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Abstract

The prevalence of human immunodeficiency virus 1 (HIV) associated neurocognitive disorders
resulting from infection of the central nervous system (CNS) by HIV continues to increase despite
the success of combination antiretroviral therapy. Although monocytes are known to transport
HIV across the blood—brain barrier (BBB) into the CNS, there are few specific markers that
identify monocyte subpopulations susceptible to HIV infection and/or capable of infiltrating the
CNS. We cultured human peripheral blood monocytes and characterized the expression of the
phenotypic markers CD14, CD16, CD11b, Mac387, CD163, CD44v6 and CD166 during
monocyte/macrophage (Mo/Mac) maturation/differentiation. We determined that a
CD14*CD16*CD11b*Mac387* Mo/Mac subpopulation preferentially transmigrates across our in
vitro BBB model in response to CCL2. Genes associated with Mo/Mac subpopulations that
transmigrate across the BBB and/or are infected by HIV were identified by cDNA microarray
analyses. Our findings contribute to the understanding of monocyte maturation, infection and
transmigration into the brain during the pathogenesis of NeuroAIDS.
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1. Introduction

The entry of human immunodeficiency virus 1 (HIV) into the central nervous system (CNS)
leads to neurological impairment, designated HIV associated neurocognitive disorders
(HAND), in approximately 60% of HIV infected individuals [1]. In vitro studies and
postmortem analyses of HIV infected CNS tissue suggest HAND is dependent, in part, upon
transmigration of monocytes, both uninfected and HIV infected, across the blood—brain
barrier (BBB) into the CNS parenchyma [2,3]. Subsequent HIV infection and/or activation
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of neuroinflammatory cells such as perivascular macrophages and microglia occurs, in
addition to low level infection of astrocytes [4,5]. The elaboration of viral proteins, such as
tat and gp120, in addition to increased cytokine/chemokine expression and adhesion
molecule activation, have been implicated in the recruitment of additional monocytes into
the CNS [6-8]. This chronic neuroinflammation leads to the production of neurotoxic
factors that ultimately results in neuronal dysfunction and cell death [9,10].

Circulating monocytes had been considered restrictive to HIV infection [11-15]. However,
infectious virus can be isolated from monocytes of HIV infected individuals, indicating that
monocytes are not completely refractory to HIV infection [16,17]. Studies suggest a link
between monocytes expressing specific phenotypic markers and CNS disease progression
associated with simian immunodeficiency virus (SIV) and HIV infection [18-24],
highlighting the importance of monocytes in the development of CNS inflammation and
cognitive dysfunction in HIV infected individuals.

Monocytes in the peripheral blood are heterogeneous and subpopulations representing stages
of maturation/differentiation and activation have been proposed [25,26], characterized by
differential expression of cell surface antigens [27,28]. The relationship between the
maturation state of monocytes and their ability to become infected by HIV, as well as to
transmigrate across the BBB, has not been well characterized. We developed a culture
system for human peripheral blood monocytes that enabled us to examine the maturation of
this cell type in vitro by analyzing the expression of the phenotypic markers, CD14, CD16,
CD11b, Mac387, CD163, CD44v6 and CD166. We correlated the expression of these
markers with the ability of monocytes to transmigrate across our in vitro model of the
human BBB in response to the chemokine CCL2 (MCP-1). The predominant monocyte
phenotype that transmigrated was a CD14*CD16*CD11b*Mac387* subpopulation. We
performed cDNA microarray analyses to characterize further the transmigrated monocyte
subpopulation and identified 471 differentially regulated genes. In addition, we identified
genes associated with the onset of Mo/Mac differentiation, including neuronal gamma
enolase and neuropilin, as well as genes whose products expressed by maturing monocytes
may facilitate their infection with HIV.

