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A B S T R A C T

Toll-like receptor 7 (TLR7)-activation has been implicated as a significant mechanism of neuroinflammation
triggered by ssRNA viruses. Infiltration of monocytes into the brain and astrocyte activation occurs during in vivo
TLR7-mediated neuroinflammation. The objective here was to determine whether the TLR7 agonist, imiquimod,
and interferon-alpha (IFN-α), promote monocyte-mediated astrocyte secretion of pro-inflammatory factors.
Using a human primary co-culture system, we demonstrate that monocytes, together with imiquimod and IFN-α,
promote astrocyte secretion of MCP-1, IL-6 and IP-10. Furthermore, TLR7-induced monocyte-derived IL-1β is
critical for promoting the astrocyte response. Overall, this study provides a potential mechanism for TLR7-
mediated neuroinflammation.

1. Introduction

A central feature of central nervous system (CNS) diseases, in-
cluding viral encephalitis, is chronic neuroinflammation (Furr and
Marriott, 2012). This CNS inflammation is characterized by activation
of glial cells, including astrocytes and microglia, along with blood-de-
rived immune cells (e.g. monocytes), all of which release an array of
pro-inflammatory factors that lead to neuronal dysfunction and im-
paired cognition (Chitnis and Weiner, 2017; Colombo and Farina, 2016;
Hong and Banks, 2015; Furr and Marriott, 2012; Terry et al., 2012).
Blood-derived monocytes have been implicated in viral encephalitis
due to their ability to be infected/activated in circulation, cross the
blood-brain barrier and release inflammatory factors (cytokines, re-
active species, virions and viral proteins) (Williams et al., 2014; Terry
et al., 2012). The inflammatory factors produced by monocytes in the
brain may have a profound impact on neuronal injury by promoting

glial cell dysfunction, including astrocytes, leading to chronic pro-in-
flammatory cytokines/chemokines production and impaired glutamate
control (Scutari et al., 2017; Gonzalez-Scarano and Martin-Garcia,
2005; Ton and Xiong, 2013; Williams et al., 2014; Kaul et al., 2001;
Sofroniew, 2015; Andjelkovic et al., 2000). Thus, monocyte-astrocyte
interactions have the potential to facilitate leukocyte infiltration, cy-
tokine secretion and direct neuronal injury (Sofroniew, 2015; Chitnis
and Weiner, 2017; Colombo and Farina, 2016).

Activation of toll-like receptor 7 (TLR7) by genomic ssRNA has been
implicated as a major pattern-recognition receptor activated during
viral-induced neuroinflammation (Furr and Marriott, 2012; Shastri
et al., 2013; Lehmann et al., 2012). TLR7 is expressed in monocytes, as
well as astrocytes and microglia, and receptor activation leads to cy-
tokine secretion (Cros et al., 2010; Jack et al., 2005). A growing body of
evidence has demonstrated a strong neuroinflammatory response with
in vivo treatment of the TLR7 agonist, imiquimod. Specifically, Butchi
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and colleagues have demonstrated a CNS inflammatory response in
mice with intracerebroventricular inoculation of the TLR7 agonist,
imiquimod. This response was characterized, in part, by astrocyte ac-
tivation, as well as temporal induction of several pro-inflammatory
factors including IL-1β, monocyte chemoattractant protein 1 (CCL2/
MCP-1), IL-6 and IFN-γ-inducible protein 10 (CXCL10/IP-10) (Butchi
et al., 2008; Butchi et al., 2011). Furthermore, topical administration of
imiquimod (Aldara™) to mice, which enters the brain within 4 h post-
treatment, also promoted a similar neuroinflammatory response profile
(MCP-1, IL-6 and IP-10), which could be detected as early as 4 h post
treatment and up to 3–5 days (Nerurkar et al., 2017). In addition, this
study illustrated activation of both microglia and astrocytes (Nerurkar
et al., 2017). Topical administration of imiquimod also was shown to
promote immune cell infiltration into the brain, including monocytes
(McColl et al., 2016), which would be speculated to exacerbate CNS
inflammation. Of note, the TLR7-mediated pro-inflammatory CNS
profile observed in these studies is similar to what is observed in pa-
tients who are infected with the ssRNA virus, human immunodeficiency
virus (HIV), and display neuroinflammation and cognitive dysfunction
(Tavazzi et al., 2014; Fischer-Smith et al., 2001; Anderson et al., 2015).

There are limited studies utilizing human-derived cells to in-
vestigate monocytes-glial cell interactions and whether monocytes,
especially when activated through TLR7, promote glial cell activation
and production of pro-inflammatory factors. Two reports have de-
monstrated that human monocytes/monocyte-derived macrophages
(MDMs) promoted MCP-1 secretion by astrocytes when co-cultured
(Andjelkovic et al., 2000; Muratori et al., 2010), while another de-
monstrated TNF-α and IL-1β production in co-cultures containing HIV-
infected MDMs and astrocytes (Genis et al., 1992). However, it is un-
known whether TLR7 activation alters human monocyte-mediated as-
trocyte secretion of MCP-1, in addition to other key immune factors (IL-
6 and IP-10). Furthermore, the anti-viral cytokine, interferon-α (IFN-α),
is produced in response to TLR7 activation and has been shown to be
elevated in the cerebrospinal fluid (CSF) during viral infections
(Uematsu and Akira, 2007; Ito et al., 2005; Rho et al., 1995; Perrella
et al., 2001; Anderson et al., 2016; Ho-Yen and Carrington, 1987). IFN-
α stimulates cells by binding the IFN-α receptor (IFNAR) (Ivashkiv and
Donlin, 2014) and may induce specific inflammatory factors different
than direct TLR7 activation. Therefore, the major objective of this study
was to determine whether the TLR7 agonist, imiquimod, along with
IFN-α, modulate monocyte-mediated astrocyte secretion of specific in-
flammatory factors (MCP-1, IL-6 and IP-10) using a human co-culture
system. Furthermore, the readily available astrocyte line, U251, was
used alongside primary astrocytes to determine whether it could serve
as an initial alternative to primary astrocytes when examining mono-
cyte-mediated astrocyte inflammatory responses.

2. Materials and methods

2.1. Reagents

Dulbecco's Modified Eagle Medium (DMEM) (Catalog #: 12100046)
and Roswell Park Memorial Institute (RPMI) 1640 (Catalog #:
31800–022) were purchased from Gibco™ by Life Technologies
(Carlsbad, CA). DMEM was supplemented with 10% Fetal Bovine Serum
(HyClone) (Thermo Fisher Scientific, Waltham, MA), 1% non-essential
amino acids (Gibco™), 1 mM sodium pyruvate (Gibco™) and 100 U/mL
Penicillin/100 μg/mL streptomycin (Gibco™). RPMI1640 was supple-
mented with 5% human AB serum (Sigma-Aldrich, St. Louis, MO) and
100 U/ml Penicillin/100 μg/mL streptomycin (Gibco™). Trypsin-EDTA
(0.25%) was purchased from Gibco™. Universal Type I Interferon Alpha
was purchased from PBL Assay Science (Piscataway Township, NJ) and
imiquimod (R837) from InvivoGen (San Diego, CA). Golgi transport
inhibitor (Monensin (2 μM)/Brefeldin A (3.0 μg/mL) in methanol) was
purchased from Thermo Fisher Scientific. Antibodies purchased from
BioLegend (San Diego, CA) included anti-CD45-Pacific Blue (clone:

HI30, Cat. #: 304029), anti-CD14-Pe-Cy7 (M5E2, 301,814), anti-CD16-
APC (3G8, 302,012), anti-CD56-PerCP (HCD56, 318,342), anti-CD57-
PerCP/Cy5.5 (HNK-1, 359,622), anti-GFAP-BV 421 (2E1.E9, 644,710)
anti-IL-6-APC (MQ2-13A5, 501,112), anti-IL-1β-FITC (JK1B-1,
508,206) and anti-MCP-1-PE (5D3-F7, 502,604). Anti-IP-10-PerCP-
eFluor710 (4NY8UN, 46–9744-41) antibody was purchased from
Thermo Fisher Scientific. For cytokine neutralization experiments,
LEAF™ anti-human MCP-1 (2H5, 505,905), anti-human IL-6 (MQ2-
13A5, 501,109), anti-human TNF-α (MAb1, 502,803), armenian ham-
ster IgG (HTK888, 400,915), rat IgG1, κ (RTK2071, 400,413) and
mouse IgG1, κ (MOPC-21, 400,123) were purchased from BioLegend.
Anti-human IL-1β (4H5, mabg-hil1b-3) and mouse IgG1, κ (T8E5,
mabg1-ctrlm) were purchased from Invivogen (San Diego, CA).
Recombinant human IL-1β was purchased from BioLegend.

2.2. U251 and human primary astrocyte cell culture

The U-251 MG (U251) astrocyte cell line was purchased from
Sigma-Aldrich (Cat #: 09063001) and passaged in supplemented
DMEM according to manufacturer's direction. U251 cells were used
between passages 4 and 10. Fetal-derived normal human astrocytes
(NHA) isolated from the cerebral cortex were purchased from Lonza
(Basel, Switzerland) and cultured according to manufacturer's direction
in astrocyte basal media (ABM™) supplemented with SingleQuots™ Kit
(rhEGF, insulin, ascorbic acid, GA-1000, L-glutamine and FBS). Media
was changed every other day for passaging and plate seeding. NHA
were used up to passage 4. Depending on the experiment, primary as-
trocytes from two or three donors were used (donor 1–3).

