. Furthermore, therapeutics acting
as dopamine-receptor agonists and antagonists are commonly
prescribed for the treatment of depression (Aripiprazole), dia-
betes (bromocriptine) and certain cancers (Wang et al. 2002;
Senogles 2007; Sarkar et al. 2008). Such drugs can exert their
effects in the periphery as well as the brain, yet the effect of
these drugs on macrophage function has not been studied.
Therefore, understanding the impact of dopamine and dopami-
nergic agents on macrophage cytokine production has major
implications for the promotion of tissue-damaging inflamma-
tion in the periphery as well as the brain.

Another area in need of further study is the specific impact
of dopamine on microglial function. While related, macro-
phages and microglia have different developmental origins
(Ginhoux et al. 2013; Prinz and Priller 2014) and may respond
differently to dopamine. As resident CNS cells (Prinz et al.
2014), microglia may be exposed to dopamine more consis-
tently and at greater concentrations than peripheral macro-
phages, as they are often in close proximity to neuronal syn-
apses while regulating synaptic architecture (Wake et al. 2009;
Paolicelli et al. 2011; Schafer et al. 2013). Microglial pruning
of synaptic dendritic spines is necessary for normal brain de-
velopment and synaptic plasticity (Paolicelli et al. 2011;
Schafer et al. 2012; Wake et al. 2013; Wu et al. 2015), and
microglia express dopamine receptors (Mastroeni et al. 2009;
Huck et al. 2015; Yoshioka et al. 2016) that could respond to
dopamine and modulate microglia activity precisely for the
purpose of activity-dependent synaptic pruning. Both IL-13
and IL-6, which this study shows are increased in response to
dopamine, may be important mediators of microglial-neuron
communication (Monje et al. 2003; Iosif et al. 2006; Yirmiya
and Goshen 2011). Thus, aberrant microglial activation and
inflammatory cytokine release mediated by dopamine expo-
sure could adversely impact neuronal structure and function.
In one study, induction of IL-1{3 release in a glial-neuronal co-
culture resulted in a loss of dendritic spines in rat cortical
neurons, and in HIV-transgenic rats, reduced dendritic spine
density is associated with impaired executive function (Festa
et al. 2015). Therefore, under conditions of elevated dopa-
mine, modulation of microglial cytokine production could re-
sult in inappropriate synaptic pruning or neuronal injury, and
in the context of HIV contribute to poor systemic and neuro-
logic outcomes.

The data from this current study show that physiologically
relevant dopamine concentrations significantly increase the
production of inflammatory cytokines and chemokines in pri-
mary human macrophages, suggesting dopamine induces an
inflammatory phenotype in these cells. These effects are main-
tained in the presence of cART, indicating dopamine has the
same effects on macrophage-mediated inflammation in chron-
ically infected, virally suppressed individuals as it does in
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healthy individuals. These inflammatory effects may be linked
to the activity of specific dopamine receptors, possibly DRS,
as transcripts for this receptor are the most prominently
expressed in macrophages despite large interpersonal variabil-
ity in receptor expression. Overall, these data provide a more
substantial foundation for understanding the role of dopamine
in the development of NeuroHIV, as well as other inflamma-
tory diseases in which neuroimmune manipulation of myeloid
functions plays a significant role. These experiments improve
our understanding of the mechanisms by which dopamine
exacerbates inflammation, and will inform future studies that
may identify signaling pathways that could be targeted thera-
peutically to prevent or counteract myeloid-cell mediated in-
flammation during HIV infection.

Publisher’s Note Springer Nature remains neutral with regard to juris-
dictional claims in published maps and institutional affiliations.
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