2. Materials and methods

2.1. Cell isolation and culture

Blood was obtained from healthy volunteers or purchased as whole blood units or leukopaks
from the New York Blood Center, in accordance with Albert Einstein College of Medicine
(AECOM) guidelines. PBMC were isolated using Ficoll-Pagque (Amersham Pharmacia
Biotech, Uppsala, Sweden) density gradient centrifugation. Monocytes were isolated from
PBMC by positive selection using the CD14 MidiMACS separation system (Miltenyi
Biotec, Auburn, CA) or the CD14 EasySep selection kit (Stem Cell Technologies,
Vancouver, BC, Canada) according to the manufacturer’s protocol. The purity of the
isolated monocytes was assessed by flow cytometry using PE and APC coupled anti-CD14
(clone M5E2) (monocyte marker), anti-CD19-PE-Cy7 (clone SJ25C1) (B cell marker), anti-
CD56-PE (clone B159) (NK cell marker) and anti-CD3-FITC (clone HIT3a) (T cell marker)
antibodies (BD Biosciences, Franklin Lakes, NJ). For these analyses, 3-5 x 10° cells were
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used for each immunofluorescent stain and we acquired 10,000 events and analyzed within
the combined lymphocyte and monocyte gate, based on the forward scatter (FSC) and side
scatter (SSC) parameters. The percentage of CD14* cells in purified monocyte isolations
from different donors is included in Table 1 Section 3. CD14* purified populations were
found to contain <3% CD3* T cells, <1% CD56* NK cells and <1% CD19* B cells. CD14*
isolated cells were cultured at 2 x 10° cells/ml in RPMI 1640 supplemented with 5% heat
inactivated fetal bovine serum (FBS), 1% HEPES, 1% penicillin/streptomycin (Gibco-
Invitrogen, Carlsbad, CA), 10% human serum (Lonza, Walkersville, MD), and 10 ng/mL of
MCSF (Peprotech, Rocky Hill, NJ) in Fisherbrand (Pittsburgh, PA) polypropylene tubes or
Teflon flasks (Nalgene, Rochester, NY) to prevent the monocytes from adhering and fully
differentiating into macrophages. On Day 3 of culture, monocytes were removed and
analyzed for maturation markers by FACS. Day 3 monocyte cultures contained <2% CD3*
T cells, <1% CD56" NK cells and <1% CD19" B cells. Viable cell recoveries were
determined by trypan blue staining, cell count and FACS FSC and SSC analyses. For
monocyte derived macrophage cultures, CD14* isolated cells were cultured in media as
described above, but allowed to adhere for 3 days in 100 mm tissue culture plates (BD
Falcon, Franklin Lakes, NJ) to obtain Day 3 adherent macrophages, with culturing for an
additional 3 days to obtain Day 6 adherent macrophages.

CEM@SS cells were infected with HIV aopa, an R5 molecular clone derived from blood
(NIH AIDS and Reference Reagent Program). Cell-free supernatants were collected daily
for 2-30 days from infected cultures and stored at =80 °C for use as viral stocks. Stock
concentration of p24/ml was quantified by HIV p24 ELISA (Perkin Elmer Life Science, Inc,
Boston, MA).

2.3. HIV infection of cells

2.4. Elisa’s

CD14" cells, either freshly isolated or after 3 days of non-adherent culture, were infected at
2 x 108 cells/ml in 5 ml with 20 ng/mL of HIV spa and maintained in polypropylene tubes
or Teflon flasks for 24 h. After that time, cells were pelleted, resuspended in media as
described above at 2 x 10° cells/ml and cultured for an additional 6 days. Uninfected control
cells, either freshly isolated or after 3 days of non-adherent culture, were also maintained in
polypropylene tubes or Teflon flasks in fresh media for an additional 6 days without virus.
To measure HIV replication, supernatant levels of HIV-1 p24 were determined by ELISA.

HIV p24 (Perkin Elmer) and soluble CD14 (sCD14) (R&D Systems, Minneapolis, MN)
ELISA’s were performed according to the manufacturer’s protocols. The minimum
detectable level of HIV p24 and sCD14 is 26 pg/ml and 125 pg/ml, respectively.