2.3. Peripheral blood mononuclear cell (PBMC) and monocyte isolation

PBMCs were isolated from human leukocyte packs (Gulf Coast
Regional Blood Center, Houston, TX) of healthy donors by density
gradient centrifugation using Ficoll-Paque PLUS (GE Healthcare Life
Sciences, Pittsburgh, PA). Pan monocytes were isolated by negative
selection (Human Pan Monocyte Isolation Kit from BioLegend or
Miltenyi Biotec (Bergisch Gladbach, Germany)) per manufacturer's di-
rection. The mean (± SD) monocyte purity for donors (N=49) used in
this report was 91.1 ± 5.4%.

2.4. Monocyte-astrocyte co-culture

One day prior to co-culture, U251 astrocytes were seeded at a cell
density of 7×104 cells/well in a 24-well plate (3.5× 104 cells/cm2) in
supplemented DMEM. The estimated cell density on the day of co-cul-
ture was 1× 105 cells/well (as determined by optimization experi-
ments). On the day of co-culture with U251 astrocytes, monocytes were
purified as described above and resuspended in supplemented RPMI
1640. Normal human astrocytes (NHA) were seeded in supplemented
ABM™ 3–6 days prior to co-culture at a cell density (based on doubling
time) that would be an estimated 1×105 cells/well on the day of co-
culture. For co-culture involving NHA, monocytes were placed in sup-
plemented ABM™. Monocytes were placed at the appropriate con-
centration to establish a monocyte:astrocyte ratio of 1:20 with the ex-
ception of Fig. 1, where monocytes were placed at different
concentrations for the differing cell ratios. Monocytes were added to the
culture wells containing astrocytes at a volume of 500 μL. Overall, the
total well volume was 500 μL with an astrocyte concentration of
2× 105 cells/mL and monocyte concentration of 1× 104 cells/mL.
When appropriate, IFN-α and/or R837 were added to the co-culture at
the concentration stated in the figure legends. The co-culture was in-
cubated at 37 °C and 5% CO2 for 20 h (h) and a Golgi block was added
to culture for an additional 4 h. At 24 h, wells were washed with non-
supplemented media and trypsinization was performed to remove as-
trocytes from plate. The flow cytometry procedure below was per-
formed to measure cell viability and cytokine production. For particular
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experiments, supernatants were collected at 20 h and stored at −80 °C.
LEGENDplex™ (BioLegend) and/or ELISAmax™ technology was utilized
to determine cytokine levels in supernatants per manufacturer's direc-
tion. Undetectable cytokine levels for specific samples were given a
value of 0 pg/mL for graphing and statistical analysis.

2.5. Transwell assay

Transwell®-Clear Inserts (24-well plate format) with a 0.4 μm pore
size (Catalog #: 3470) were purchased from Corning (Corning, NY).
The co-culture was performed as above with the exception of the total
well volume being 700 μl. The lower chamber consisting of astrocytes at
a volume of 600 μl while the upper chamber contained monocytes at a
volume of 100 μl. The final cell concentration of monocytes and as-
trocytes was kept the same (astrocyte: 2× 105 cells/mL and monocyte:
1× 104 cells/mL).

2.6. Cytokine quantification in monocyte supernatants

To determine the cytokines produced by monocytes, the co-culture
procedure above was performed in the absence of astrocytes (mono-
cytes only). Supernatants were collected at 20 h and stored at −80 °C.
LEGENDplex™ (BioLegend) technology was utilized to determine cyto-
kine levels in supernatants per manufacturer's direction. Data analysis
was performed using the LEGENDplex™ software. Undetectable cyto-
kine levels for specific samples was given a value of 0 pg/mL for
graphing and statistical analysis.

2.7. Cytokine neutralization assay

For cytokine neutralization, the co-culture procedure above was
performed with the addition of neutralization antibodies targeting
human MCP-1, IL-6, TNF-α and IL-1β. The neutralization antibodies
were used at a concentration of 1 μg/mL. The isotype control for each
respective neutralization antibody was added to culture at the same
concentration (1 μg/mL).

2.8. Intracellular IL-1β production by monocytes

Purified monocytes (1×106 cells/mL) were left untreated (NS) or
stimulated with IFN-α or R837 for 16 h and a Golgi block was added for
4 h. The flow cytometry procedure below was used to measure in-
tracellular IL-1β protein expression.

2.9. Flow cytometry

Staining buffer (PBS, 1% BSA, 0.1% NaN3) was used to wash cells in
between staining and fixing steps. Cells were first incubated with LIVE/
DEAD™ Fixable Near-IR Dead Cell Stain (Thermo Fisher Scientific) and
then with staining buffer containing 20% human AB serum to block Fc
receptors. BD Cytofix™ (BD Biosciences, San Jose, CA) was used to fix
cells. For intracellular staining, cells were stained with antibody in BD
Perm/Wash™ (BD Biosciences). Fixed cells were analyzed on a BD
Canto II™ (BD Biosciences). For intracellular staining, a protein trans-
port inhibitor containing Monensin and Brefeldin A (Thermo Fisher
Scientific) was added to cell culture 4 h prior to harvesting of cells for
analysis. Data analysis was performed using FLOWJO v10 software.
Monocyte surface staining to determine purity was performed

Fig. 1. Human primary monocytes induce human U251 and primary astrocytes to produce MCP-1 and IL-6. Human primary monocytes (N=5 for C-D and N=5 for
G-H) were purified from healthy donors and co-cultured with U251 or primary astrocytes (donor 1). Astrocytes were cultured at 2× 105 cells/mL and monocytes
were added at various concentrations to establish monocyte:astrocyte ratios. Cells were co-cultured for 24 h, with a Golgi block added 4 h before cell harvest.
Intracellular staining and flow cytometry were performed to determine astrocyte production of MCP-1 and IL-6. FSC-A and FSC-H were used to separate the astrocyte
population from the monocytes. Panels A-B and E-F are flow cytometry plots of astrocyte production of MCP-1 and IL-6 comparing astrocytes alone (0:1 ratio) to a
monocyte to astrocyte ratio of 1:5. For statistical analysis, dataset was first log transformed. Next, a one-way (C and G) or repeated measures (RM) (D and H) analysis
of variance (ANOVA) with a Dunnett's multiple comparisons post-test was performed. * denotes a statistical difference from 0:1 ratio group (p < .05). Graphs are
mean +/− SEM.
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immediately after isolation using anti-CD14, CD16, CD45, CD56, and
CD57. Single cells were first gated based on CD45 expression (CD45+).
Within the CD45+ population, monocytes were defined as
CD14++CD16− (classical), CD14++CD16+ (intermediate) and
CD14+/-CD16+ (non-classical) but lacking CD56/CD57 expression. For
analysis of co-culture experiments, astrocytes were gated apart from
monocytes based on forward-scatter area and height (FSC-A and FSC-H)
and optimization experiments verified that the astrocytes were GFAP+

(Supplementary Fig. 1A-B). An additional optimization experiment was
performed using the leukocyte marker CD45 to show no monocyte
contamination in the gating strategy utilized (Supplementary Fig. 1C-
D). The percent of MCP-1+, IL-6+ or IP-10+ cells within the astrocyte

population was reported in the figures. The mean fluorescent intensity
(MFI) within the respective positive cells for the corresponding protein
was calculated. The gates set for each protein were based on isotype
controls.

2.10. Recombinant IL-1β treatment of astrocytes

U251 or primary astrocytes were seeded into 24-well plates as de-
scribed in co-culture section above. Astrocytes were treated with
varying concentrations of recombinant IL-1β (noted in each experi-
ment) for 20 h and a Golgi block was added for 4 h. Additional ex-
periments on astrocytes were performed with IL-1β treatment (20 pg/

Fig. 2. Imiquimod/R837 treatment alone and with IFN-α, enhances monocyte-mediated astrocyte production of MCP-1, IL-6 and IP-10. (A-F) Human primary
monocytes were co-cultured with U251 or primary astrocytes (donor 1) at a ratio of 1:20 (monocyte:astrocyte) and stimulated with IFN-α (50, 100 and 200 U/mL) or
R837 (0.1, 1 and 10 μg/mL). Cells were co-cultured for 24 h, with a Golgi block added 4 h before cell harvest. An aliquot of supernatant was collected prior to the
addition of the Golgi block. Intracellular staining and flow cytometry were performed to determine astrocyte production of MCP-1, IL-6 and IP-10. The right panels in
A-F are supernatant levels of cytokines in co-culture measured via LEGENDplex™ and/or ELISAmax™. The N values for monocytes isolated from human donors was
N=9 and N=3 for left and right panels, respectively, in A, C, E, and N=5 for right and left panels in B, D, F. (G-L) IFN-α (100 U/mL) and R837 (1 μg/mL) were
added alone and in combination to the co-culture and astrocyte production of MCP-1, IL-6 and IP-10 was determined (N=6 for G-I and N=5 for J-L). For A-F,
dataset was log transformed and a RM ANOVA with a Dunnett's multiple comparisons post-test was performed. For G-L, dataset was log transformed and a RM
ANOVA with a Tukey's post-test was performed. For A-F, * denotes a statistical difference from NS of the respective ratio group (p < .05). Graphs are mean +/−
SEM.
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mL) in combination with IFN-α or R837. Two independent experiments
were performed in triplicates for U251 cells. For primary cells, one
independent experiment was performed for two separate biological
replicates.

2.11. Statistical analysis

Statistical analysis was performed using Prism 7 and 8 (GraphPad,
San Diego, CA). The experimental data was graphed as the mean +/−
SEM. The statistical tests performed for each experiment are indicated
in the figure legends.