2.5. In Vitro BBB model

Astrocytes were isolated from human fetal cortical tissue obtained as part of an ongoing
research protocol approved by AECOM. Human brain derived microvascular endothelial
cells (BMVEC) were obtained from Applied Cell Biology Research Institute (Kirkland,
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WA). Astrocytes and BMVEC were isolated and cultured as described previously [29]. Our
model consists of BMVEC and astrocytes cocultured on opposite sides of gelatin-coated
tissue culture inserts with 3 pm pores (BD Falcon) that permit astrocyte processes to
penetrate the insert and establish contact with BMVEC as previously described [30-33].
Cocultures in 24 well plates (BD Falcon) were used for transmigration experiments 6 days
after they were established.

2.6. Flow cytometry

Monocytes were phenotyped upon isolation and after 3 days of non-adherent culture using
FITC and PE coupled monoclonal antibodies specific for human CD14 (clone M5E2), CD16
(clone 3G8), CD11b/Mac-1 (clone ICRF44), CD166 (clone 3A6), CD163 (clone GHI/61),
CD44v6, Mac387 or corresponding mouse isotype matched negative controls (all from BD
Biosciences, except Mac387, Abcam, Cambridge MA and CD44v6, Invitrogen). All
antibodies were titrated to determine optimal concentrations. Cells (3-5 x 10%) were double
stained with CD14 antibody and an antibody to each of the antigens stated above for 30 min
at 4 °C, then washed with 1% bovine serum albumin (BSA) in phosphate buffered saline
(PBS) and fixed with 2% paraformaldehyde. For Mac387 and CD14 intracellular staining,
cells were permeabilized by incubation in 0.5% saponin in 1% BSA/PBS. Monocytes were
also analyzed for cell surface CCR2, the CCL2 (MCP-1) receptor, using anti-CCR2-PE
antibody (clone 48607) (R&D Systems). For analyses of immunopositive cells, 10,000
events were acquired on a BD FAC-Scan and analyzed using CellQuest (Becton Dickinson)
or FlowlJo (Ashland, OR) software. For transmigration studies, multi-color flow cytometry
using anti-CD14-APC (clone M5E?2), anti-CD16-PE-Cy7 (clone 3G8) (BD Biosciences),
anti-CD163-PE, anti-Mac387-FITC and anti-CD11b-PE antibodies was performed as
described below. For analyses of immunopositive cells, 10,000 events were acquired on a
BD Canto Il flow cytometer and analyzed using FlowJo software.

2.7. Assay of transmigration across our in vitro BBB model

CD14" isolated cells cultured for 3 days non-adherently in Teflon flasks were designated as
the start population and analyzed by multi-color flow cytometry for CD14, CD16, CD163,
CD11b and Mac387. Cells from the start population were added at 5 x 10° to each tissue
culture insert to assay for transmigration across our in vitro BBB model. The chemokine
CCL2 (100 ng/ml) (R&D Systems) was added to the bottom chamber of each coculture.
After 24 h, cells that had transmigrated into the bottom chamber were analyzed by multi-
color flow cytometry for CD14, CD16, CD163, CD11b and Mac387. Transmigrated cells
from 3 to 4 cocultures were pooled for each immunofluorescent stain analyzed by FACS,
which included single color staining for each marker and isotype matched negative control
antibody, and four color staining for CD14, CD16, Mac387 and CD163 or CD11b. Five
independent transmigration experiments were performed using CD14* monocytes (Group 1
monocytes as detailed in Section 3) from five different donors.

2.8. cDNA microarray analysis

Total RNA was extracted from (1) freshly isolated CD14* cells, (2) CD14™ isolated cells
cultured for 3 days non-adherently or adherently, and (3) CD14" isolated cells cultured for 3
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days non-adherently (start population) and added to our in vitro BBB model, in addition to
the cells that transmigrated in response to CCL2 after 24 h, using Qiagen RNeasy Mini Kit
(Valencia, CA). Five micro grams of total RNA were used to amplify antisense RNA
(aRNA) copies of each mRNA in the sample using the Ambion MessageAmp aRNA
Amplification Kit (Austin, TX). Human cDNA arrays (27,323 cDNA clones) were obtained
from the AECOM cDNA Microarray Facility. Microarray procedures were performed
according to protocols provided by the facility. By reverse transcription, aRNA samples
from Day 3 non-adherent monocytes were labeled with Cy5-dUTP and samples from freshly
isolated CD14* monocytes or Day 3 adherent monocytes were labeled with Cy3-dUTP
(Perkin Elmer). For microarray analyses of the subpopulation of monocytes that
transmigrated across the BBB in response to CCL2, RNA samples from transmigrated
monocytes were labeled with Cy5-dUTP and samples from the start population of Day 3
non-adherent monocytes added to cocultures were labeled with Cy3-dUTP. Cy5-labeled
samples were co-hybridized with Cy3-labeled samples. Hybridized slides were scanned
using a GenePix 4000b scanner (Axon Instruments, Sunnyvale, CA), and raw data files were
generated containing measurements of signal and background fluorescence emissions. Data
were lowess normalized and filtered, such that cDNAs with 2-fold signal to noise ratio were
analyzed. The ratio of Cy5 (experimental values) and Cy3 (control values) was calculated
for each cDNA on the microarray to derive a relative expression value. Genes with
differential expression in the experimental groups were compared by their Cy5/Cya3 ratio
values. Two independent microarray analyses were performed using CD14* monocytes
(Group 1 monocytes as detailed in Section 3) from two different donors for each of the three
groups analyzed: (1) Day 3 non-adherent monocytes and transmigrated monocytes, (2)
freshly isolated CD14* monocytes and Day 3 non-adherent monocytes, and (3) Day 3 non-
adherent monocytes and Day 3 adherent monocytes.

2.9. Network generation and associated functional analysis

To determine markers of monocyte maturation/differentiation and characterize the
phenotype of the monocyte subpopulation(s) transmigrating across the BBB, we analyzed
the genes differentially regulated in the cDNA microarrays using Ingenuity Pathways (IPA)
(Ingenuity® Systems, www.ingenuity.com). To generate networks, each gene identifier and
corresponding expression values were uploaded into the application. Each identifier was
mapped to its corresponding gene object in the Ingenuity Pathways Knowledge Base. These
genes, called focus genes, were overlaid onto a global molecular network developed from
information contained in the Ingenuity Pathways Knowledge Base. Networks of these focus
genes were then algorithmically generated based on connectivity. The functional analysis of
a network identifies the biological functions and/or diseases that are most significant to the
genes in the network.

2.10. Western blot analysis

CD14" isolated cells were cultured as described above. Freshly isolated, as well as non-
adherent and adherent Day 3 and Day 6 cells were washed with cold PBS and lysed with
RIPA buffer (Cell Signaling, Beverly, Ma) containing 50 pl/ml protease inhibitor cocktail
for mammalian cell extracts (Sigma, St. Louis, MO). Protein concentrations of lysates were
quantified using the Bio-Rad protein assay (Hercules, CA). Cell lysates were heated to 95—
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100 °C for 5 min and analyzed by SDS-PAGE with 40 ug of protein loaded onto each lane
of 4-15% gradient polyacrylamide gels (Bio-Rad). Positive control lysates for each marker
of interest were also included. Proteins were transferred electrophoretically to Protran
nitrocellulose (Schleicher and Schuell, Dassel, Germany) and membranes were incubated
with primary antibodies to neuropilin 1 (1:200), and neuronal gamma enolase (enolase 2,
1:400), (Santa Cruz Biotechnology, Santa Cruz, CA). After washing, membranes were
incubated with either anti-rabbit-HRP or anti-mouse-HRP (Cell Signaling) (1:2000) and
immunocomplexes were detected by Western Lightning Chemiluminesence Reagent (Perkin
Elmer). Blots were stripped and probed with GAPDH antibody. Densitometric analyses
were performed (UN-SCAN-IT gel digitizing software, Silk Scientific, Utah) and neuropilin
1 and enolase 2 protein levels were normalized to GAPDH. Western blot analyses were
repeated with CD14* cells from two different donors.