3. Results

3.1. Human primary monocytes induce human U251 and primary
astrocytes to produce MCP-1 and IL-6

To determine whether monocytes were able to promote astrocyte
production of specific inflammatory factors, purified monocytes from
human donors were cultured with U251 or primary astrocytes at cell
ratios (monocyte:astrocyte) ranging from 1:100 to 1:5, and astrocytes
were measured for intracellular MCP-1, IL-6 and IP-10. As shown in
flow cytometry plots in Figs. 1A-B, monocytes at a 1:5 ratio (mono-
cyte:astrocyte) strongly increased the percent of astrocytes producing
MCP-1 compared to astrocytes cultured alone (0:1 ratio). Furthermore,
the astrocyte MCP-1 response increased in a monocyte-dependent
manner, with comparable responses observed between U251 and pri-
mary astrocytes (Fig. 1C-D). Interestingly, MCP-1 production by astro-
cytes (U251 and primary) was significantly increased at the lowest ratio
(1:100) tested compared to astrocytes alone (0:1 ratio) (Fig. 1C-D). The
percent of astrocytes producing IL-6 also increased in a monocyte-de-
pendent manner, with a significant increase in IL-6+ astrocytes de-
tected at a 1:50 ratio for U251 and 1:20 for primary astrocytes when
compared to astrocytes alone (0:1 ratio) (Fig. 1E-H). IP-10 production
by astrocytes was not induced by monocytes (Supplementary Fig. 2).
Astrocytes from a second donor were used to verify these findings and
similar trends were observed in MCP-1 and IL-6 production; however,
the percent of MCP-1+ astrocytes were significantly increased at the
1:20 ratio when compared to astrocytes alone (Supplementary Fig. 3A
and 3B).

3.2. Imiquimod/R837 treatment alone and with IFN-α, enhances monocyte-
mediated astrocyte production of MCP-1, IL-6 and IP-10

The next objective was to determine whether imiquimod/R837 and
IFN-α treatment of the co-culture affected monocyte-mediated astro-
cyte production of MCP-1, IL-6 and/or IP-10. R837 treatment of the co-
culture containing U251 or primary astrocytes increased the percent of
MCP-1+ astrocytes compared to co-culture without stimulation (NS)
(Fig. 2A-B). This observation was paralleled with an increase in su-
pernatant MCP-1 in the R837-stimulated co-culture (Fig. 2A-B). IL-6
production by astrocytes was also augmented by R837-treatment of the
co-culture, as evidenced by an increase in IL-6+ astrocytes as well as
elevated supernatant IL-6 compared to the NS-co-culture (Fig. 2C-D). It
is notable that R837 treatment of astrocytes alone displayed a trending
increase in the percent of MCP-1+ and IL-6+ cells (two technical re-
plicates), suggesting that R837 is capable of directly stimulating pri-
mary astrocyte production of these factors (left panel, Fig. 2B and 2D).
R837 had minimal to no effect on astrocyte production of IP-10 in the
co-culture, which was observed with both U251 and primary astrocytes
(Fig. 2E-F, Supplementary Fig. 3E and 4C). After extending the co-
culture period to 48 and 72 h, R837 promoted a minor, but statistically
significant increase in the percent of astrocyte expressing IP-10 at the
48 h time point (Supplementary Fig. 5A). Furthermore, a similar effect
was observed on supernatant IP-10 levels, as a minor increase was
observed at 48 as well as 72 h (Supplementary Fig. 5B). The R837-

mediated effects observed in Figs. 2B, D and F were also evident in co-
cultures containing primary astrocytes from two additional donors
(Supplementary Fig. 3C-E and 4A-C).

Recombinant IFN-α treatment, in combination with monocytes, had
no effect on the percent of astrocytes expressing MCP-1 or supernatant
MCP-1 in the U251 co-culture compared to co-culture without stimu-
lation (NS) (Fig. 2A). However, IFN-α did augment the production of IL-
6 and IP-10 (% and supernatant) in U251 containing co-cultures
(Fig. 2C and E). In co-cultures containing primary astrocytes from three
separate biological donors, IFN-α induced MCP-1, IL-6 and IP-10 pro-
duction by astrocytes compared to the control (NS) co-culture, evi-
denced by an increase in the percent positive astrocytes as well as su-
pernatant levels of these factors (Fig. 2B, D and F, Supplementary
Fig. 3C-E and 4A-C). It is noteworthy that although not statistically
significant, the IFN-α treated co-culture using the second astrocyte
donor displayed increases in MCP-1 and IL-6 (Supplementary Fig. 3C-
D). Interestingly, direct addition of IFN-α addition to astrocytes alone
(0:1 ratio) also resulted in an increase in the percent of IP-10+ U251
astrocytes (left panel, Fig. 2E) and in supernatant IP-10 levels of pri-
mary astrocyte co-cultures (right panels in Fig. 2F, Supplementary
Fig. 3E and 4C), suggesting that IFN-α is directly acting on the astro-
cyte.

To determine the combined impact of R837 and IFN-α, the co-cul-
ture was treated with R837 (1 μg/mL) and IFN-α (100 U/mL) alone, and
in combination. In co-cultures containing either U251 or primary as-
trocytes from three separate donors, there was an additive effect on the
percent of astrocytes expressing IL-6 with R837 and IFN-α together,
compared to when treated individually (Fig. 2H and K, Supplementary
Fig. 3G and 4E). No additive effect was observed on the percent of MCP-
1+ or IP-10+ astrocytes in co-culture containing U251 cells or for two
of the three primary astrocyte donors (Fig. 2G, I, J and L, Supplemen-
tary Fig. 3F, 3H, 4D and 4F).

3.3. Astrocyte production of MCP-1, IL-6 and/or IP-10 in response to
monocytes alone and in combination with IFN-α or R837 is primarily
mediated through soluble factors

To determine whether monocyte-mediated astrocyte production of
MCP-1, IL-6 and IP-10 was driven through cell-cell contact or secreted
soluble factors, Transwell®-Clear Inserts (0.4 μm pore size) were uti-
lized to separate the monocytes and astrocytes. U251 astrocytes were in
the bottom chamber and monocytes were placed in the upper chamber.
As shown in Fig. 3A-B, monocyte-mediated astrocyte production of IL-6
and MCP-1, regardless of activation, was similar between normal wells
(N) and transwells (T). However, there was a significant decrease in
monocyte-mediated astrocyte production of IP-10 (IP-10+ cells) when
stimulated with IFN-α in transwells compared to normal wells (Fig. 3C).
Overall, these data demonstrate that soluble factors released from
monocytes are promoting astrocyte production of IL-6 and MCP-1, and
both soluble factors and cell-cell contact are promoting IP-10 produc-
tion.

3.4. Monocytes display differing cytokine/chemokine secretion profiles
when cultured without stimulation, with IFN-α or R837

To determine potential monocyte-secreted factors that stimulate
astrocyte production of MCP-1, IL-6 and IP-10, monocyte monocultures
were treated with IFN-α or R837 under the same conditions as the co-
culture (monocytes only). Supernatants were analyzed for several
known monocyte-derived inflammatory factors (MCP-1, TNF-α, IL-1β,
IFN-γ, IL-6 and IP-10) were quantified using LEGENDplex™. Untreated
monocytes (NS) produced minimal but detectable amounts of TNF-α,
IL-1β, IL-6 and MCP-1, compared to media alone (Fig. 3D). R837 sti-
mulation enhanced production of IL-1β (5.94-fold), IL-6 (5.78-fold) and
TNF-α (1.59-fold), compared to NS monocytes, while IFN-α only in-
duced monocyte production of MCP-1 (3.61-fold) (Fig. 3D). IFN-γ was
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not induced by monocytes regardless of the stimulation and IP-10 was
not detectable (Fig. 3D).

3.5. IL-1β is a critical soluble factor involved in monocyte-mediated
astrocyte production of MCP-1, IL-6 and IP-10 in response to R837
treatment

To determine whether the cytokines (MCP-1, IL-1β, IL-6 and TNF-α)
produced by monocytes had an impact on monocyte-mediated astrocyte
production of MCP-1, IL-6 and IP-10, neutralizing antibodies targeting
these factors were added to the co-culture. In the R837-stimulated co-
cultures containing U251 or primary astrocytes, anti-IL-1β treatment
suppressed the percent of astrocytes producing MCP-1 and IL-6 as well
as substantially decreased the levels (MFI) of these factors within the
positive cells compared to the isotype control (Fig. 3E-F and 3H-I,
Supplementary Fig. 6A-B, 6D-E, 7A-B, 7D-E, 8A-B and 8D-E). Interest-
ingly, IL-1β neutralization of U251 cells displayed a greater suppression
of in MCP-1 and IL-6 compared to primary astrocytes. In the R837-
stimulated co-culture, IL-1β neutralization promoted a 47% and 90%
decrease in the percent of MCP-1+ and IL-6+ U251 astrocytes as
compared to 14% (% MCP-1+) and 55% (% IL-6+) reduction in pri-
mary astrocytes (Fig. 3E-F and 3H-I). The reduction in levels (MFI) of
each protein with IL-1β neutralization was comparable between U251
and primary astrocytes in the R837-stimulated co-culture (Supple-
mentary Fig. 8A-B and 8D-E).

Anti-IL-1β treatment of the NS- and IFN-α-stimulated co-cultures
containing U251 cells resulted in decreased astrocyte production of
MCP-1 and IL-6 (% and MFI), while IP-10 production (% and MFI) was
decreased specifically in the IFN-α-stimulated co-culture (Fig. 3E-G,
Supplementary Fig. 8A-C). A similar response was observed in IFN-α-
stimulated co-cultures containing primary astrocytes, in which anti-IL-
1β decreased astrocyte production (% and/or MFI) of MCP-1, IL-6 and
IP-10 in at least two of the three primary astrocyte donors tested
(Fig. 3H-J, Supplementary Fig. 6A-F, 7A-F and 8D-F). However, anti-IL-
1β treatment of non-stimulated co-cultures containing primary astro-
cytes from three astrocyte donors displayed minimal to no impact on
MCP-1 or IL-6, which differs from the observations in the co-cultures
containing U251 cells (Fig. 3H-I, Supplementary Fig. 6A-B, 6D-E, 7A-B,
7D-E and 8D-E).

TNF-α neutralization resulted in minor yet significant impairment
in the percent of MCP-1+ (NS and IFN-α), IL-6+ (IFN-α), and IP-10+

(IFN-α) U251 astrocytes (Supplementary Fig. 9A-C). However, in pri-
mary astrocytes (both donors), anti-TNF-α treatment of either U251 or
primary astrocyte co-cultures displayed minimal to no effect on astro-
cyte production of MCP-1, IL-6 or IP-10 (Supplementary Fig. 6G-I,
Supplementary Fig. 9D-F). Additionally, no inhibition was observed
with anti-IL-6 or MCP-1 treatment in any of the three co-culture con-
ditions containing U251 cells (Supplementary Fig. 10).

To confirm monocyte production of IL-1β (shown in Fig. 3D), in-
tracellular staining for IL-1β was performed on control (NS), IFN-α and
R837-stimulated monocyte monocultures. IL-1β expression was

detected, albeit at lower levels, in monocytes left unstimulated (NS)
compared to isotype control (Supplementary Fig. 11A, B, C and F).
Monocytes stimulated with IFN-α did not induce IL-1β (% and MFI)
compared to NS monocytes, while R837 treatment resulted in a robust
increase in the percent and levels (MFI) of IL-1β within monocytes
(Supplementary Fig. 11A-F).

To determine whether astrocytes were producing IL-1β, primary
astrocytes from both donors were cultured alone and stimulated with
R837 or IFN-α and supernatant IL-1β was measured. Regardless of
stimulation, minimal to no IL-1β production was observed by astrocytes
(Supplementary Fig. 12A). To identify whether monocytes could po-
tentially induce astrocyte production of IL-1β, monocytes were co-cul-
tured with primary astrocytes (1:5 ratio), stimulated with IFN-α or
R837 and measured for intracellular IL-1β. In the NS and IFN-α-treated
co-cultures, only monocytes were positive for IL-1β (26–27% of
monocytes) while< 1.5% of astrocytes were IL-1β+ (Supplementary
Fig. 12B). For the R837-treated co-culture, both populations had de-
tectable IL-1β, with roughly 70% of the monocytes and 10% of the
astrocytes expressing IL-1β (Supplementary Fig. 12B).

3.6. Replacement of monocytes with recombinant IL-1β in the control, R837
and IFN-α cultures, promotes a similar profile of MCP-1, IL-6 and IP-10
production by astrocytes

To determine if IL-1β alone (at concentrations comparable to that
observed in Fig. 3D) could promote astrocyte production of MCP-1, IL-6
and IP-10, U251 and primary astrocytes were treated with recombinant
IL-1β at various concentrations (0.5, 1, 5, 10, 20, 50 and 100 pg/mL)
and intracellular MCP-1, IL-6 and IP-10 production was measured.
Recombinant IL-1β induced astrocyte production of MCP-1 and IL-6 in a
concentration-dependent manner (Fig. 4A-B and 4D-E). A significant
increase in the percent of MCP-1+ astrocytes was detected at con-
centrations as low as 0.5 and 1 pg/mL of IL-1β for U251 and primary
astrocytes, respectively, when compared to 0 pg/mL (Fig. 4A and D). A
detectable increase in IL-6 production was observed starting at 5 pg/mL
of IL-1β for both U251 and primary astrocytes (Fig. 4B and E). IL-1β
had no effect on IP-10 production for both U251 and primary astrocytes
(Fig. 4C and F). Similar trends were observed with the second primary
astrocyte donor (Supplementary Fig. 13A-C). One notable difference
between astrocyte donors was the percent of astrocytes producing IL-6
in response to IL-1β. For instance, the percent of astrocytes producing
IL-6 in response to 100 pg/mL of IL-1β in astrocyte donor 1 was 56%
(Fig. 4E) versus 28% in the second donor (Supplementary Fig. 13B).

To determine whether IL-1β treatment could mimic the actions of
monocytes in the IFN-α- and R837-stimulated co-cultures, astrocyte
monocultures were treated with recombinant IL-1β in combination with
R837 or IFN-α. The concentration of IL-1β added (20 pg/mL) to culture
was selected based on its comparable profile to monocytes (1:20 ratio)
at promoting astrocyte production of MCP-1 and IL-6. As noted in
Fig. 2, direct stimulation of primary astrocytes with R837 promotes a
minor, but significant increase in the percent of astrocytes expressing

Fig. 3. IL-1β is a major factor governing the monocyte-mediated astrocyte response to R837. (A-C) Human monocytes (N=9) were co-cultured with U251 astrocytes
at a ratio of 1:20 (monocyte:astrocyte) in either normal wells (N) or 0.4 μm transwells (T). Co-culture was stimulated with IFN-α (100 U/mL) or R837 (10 μg/mL).
Cells were co-cultured for 24 h, with a Golgi block added 4 h before cell harvest. (D) Human monocytes (N=9) were cultured alone at 1× 104 cells/mL. Monocytes
were either left untreated (NS), treated with IFN-α (100 U/mL) or R837 (10 μg/mL). Monocytes were cultured for 20 h and supernatants were collected.
LEGENDplex™ was used to measure supernatant levels of MCP-1, TNF-α, IL-1β, IFN-γ, IL-6 and IP-10. (E-J) Human primary monocytes (N=6 for E-G and N=5 for
H-J) were co-cultured with astrocytes (U251 or primary donor 1) at a ratio of 1:20 and stimulated with IFN-α (100 U/mL) or R837 (10 μg/mL). Anti-IL-1β was added
to the co-culture at a concentration of 1 μg/mL. An isotype (1 μg/mL) served as the control. Cells were co-cultured for 24 h, with a Golgi block added 4 h before cell
harvest. For A-C, a RM two-way ANOVA with a Sidak's multiple comparisons post-test was performed. * denotes a statistical difference from the NS group in normal
(N) wells (p < .05) and # denotes a statistical difference from the NS group in transwells (T). $ denotes a statistical difference between normal wells and transwells.
For D, a log transformation was performed if there was unequal variance (F test). Then an unpaired t-test was performed to determine significant differences between
media and each treatment. A RM ANOVA with a Dunnett's multiple comparisons post-test was performed to determine differences between NS and either IFNα or
R837-treated monocytes. # denotes a statistical difference between media control. * denotes a statistical difference from the NS (p < .05). For E-J, a paired t-test was
performed to determine significant differences between isotype control and anti-IL-1β group. A log transformation was performed for H-J prior to the paired t-test. *
denotes a statistical difference from the isotype control (p < .05). Graphs are mean +/− SEM.
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MCP-1 compared to control (NS) astrocytes (Fig. 4J, Supplementary
Fig. 13D and 14A), demonstrating direct activity of R837 on the pri-
mary astrocytes. Treatment of U251 cells in combination with both IL-
1β and R837 decreased the percent of MCP-1+ astrocytes compared to
IL-1β alone, while having no effect on IL-6 or IP-10 production (Fig. 4G-
I). By contrast, IL-1β+R837 treatment of primary astrocytes increased
the percent of IL-6+ astrocytes compared to IL-1β alone, which was
observed in 2 of 3 astrocyte donors examined (Fig. 4K, Supplementary
Fig. 13E and 14B). IL-1β+R837 treatment of primary astrocytes had
minimal to no effect on MCP-1 and IP-10 production compared to IL-1β
alone (Fig. 4J and L, Supplementary Fig. 13D, 13F, 14A and 14C).
Further, IL-1β+ IFN-α treatment enhanced IL-6 production (%) by

astrocytes (U251 and primary) compared to IL-1β alone, and IP-10
production was induced (Fig. 4H, I, K and L, Supplementary Fig. 13E-F
and Supplementary Fig. 14BeC), showing similarity to the IFN-α-
treated co-cultures. Minor effects were observed with IFN-α on the
percent of MCP-1+ astrocytes (U251 and primary astrocytes) compared
to IL-1β alone (Fig. 4G and J, Supplementary Fig. 13D and 14A).

3.7. The intermediate monocyte population positively associates with U251
astrocyte production of IL-6

As there are three subsets of human monocytes (classical, inter-
mediate and non-classical) (Wong et al., 2012), we determined whether

Fig. 4. Replacement of monocytes with recombinant IL-1β in the control, R837 and IFN-α cultures, promotes a similar profile of MCP-1, IL-6 and IP-10 production by
astrocytes. (A-F) Astrocytes (U251 and primary donor 1) were treated with varying concentrations of recombinant IL-1β (0, 0.5, 1, 5, 10, 20, 50 and 100 pg/mL). (G-
L) Astrocytes were left untreated (NS), treated with IFN-α (100 U/mL) or R837 (10 μg/mL) alone or in combination with IL-1β (20 pg/mL). Cells were incubated for
20 h and a Golgi block was added for 4 h. Intracellular staining and flow cytometry were performed to determine astrocyte production of MCP-1, IL-6 and IP-10. A RM
ANOVA with a Dunnett's multiple comparisons post-test was performed for A-L. * denotes a statistical difference from 0 pg/mL for A-F and the respective NS
treatment group for G-L. Graphs are mean +/− SEM.
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there was an association between specific monocyte subsets and as-
trocyte production (U251) of IL-6, IP-10 or MCP-1. Fig. 5A demon-
strates the flow cytometry gating strategy used to separate each
monocyte subset. The percent of each subset was determined within the
monocyte population. Then the overall percent within the whole
monocyte preparation was determined, which took into account the
overall purity of the sample. Interestingly, the percent of intermediate
monocytes exhibited a significant positive correlation with the per-
centage of IL-6+ astrocytes in the NS (r=0.54, p= .032) and IFN-α-
treated (r=0.61, p= .013) co-cultures, while a trending correlation
(r=0.44, p= .09) was observed with R837 treatment (Fig. 5B-D).

4. Discussion

As circulating monocytes have the potential to exacerbate several
neurological conditions, including viral encephalitis (Williams et al.,
2014; Feng et al., 2011; Mishra and Yong, 2016; Terry et al., 2012), it is
important to investigate the role of monocytes on the brain-resident cell
inflammatory responses. Previous reports have identified monocyte
infiltration into the brain during in vivo imiquimod (TLR7)-induced
neuroinflammation, along with increased astrocyte reactivity and cy-
tokine production (Butchi et al., 2008, Nerurkar et al., 2017, McColl
et al., 2016, Butchi et al., 2011). Of note, several inflammatory factors
were induced in the brain of imiquimod-treated mice, including MCP-1,
IL-6 and IP-10, which were observed across multiple studies (Butchi
et al., 2008, Nerurkar et al., 2017, McColl et al., 2016, Butchi et al.,
2011). Here we utilized a human co-culture system to determine if
imiquimod and IFN-α enhance monocyte-mediated astrocyte secretion
of MCP-1, IL-6 and IP-10; as this may be a potential mechanism ex-
plaining the observations seen in vivo. Furthermore, the ability of

monocytes to induce astrocyte secretion of these factors will facilitate a
positive feedback loop of immune cell infiltration, including monocytes
(MCP-1) and T cells (CXCL10), which was observed up to 5-days post
imiquimod treatment (Sofroniew, 2015, McColl et al., 2016, Deshmane
et al., 2009, Liu et al., 2011).

In the present study, non-stimulated monocytes promoted astrocyte
production of MCP-1 and IL-6 at cell ratios as low as 1:100 and 1:20
(monocyte:astrocyte), respectively, suggesting that a low-level of
monocyte infiltration into the CNS can likely promote astrocyte in-
flammatory responses. Furthermore, imiquimod/R837 activation of
monocytes strongly enhanced astrocyte secretion of MCP-1 and IL-6.
However, R837 had a minimal impact on IP-10 production in the co-
culture, which contrasts with the induction observed in vivo (Butchi
et al., 2008, Nerurkar et al., 2017, McColl et al., 2016, Butchi et al.,
2011). IFN-α, which is produced in response to TLR7 stimulation (Ito
et al., 2005; Uematsu and Akira, 2007), was in fact, able to induce
astrocyte production of IP-10, as well as MCP-1 and IL-6. The results
presented here suggest that IFN-α is acting directly on the astrocyte,
plausibly through binding to the IFNAR (Wang et al., 2012), as re-
combinant IL-1β+ IFN-α induces IP-10 and IL-6 production, compared
IL-1β treatment alone. Furthermore, combining R837 and IFN-α in the
co-culture promoted an additive effect on astrocyte production of IL-6,
suggesting an exacerbation of the astrocyte inflammatory response
when the stimuli are present together.

The mechanism by which R837-stimulated monocytes promote as-
trocyte activation was shown to be through soluble factors as cell-cell
contact was not required, which is in contrast from a previous report
(Andjelkovic et al., 2000). The discrepancy could be due to multiple
differences in experimental conditions including different astrocyte
sources, monocyte:astrocyte ratios or stimulation (e.g. R837). However,

Fig. 5. The intermediate monocyte population posi-
tively correlates with U251 astrocyte production of
IL-6. Human primary monocytes (N=16) were co-
cultured with U251 astrocytes at a ratio of 1:20 and
stimulated with IFN-α (100 U/mL) or R837 (10 μg/
mL). Cells were co-cultured for 24 h, with a Golgi
blocker added 4 h before cell harvest. Intracellular
staining and flow cytometry were performed to de-
termine astrocyte production of MCP-1, IL-6 and IP-
10. Extracellular staining of CD14 and CD16 was
performed on an aliquot of monocytes prior to co-
culture. The percent of each monocyte population
was determined. A correlation analysis (Prism 7,
GraphPad) was performed between monocyte sub-
sets and U251 astrocyte production of MCP-1, IL-6 or
IP-10.
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IFN-α-induced astrocyte production of IP-10 was mediated, in part,
through cell-cell contact.

The major monocyte-derived soluble factor responsible for astrocyte
production of MCP-1 and IL-6 in R837-stimulated co-cultures was
identified to be IL-1β, which is in agreement with a previous report
(Andjelkovic et al., 2000). By contrast, we did not observe involvement
of TNF-α, which was also previously reported (Andjelkovic et al.,
2000). In addition, an association was observed in the co-culture be-
tween the level of intermediate monocytes and U251 astrocyte pro-
duction of IL-6, which is consistent with the current view of inter-
mediate monocytes being a major source of IL-1β (Cros et al., 2010;
Yang et al., 2014) We also demonstrate that recombinant IL-1β induced
astrocyte production of MCP-1 and IL-6 in a similar manner as the
monocyte, which has been documented elsewhere (Aloisi et al., 1992;
Andjelkovic et al., 2000). The substantive observation from the present
study is the sensitivity of human astrocytes to IL-1β concentrations as
low as 1-5 pg/mL, as it demonstrates that inflammatory responses in the
brain can be initiated by remarkably low amounts of IL-1β. Interest-
ingly, neutralization of IL-1β in co-cultures containing primary astro-
cytes did not fully suppress MCP-1 and IL-6 production suggesting that
other mechanisms are contributing to the astrocyte response, which
could include other monocyte-derived factors not examined here, such
as IL-1α (Kasahara et al., 1998), as well as a direct effect of R837 on the
astrocyte population.

For the majority of endpoints in this study, all three of the primary
astrocyte donors responded similarly, especially in the R837-stimulated
co-culture. However, a few differences were observed as identified in
the results. For example, IFN-α stimulation of co-cultures containing
primary astrocytes from two of the three donors displayed an aug-
mentation in MCP-1 and IL-6, while the second donor exhibited a non-
significant increase in these factors. The differences observed here may
be attributed to factors such as astrocyte heterogeneity (Miller, 2018;
Schitine et al., 2015).

There were limitations in this study, including the source of primary
astrocytes used, which were fetal-derived, as adult primary astrocytes
were not accessible. There is a possibility for varying inflammatory
responses between fetal and adult astrocytes in terms of monocyte and
IL-1β activation. However, a previous study demonstrated IL-1β-
mediated activation of adult human astrocytes to release pro-in-
flammatory factors (Oh et al., 1999), suggesting that adult astrocyte
responses to monocytes and IL-1β would be similar to the fetal astrocyte
responses reported here. Also, as physiologically relevant ratios of
monocyte:astrocytes aren't well established during viral-mediated
neuroinflammation and is likely dependent on a number of factors, the
ratios utilized in this report may not precisely reflect what is observed
in vivo. In addition, the co-culture presented here consisted of only
monocytes and astrocytes, despite other cell types, including microglia,
pericytes, brain microvascular endothelial cells (BMVECs) and differ-
entiated macrophages, being present during in vivo neuroinflammation
and interacting with monocytes (Abbott et al., 2006; Chitnis and
Weiner, 2017). In fact, IL-1β has been shown to induce inflammatory
responses in pericytes and BMVECs (Jansson et al., 2014, O'Carroll
et al., 2015), suggesting that monocyte-derived IL-1β also impacts the
function of these cell types. Future studies will be needed to evaluate
the role of imiquimod/R837 on other cell-cell interactions. Lastly, de-
spite being freshly isolated human monocytes, once present in the in
vitro co-culture conditions, these cells have the potential to shift to a
macrophage phenotype due to increased basal activation (Coccia et al.,
1999).

5. Conclusion

This study used a human co-culture system that included primary
monocytes and either U251 or primary fetal astrocytes to expand the
current body of knowledge on monocyte-astrocyte interactions, with
emphasis on monocyte-mediated astrocyte inflammatory responses by

TLR7 activation. Specifically, we demonstrate that monocytes, in
combination with imiquimod and IFN-α, induce astrocyte production of
MCP-1, IL-6 and IP-10, which are key factors involved in leukocyte
recruitment and TLR7-mediated CNS inflammation. In addition,
monocyte-derived IL-1β was identified to be a primary factor governing
the astrocyte response, highlighting a potential mechanism of TLR7-
mediated neuroinflammation. These findings together with the in vivo
observation of monocyte influx into the CNS with peripheral imiquimod
administration (McColl et al., 2016), suggest that single-stranded RNA
viruses, through TLR7 activation of monocytes in the periphery and
CNS, are capable of inducing or augmenting CNS inflammation. This
potential TLR7-mediated mechanism may have important implications
in neuroinflammation and cognitive dysfunction observed in infections
such as chronic HIV, hepatitis C and influenza (Hong and Banks, 2015;
Gonzalez-Scarano and Martin-Garcia, 2005; Huckans et al., 2009;
Grover et al., 2012; Hosseini et al., 2018; Jurgens et al., 2012). In ad-
dition, this study demonstrates the effectiveness of the astrocyte line,
U251, as a surrogate for primary astrocytes in this co-culture model, as
similar conclusions could be drawn between the two. Lastly, the co-
culture system developed here could serve as a useful tool for ex-
amining monocyte involvement in various neuroinflammatory diseases
(e.g. Alzheimer's, Parkinson's and Multiple Sclerosis) (Feng et al., 2011;
Grozdanov et al., 2014; Mishra and Yong, 2016), and may also serve as
a useful assay for drug development.

Ethics approval and consent to participate

Leukocyte packs and fetal astrocytes from consenting human donors
were purchased from Gulf Coast Regional Blood Center and Lonza, re-
spectively, according to each company's policy.

Availability of data and materials

The datasets generated and analyzed during the current study are
available from the corresponding author on reasonable request.

Competing interests

None of the authors present on this paper report any competing
interests.

Funding

The National Institutes of Drug Abuse Grant DA047180 and the
National Institutes of Environmental Health Sciences Training Grant
T32 ES07255 supported this work.

Author contributions

MDR was central to the origination and completion of this study. He
performed the literature search, developed and executed the experi-
mental approach, and wrote the manuscript. RBC contributed to the
development of the experimental design and manuscript. RBC was re-
sponsible for running the samples on the flow cytometer. AB and SS
contributed to the execution of experiments requested during peer re-
view. AA contributed to the development of the discussion and pro-
vided critical analysis of the manuscript. NEK participated in discus-
sions that were the basis for investigating the role of monocytes on
astrocyte inflammation. NEK also contributed to the development of
the experimental design, interpretation of results and writing of the
manuscript.

Acknowledgements

We express our thanks to Jiajun Zhou for his help with the graphical
abstract.

M.D. Rizzo, et al. Journal of Neuroimmunology 333 (2019) 576969

10



Appendix A. Supplementary data

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.jneuroim.2019.576969.

References

Abbott, N.J., Ronnback, L., Hansson, E., 2006. Astrocyte-endothelial interactions at the
blood-brain barrier. Nat. Rev. Neurosci. 7, 41–53.

Aloisi, F., Care, A., Borsellino, G., Gallo, P., Rosa, S., Bassani, A., Cabibbo, A., Testa, U.,
Levi, G., Peschle, C., 1992. Production of hemolymphopoietic cytokines (IL-6, IL-8,
colony-stimulating factors) by normal human astrocytes in response to IL-1 beta and
tumor necrosis factor-alpha. J. Immunol. 149, 2358–2366.

Anderson, A.M., Harezlak, J., Bharti, A., Mi, D., Taylor, M.J., Daar, E.S., Schifitto, G.,
Zhong, J., Alger, J.R., Brown, M.S., Singer, E.J., Campbell, T.B., Mcmahon, D.D.,
Buchthal, S., Cohen, R., Yiannoutsos, C., Letendre, S.L., Navia, B.A., Consortium,
H.I.V.N., 2015. Plasma and cerebrospinal fluid biomarkers predict cerebral injury in
HIV-infected individuals on stable combination antiretroviral therapy. J. Acquir.
Immune Defic. Syndr. 69, 29–35.

Anderson, A.M., Lennox, J.L., Mulligan, M.M., Loring, D.W., Zetterberg, H., Blennow, K.,
Kessing, C., Koneru, R., Easley, K., Tyor, W.R., 2017. Cerebrospinal fluid interferon
alpha levels correlate with neurocognitive impairment in ambulatory HIV-infected
individuals. J. Neuro-Oncol. 23, 106–112.

Andjelkovic, A.V., Kerkovich, D., Pachter, J.S., 2000. Monocyte:astrocyte interactions
regulate MCP-1 expression in both cell types. J. Leukoc. Biol. 68, 545–552.

Butchi, N.B., Pourciau, S., Du, M., Morgan, T.W., Peterson, K.E., 2008. Analysis of the
neuroinflammatory response to TLR7 stimulation in the brain: comparison of mul-
tiple TLR7 and/or TLR8 agonists. J. Immunol. 180, 7604–7612.

Butchi, N.B., Woods, T., Du, M., Morgan, T.W., Peterson, K.E., 2011. TLR7 and TLR9
trigger distinct neuroinflammatory responses in the CNS. Am. J. Pathol. 179,
783–794.

Chitnis, T., Weiner, H.L., 2017. CNS inflammation and neurodegeneration. J. Clin. Invest.
127, 3577–3587.

Coccia, E.M., Del Russo, N., Stellacci, E., Testa, U., Marziali, G., Battistini, A., 1999.
STAT1 activation during monocyte to macrophage maturation: role of adhesion
molecules. Int. Immunol. 11, 1075–1083.

Colombo, E., Farina, C., 2016. Astrocytes: key regulators of Neuroinflammation. Trends
Immunol. 37, 608–620.

Cros, J., Cagnard, N., Woollard, K., Patey, N., Zhang, S.Y., Senechal, B., Puel, A., Biswas,
S.K., Moshous, D., Picard, C., Jais, J.P., D'cruz, D., Casanova, J.L., Trouillet, C.,
Geissmann, F., 2010. Human CD14dim monocytes patrol and sense nucleic acids and
viruses via TLR7 and TLR8 receptors. Immunity 33, 375–386.

Deshmane, S.L., Kremlev, S., Amini, S., Sawaya, B.E., 2009. Monocyte chemoattractant
protein-1 (MCP-1): an overview. J. Interf. Cytokine Res. 29, 313–326.

Feng, Y., Li, L., Sun, X.H., 2011. Monocytes and Alzheimer's disease. Neurosci. Bull. 27,
115–122.

Fischer-Smith, T., Croul, S., Sverstiuk, A.E., Capini, C., L'heureux, D., Regulier, E.G.,
Richardson, M.W., Amini, S., Morgello, S., Khalili, K., Rappaport, J., 2001. CNS in-
vasion by CD14+/CD16+ peripheral blood-derived monocytes in HIV dementia:
perivascular accumulation and reservoir of HIV infection. J. Neuro-Oncol. 7,
528–541.

Furr, S.R., Marriott, I., 2012. Viral CNS infections: role of glial pattern recognition re-
ceptors in neuroinflammation. Front. Microbiol. 3, 201.

Genis, P., Jett, M., Bernton, E.W., Boyle, T., Gelbard, H.A., Dzenko, K., Keane, R.W.,
Resnick, L., Mizrachi, Y., Volsky, D.J., Al, Et, 1992. Cytokines and arachidonic me-
tabolites produced during human immunodeficiency virus (HIV)-infected macro-
phage-astroglia interactions: implications for the neuropathogenesis of HIV disease.
J. Exp. Med. 176, 1703–1718.

Gonzalez-Scarano, F., Martin-Garcia, J., 2005. The neuropathogenesis of AIDS. Nat. Rev.
Immunol. 5, 69–81.

Grover, V.P., Pavese, N., Koh, S.B., Wylezinska, M., Saxby, B.K., Gerhard, A., Forton,
D.M., Brooks, D.J., Thomas, H.C., Taylor-Robinson, S.D., 2012. Cerebral microglial
activation in patients with hepatitis C: in vivo evidence of neuroinflammation. J.
Viral Hepat. 19, e89–e96.

Grozdanov, V., Bliederhaeuser, C., Ruf, W.P., Roth, V., Fundel-Clemens, K., Zondler, L.,
Brenner, D., Martin-Villalba, A., Hengerer, B., Kassubek, J., Ludolph, A.C.,
Weishaupt, J.H., Danzer, K.M., 2014. Inflammatory dysregulation of blood mono-
cytes in Parkinson's disease patients. Acta Neuropathol. 128, 651–663.

Hong, S., Banks, W.A., 2015. Role of the immune system in HIV-associated neuroin-
flammation and neurocognitive implications. Brain Behav. Immun. 45, 1–12.

Hosseini, S., Wilk, E., Michaelsen-Preusse, K., Gerhauser, I., Baumgartner, W., Geffers, R.,
Schughart, K., Korte, M., 2018. Long-term Neuroinflammation induced by influenza a
virus infection and the impact on hippocampal neuron morphology and function. J.
Neurosci. 38, 3060–3080.

Ho-Yen, D.O., Carrington, D., 1987. Alpha-interferon responses in cerebrospinal fluid of
patients with suspected meningitis. J. Clin. Pathol. 40, 83–86.

Huckans, M., Seelye, A., Parcel, T., Mull, L., Woodhouse, J., Bjornson, D., Fuller, B.E.,
Loftis, J.M., Morasco, B.J., Sasaki, A.W., Storzbach, D., Hauser, P., 2009. The cog-
nitive effects of hepatitis C in the presence and absence of a history of substance use
disorder. J. Int. Neuropsychol. Soc. 15, 69–82.

Ito, T., Wang, Y.H., Liu, Y.J., 2005. Plasmacytoid dendritic cell precursors/type I

interferon-producing cells sense viral infection by toll-like receptor (TLR) 7 and
TLR9. Springer Semin. Immunopathol. 26, 221–229.

Ivashkiv, L.B., Donlin, L.T., 2014. Regulation of type I interferon responses. Nat. Rev.
Immunol. 14, 36–49.

Jack, C.S., Arbour, N., Manusow, J., Montgrain, V., Blain, M., Mccrea, E., Shapiro, A.,
Antel, J.P., 2005. TLR signaling tailors innate immune responses in human microglia
and astrocytes. J. Immunol. 175, 4320–4330.

Jansson, D., Rustenhoven, J., Feng, S., Hurley, D., Oldfield, R.L., Bergin, P.S., Mee, E.W.,
Faull, R.L., Dragunow, M., 2014. A role for human brain pericytes in neuroin-
flammation. J. Neuroinflammation 11, 104.

Jurgens, H.A., Amancherla, K., Johnson, R.W., 2012. Influenza infection induces neu-
roinflammation, alters hippocampal neuron morphology, and impairs cognition in
adult mice. J. Neurosci. 32, 3958–3968.

Kasahara, T., Oda, T., Hatake, K., Akiyama, M., Mukaida, N., Matsushima, K., 1998.
Interleukin-8 and monocyte chemotactic protein-1 production by a human glio-
blastoma cell line, T98G in coculture with monocytes: involvement of monocyte-
derived interleukin-1alpha. Eur. Cytokine Netw. 9, 47–55.

Kaul, M., Garden, G.A., Lipton, S.A., 2001. Pathways to neuronal injury and apoptosis in
HIV-associated dementia. Nature 410, 988–994.

Lehmann, S.M., Rosenberger, K., Kruger, C., Habbel, P., Derkow, K., Kaul, D., Rybak, A.,
Brandt, C., Schott, E., Wulczyn, F.G., Lehnardt, S., 2012. Extracellularly delivered
single-stranded viral RNA causes neurodegeneration dependent on TLR7. J. Immunol.
189, 1448–1458.

Liu, M., Guo, S., Hibbert, J.M., Jain, V., Singh, N., Wilson, N.O., Stiles, J.K., 2011.
CXCL10/IP-10 in infectious diseases pathogenesis and potential therapeutic im-
plications. Cytokine Growth Factor Rev. 22, 121–130.

McColl, A., Thomson, C.A., Nerurkar, L., Graham, G.J., Cavanagh, J., 2016. TLR7-medi-
ated skin inflammation remotely triggers chemokine expression and leukocyte ac-
cumulation in the brain. J. Neuroinflammation 13, 102.

Miller, S.J., 2018. Astrocyte heterogeneity in the adult central nervous system. Front.
Cell. Neurosci. 12, 401.

Mishra, M.K., Yong, V.W., 2016. Myeloid cells - targets of medication in multiple
sclerosis. Nat. Rev. Neurol. 12, 539–551.

Muratori, C., Mangino, G., Affabris, E., Federico, M., 2010. Astrocytes contacting HIV-1-
infected macrophages increase the release of CCL2 in response to the HIV-1-depen-
dent enhancement of membrane-associated TNFalpha in macrophages. Glia 58,
1893–1904.

Nerurkar, L., Mccoll, A., Graham, G., Cavanagh, J., 2017. The systemic response to topical
Aldara treatment is mediated through direct TLR7 stimulation as Imiquimod enters
the circulation. Sci. Rep. 7, 16570.

O'Carroll, S.J., Kho, D.T., Wiltshire, R., Nelson, V., Rotimi, O., Johnson, R., Angel, C.E.,
Graham, E.S., 2015. Pro-inflammatory TNFalpha and IL-1beta differentially regulate
the inflammatory phenotype of brain microvascular endothelial cells. J.
Neuroinflammation 12, 131.

Oh, J.W., Schwiebert, L.M., Benveniste, E.N., 1999. Cytokine regulation of CC and CXC
chemokine expression by human astrocytes. J. Neuro-Oncol. 5, 82–94.

Perrella, O., Carreiri, P.B., Perrella, A., Sbreglia, C., Gorga, F., Guarnaccia, D., Tarantino,
G., 2001. Transforming growth factor beta-1 and interferon-alpha in the AIDS de-
mentia complex (ADC): possible relationship with cerebral viral load? Eur. Cytokine
Netw. 12, 51–55.

Rho, M.B.W., Glass, J.D., Mcarthur, J.C., Choi, S., Griffin, J., Tyor, W.R., 1995. A potential
role for interferon-α in the pathogenesis of HIV-associated dementia. Brain Behav.
Immun. 9, 366–377.

Schitine, C., Nogaroli, L., Costa, M.R., Hedin-Pereira, C., 2015. Astrocyte heterogeneity in
the brain: from development to disease. Front. Cell. Neurosci. 9, 76.

Scutari, R., Alteri, C., Perno, C.F., Svicher, V., Aquaro, S., 2017. The role of HIV infection
in neurologic injury. Brain Sci 7.

Shastri, A., Bonifati, D.M., Kishore, U., 2013. Innate immunity and neuroinflammation.
Mediat. Inflamm. 2013 342931.

Sofroniew, M.V., 2015. Astrocyte barriers to neurotoxic inflammation. Nat. Rev.
Neurosci. 16, 249–263.

Tavazzi, E., Morrison, D., Sullivan, P., Morgello, S., Fischer, T., 2014. Brain inflammation
is a common feature of HIV-infected patients without HIV encephalitis or productive
brain infection. Curr. HIV Res. 12, 97–110.

Terry, R.L., Getts, D.R., Deffrasnes, C., Van Vreden, C., Campbell, I.L., King, N.J., 2012.
Inflammatory monocytes and the pathogenesis of viral encephalitis. J.
Neuroinflammation 9, 270.

Ton, H., Xiong, H., 2013. Astrocyte dysfunctions and HIV-1 neurotoxicity. J AIDS Clin Res
4, 255.

Uematsu, S., Akira, S., 2007. Toll-like receptors and type I interferons. J. Biol. Chem. 282,
15319–15323.

Wang, T., Takikawa, Y., Sawara, K., Yoshida, Y., Suzuki, K., 2012. Negative regulation of
human astrocytes by interferon (IFN) alpha in relation to growth inhibition and
impaired glucose utilization. Neurochem. Res. 37, 1898–1905.

Williams, D.W., Veenstra, M., Gaskill, P.J., Morgello, S., Calderon, T.M., Berman, J.W.,
2014. Monocytes mediate HIV neuropathogenesis: mechanisms that contribute to
HIV associated neurocognitive disorders. Curr. HIV Res. 12, 85–96.

Wong, K.L., Yeap, W.H., Tai, J.J., Ong, S.M., Dang, T.M., Wong, S.C., 2012. The three
human monocyte subsets: implications for health and disease. Immunol. Res. 53,
41–57.

Yang, J., Zhang, L., Yu, C., Yang, X.F., Wang, H., 2014. Monocyte and macrophage dif-
ferentiation: circulation inflammatory monocyte as biomarker for inflammatory
diseases. Biomark Res 2 (1).

M.D. Rizzo, et al. Journal of Neuroimmunology 333 (2019) 576969

11

https://doi.org/10.1016/j.jneuroim.2019.576969
https://doi.org/10.1016/j.jneuroim.2019.576969
http://refhub.elsevier.com/S0165-5728(19)30170-5/rf0005
http://refhub.elsevier.com/S0165-5728(19)30170-5/rf0005
http://refhub.elsevier.com/S0165-5728(19)30170-5/rf0010
http://refhub.elsevier.com/S0165-5728(19)30170-5/rf0010
http://refhub.elsevier.com/S0165-5728(19)30170-5/rf0010
http://refhub.elsevier.com/S0165-5728(19)30170-5/rf0010
http://refhub.elsevier.com/S0165-5728(19)30170-5/rf0015
http://refhub.elsevier.com/S0165-5728(19)30170-5/rf0015
http://refhub.elsevier.com/S0165-5728(19)30170-5/rf0015
http://refhub.elsevier.com/S0165-5728(19)30170-5/rf0015
http://refhub.elsevier.com/S0165-5728(19)30170-5/rf0015
http://refhub.elsevier.com/S0165-5728(19)30170-5/rf0015
http://refhub.elsevier.com/S0165-5728(19)30170-5/rf0020
http://refhub.elsevier.com/S0165-5728(19)30170-5/rf0020
http://refhub.elsevier.com/S0165-5728(19)30170-5/rf0020
http://refhub.elsevier.com/S0165-5728(19)30170-5/rf0020
http://refhub.elsevier.com/S0165-5728(19)30170-5/rf0025
http://refhub.elsevier.com/S0165-5728(19)30170-5/rf0025
http://refhub.elsevier.com/S0165-5728(19)30170-5/rf0030
http://refhub.elsevier.com/S0165-5728(19)30170-5/rf0030
http://refhub.elsevier.com/S0165-5728(19)30170-5/rf0030
http://refhub.elsevier.com/S0165-5728(19)30170-5/rf0035
http://refhub.elsevier.com/S0165-5728(19)30170-5/rf0035
http://refhub.elsevier.com/S0165-5728(19)30170-5/rf0035
http://refhub.elsevier.com/S0165-5728(19)30170-5/rf0040
http://refhub.elsevier.com/S0165-5728(19)30170-5/rf0040
http://refhub.elsevier.com/S0165-5728(19)30170-5/rf0045
http://refhub.elsevier.com/S0165-5728(19)30170-5/rf0045
http://refhub.elsevier.com/S0165-5728(19)30170-5/rf0045
http://refhub.elsevier.com/S0165-5728(19)30170-5/rf0050
http://refhub.elsevier.com/S0165-5728(19)30170-5/rf0050
http://refhub.elsevier.com/S0165-5728(19)30170-5/rf0055
http://refhub.elsevier.com/S0165-5728(19)30170-5/rf0055
http://refhub.elsevier.com/S0165-5728(19)30170-5/rf0055
http://refhub.elsevier.com/S0165-5728(19)30170-5/rf0055
http://refhub.elsevier.com/S0165-5728(19)30170-5/rf0060
http://refhub.elsevier.com/S0165-5728(19)30170-5/rf0060
http://refhub.elsevier.com/S0165-5728(19)30170-5/rf0065
http://refhub.elsevier.com/S0165-5728(19)30170-5/rf0065
http://refhub.elsevier.com/S0165-5728(19)30170-5/rf0070
http://refhub.elsevier.com/S0165-5728(19)30170-5/rf0070
http://refhub.elsevier.com/S0165-5728(19)30170-5/rf0070
http://refhub.elsevier.com/S0165-5728(19)30170-5/rf0070
http://refhub.elsevier.com/S0165-5728(19)30170-5/rf0070
http://refhub.elsevier.com/S0165-5728(19)30170-5/rf0075
http://refhub.elsevier.com/S0165-5728(19)30170-5/rf0075
http://refhub.elsevier.com/S0165-5728(19)30170-5/rf0080
http://refhub.elsevier.com/S0165-5728(19)30170-5/rf0080
http://refhub.elsevier.com/S0165-5728(19)30170-5/rf0080
http://refhub.elsevier.com/S0165-5728(19)30170-5/rf0080
http://refhub.elsevier.com/S0165-5728(19)30170-5/rf0080
http://refhub.elsevier.com/S0165-5728(19)30170-5/rf0085
http://refhub.elsevier.com/S0165-5728(19)30170-5/rf0085
http://refhub.elsevier.com/S0165-5728(19)30170-5/rf0090
http://refhub.elsevier.com/S0165-5728(19)30170-5/rf0090
http://refhub.elsevier.com/S0165-5728(19)30170-5/rf0090
http://refhub.elsevier.com/S0165-5728(19)30170-5/rf0090
http://refhub.elsevier.com/S0165-5728(19)30170-5/rf0095
http://refhub.elsevier.com/S0165-5728(19)30170-5/rf0095
http://refhub.elsevier.com/S0165-5728(19)30170-5/rf0095
http://refhub.elsevier.com/S0165-5728(19)30170-5/rf0095
http://refhub.elsevier.com/S0165-5728(19)30170-5/rf0100
http://refhub.elsevier.com/S0165-5728(19)30170-5/rf0100
http://refhub.elsevier.com/S0165-5728(19)30170-5/rf0105
http://refhub.elsevier.com/S0165-5728(19)30170-5/rf0105
http://refhub.elsevier.com/S0165-5728(19)30170-5/rf0105
http://refhub.elsevier.com/S0165-5728(19)30170-5/rf0105
http://refhub.elsevier.com/S0165-5728(19)30170-5/rf0110
http://refhub.elsevier.com/S0165-5728(19)30170-5/rf0110
http://refhub.elsevier.com/S0165-5728(19)30170-5/rf0115
http://refhub.elsevier.com/S0165-5728(19)30170-5/rf0115
http://refhub.elsevier.com/S0165-5728(19)30170-5/rf0115
http://refhub.elsevier.com/S0165-5728(19)30170-5/rf0115
http://refhub.elsevier.com/S0165-5728(19)30170-5/rf0120
http://refhub.elsevier.com/S0165-5728(19)30170-5/rf0120
http://refhub.elsevier.com/S0165-5728(19)30170-5/rf0120
http://refhub.elsevier.com/S0165-5728(19)30170-5/rf0125
http://refhub.elsevier.com/S0165-5728(19)30170-5/rf0125
http://refhub.elsevier.com/S0165-5728(19)30170-5/rf0130
http://refhub.elsevier.com/S0165-5728(19)30170-5/rf0130
http://refhub.elsevier.com/S0165-5728(19)30170-5/rf0130
http://refhub.elsevier.com/S0165-5728(19)30170-5/rf0135
http://refhub.elsevier.com/S0165-5728(19)30170-5/rf0135
http://refhub.elsevier.com/S0165-5728(19)30170-5/rf0135
http://refhub.elsevier.com/S0165-5728(19)30170-5/rf0140
http://refhub.elsevier.com/S0165-5728(19)30170-5/rf0140
http://refhub.elsevier.com/S0165-5728(19)30170-5/rf0140
http://refhub.elsevier.com/S0165-5728(19)30170-5/rf0145
http://refhub.elsevier.com/S0165-5728(19)30170-5/rf0145
http://refhub.elsevier.com/S0165-5728(19)30170-5/rf0145
http://refhub.elsevier.com/S0165-5728(19)30170-5/rf0145
http://refhub.elsevier.com/S0165-5728(19)30170-5/rf0150
http://refhub.elsevier.com/S0165-5728(19)30170-5/rf0150
http://refhub.elsevier.com/S0165-5728(19)30170-5/rf0155
http://refhub.elsevier.com/S0165-5728(19)30170-5/rf0155
http://refhub.elsevier.com/S0165-5728(19)30170-5/rf0155
http://refhub.elsevier.com/S0165-5728(19)30170-5/rf0155
http://refhub.elsevier.com/S0165-5728(19)30170-5/rf0160
http://refhub.elsevier.com/S0165-5728(19)30170-5/rf0160
http://refhub.elsevier.com/S0165-5728(19)30170-5/rf0160
http://refhub.elsevier.com/S0165-5728(19)30170-5/rf0165
http://refhub.elsevier.com/S0165-5728(19)30170-5/rf0165
http://refhub.elsevier.com/S0165-5728(19)30170-5/rf0165
http://refhub.elsevier.com/S0165-5728(19)30170-5/rf0170
http://refhub.elsevier.com/S0165-5728(19)30170-5/rf0170
http://refhub.elsevier.com/S0165-5728(19)30170-5/rf0175
http://refhub.elsevier.com/S0165-5728(19)30170-5/rf0175
http://refhub.elsevier.com/S0165-5728(19)30170-5/rf0180
http://refhub.elsevier.com/S0165-5728(19)30170-5/rf0180
http://refhub.elsevier.com/S0165-5728(19)30170-5/rf0180
http://refhub.elsevier.com/S0165-5728(19)30170-5/rf0180
http://refhub.elsevier.com/S0165-5728(19)30170-5/rf0185
http://refhub.elsevier.com/S0165-5728(19)30170-5/rf0185
http://refhub.elsevier.com/S0165-5728(19)30170-5/rf0185
http://refhub.elsevier.com/S0165-5728(19)30170-5/rf0190
http://refhub.elsevier.com/S0165-5728(19)30170-5/rf0190
http://refhub.elsevier.com/S0165-5728(19)30170-5/rf0190
http://refhub.elsevier.com/S0165-5728(19)30170-5/rf0190
http://refhub.elsevier.com/S0165-5728(19)30170-5/rf0195
http://refhub.elsevier.com/S0165-5728(19)30170-5/rf0195
http://refhub.elsevier.com/S0165-5728(19)30170-5/rf0200
http://refhub.elsevier.com/S0165-5728(19)30170-5/rf0200
http://refhub.elsevier.com/S0165-5728(19)30170-5/rf0200
http://refhub.elsevier.com/S0165-5728(19)30170-5/rf0200
http://refhub.elsevier.com/S0165-5728(19)30170-5/rf0205
http://refhub.elsevier.com/S0165-5728(19)30170-5/rf0205
http://refhub.elsevier.com/S0165-5728(19)30170-5/rf0205
http://refhub.elsevier.com/S0165-5728(19)30170-5/rf0210
http://refhub.elsevier.com/S0165-5728(19)30170-5/rf0210
http://refhub.elsevier.com/S0165-5728(19)30170-5/rf0215
http://refhub.elsevier.com/S0165-5728(19)30170-5/rf0215
http://refhub.elsevier.com/S0165-5728(19)30170-5/rf0220
http://refhub.elsevier.com/S0165-5728(19)30170-5/rf0220
http://refhub.elsevier.com/S0165-5728(19)30170-5/rf0225
http://refhub.elsevier.com/S0165-5728(19)30170-5/rf0225
http://refhub.elsevier.com/S0165-5728(19)30170-5/rf0230
http://refhub.elsevier.com/S0165-5728(19)30170-5/rf0230
http://refhub.elsevier.com/S0165-5728(19)30170-5/rf0230
http://refhub.elsevier.com/S0165-5728(19)30170-5/rf0235
http://refhub.elsevier.com/S0165-5728(19)30170-5/rf0235
http://refhub.elsevier.com/S0165-5728(19)30170-5/rf0235
http://refhub.elsevier.com/S0165-5728(19)30170-5/rf0240
http://refhub.elsevier.com/S0165-5728(19)30170-5/rf0240
http://refhub.elsevier.com/S0165-5728(19)30170-5/rf0245
http://refhub.elsevier.com/S0165-5728(19)30170-5/rf0245
http://refhub.elsevier.com/S0165-5728(19)30170-5/rf0250
http://refhub.elsevier.com/S0165-5728(19)30170-5/rf0250
http://refhub.elsevier.com/S0165-5728(19)30170-5/rf0250
http://refhub.elsevier.com/S0165-5728(19)30170-5/rf0255
http://refhub.elsevier.com/S0165-5728(19)30170-5/rf0255
http://refhub.elsevier.com/S0165-5728(19)30170-5/rf0255
http://refhub.elsevier.com/S0165-5728(19)30170-5/rf0260
http://refhub.elsevier.com/S0165-5728(19)30170-5/rf0260
http://refhub.elsevier.com/S0165-5728(19)30170-5/rf0260
http://refhub.elsevier.com/S0165-5728(19)30170-5/rf0265
http://refhub.elsevier.com/S0165-5728(19)30170-5/rf0265
http://refhub.elsevier.com/S0165-5728(19)30170-5/rf0265

	Imiquimod and interferon-alpha augment monocyte-mediated astrocyte secretion of MCP-1, IL-6 and IP-10 in a human co-culture system
	Introduction
	Materials and methods
	Reagents
	U251 and human primary astrocyte cell culture
	Peripheral blood mononuclear cell (PBMC) and monocyte isolation
	Monocyte-astrocyte co-culture
	Transwell assay
	Cytokine quantification in monocyte supernatants
	Cytokine neutralization assay
	Intracellular IL-1β production by monocytes
	Flow cytometry
	Recombinant IL-1β treatment of astrocytes
	Statistical analysis

	Results
	Human primary monocytes induce human U251 and primary astrocytes to produce MCP-1 and IL-6
	Imiquimod/R837 treatment alone and with IFN-α, enhances monocyte-mediated astrocyte production of MCP-1, IL-6 and IP-10
	Astrocyte production of MCP-1, IL-6 and/or IP-10 in response to monocytes alone and in combination with IFN-α or R837 is primarily mediated through soluble factors
	Monocytes display differing cytokine/chemokine secretion profiles when cultured without stimulation, with IFN-α or R837
	IL-1β is a critical soluble factor involved in monocyte-mediated astrocyte production of MCP-1, IL-6 and IP-10 in response to R837 treatment
	Replacement of monocytes with recombinant IL-1β in the control, R837 and IFN-α cultures, promotes a similar profile of MCP-1, IL-6 and IP-10 production by astrocytes
	The intermediate monocyte population positively associates with U251 astrocyte production of IL-6

	Discussion
	Conclusion
	Ethics approval and consent to participate
	Availability of data and materials
	Competing interests
	Funding
	Author contributions
	Acknowledgements
	Supplementary data
	References