3.1. Optimal culture conditions for human CD14" monocytes isolated from PBMC

To determine the optimal culture conditions for CD14* monocytes isolated from human
PBMC, we tested various methods of culturing monocytes non-adherently. It was important
to identify the appropriate non-adherent culture conditions so the monocytes did not fully
mature into macrophages, which is facilitated by their adherence to the surface of tissue
culture flasks or certain tubes. Many different adherent and non-adherent culture conditions
have been used to study monocyte maturation/differentiation, including the use of culture
medium containing FBS, human serum and/or MCSF [34,35]. Since human monocytes are a
heterogeneous population of cells, the maturation/differentiation of monocyte
subpopulations can vary dependent on the culture conditions. Thus, we identified a specific
non-adherent culture condition which promoted cell viability and mirrors monocyte
maturation in the peripheral blood circulation, as illustrated in the schematic representation
shown in Fig. 1. Monocytes circulate and mature in the vasculature before they adhere to the
endothelial cell lining of CNS blood vessels and become what we have termed a transitional
cell. After transmigration across the BBB and adherence in the CNS tissue parenchyma, the
transitional cell differentiates into a fully mature macrophage.

CD14" monocytes were cultured non-adherently for 3 days, which is the time frame during
which these cells mature and circulate in the vasculature before entering tissues and
differentiating into macrophages [36,37]. Cell viability throughout the culture period was
assessed by trypan blue exclusion and FACS forward scatter (FSC) and side scatter (SSC)
analyses. The best method to culture monocytes was the addition of 2 x 106 cells/ml to
RPMI 1640 media supplemented with 1% HEPES, 1% penicillin/streptomycin, 5% FBS,
10% human serum and 10ng/ml MCSF (complete media) in polypropylene tubes or Teflon
flasks to prevent cell adherence. Thus, CD14* cells grown non-adherently for 3 days
modeled maturing monocytes in the circulation. Alternatively, culturing CD14" cells
adherently in tissue culture plates for 3 or 6 days modeled the transitional and mature
macrophage, respectively. Monocyte derived macrophages (MDM) have been obtained by
our group and others by allowing freshly isolated monocytes to adhere to plastic tissue
culture plates for 5-7 days with MCSF [38-40]. This protocol is the basis for the time
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course used for the adherent culture of monocytes in this study. After adherence to tissue
culture plates for 3 days, monocytes have not fully differentiated into MDM and thus we
termed these cells transitional macrophages. To obtain fully mature macrophages,
monocytes were cultured adherently for 6 days.

Our non-adherent cell culture model system enabled the characterization of monocyte
subpopulations that are present in the circulation at such low numbers that experimental
analyses are difficult. The expansion of specific maturing monocyte subpopulations allowed
for the characterization of phenotypic marker expression during monocyte maturation/
differentiation as well as the identification of a monocyte subpopulation that transmigrates
across the BBB in response to CCL2 (described below).

3.2. The phenotype of CD14* monocytes changes as they mature in culture with MCSF

The expression of markers implicated in monocyte maturation/differentiation and
transmigration was characterized by flow cytometry on freshly isolated monocytes (Day 0)
and on monocytes cultured non-adherently for 3 days in media containing MCSF (Day 3) as
described in the Materials and Methods. The specific markers analyzed were CD14, CD16,
CD11b/Mac-1, Mac387, CD163, CD44v6 and CD166. All cells were double stained with
CD14 antibody and an antibody to each of the antigens stated above. The results are
summarized in Table 1. The markers analyzed have been associated with Mo/Mac
subpopulations that transmigrate into tissues, including the CNS, and/or with HIV and SIV
infection. CD14 is preferentially expressed by Mo/Mac and is the receptor for
lipopolysaccharide (LPS)/LPS-binding protein (LBP) complexes. CD14 is expressed on the
surface of 80-90% of peripheral blood monocytes and antibodies to this antigen are
routinely used to isolate monocytes from PBMC [41]. CD16 is the 1gG Fc receptor FcyRIII
expressed on NK cells, Mo/Mac and granulocytes and expression of this antigen has been
associated with monocyte infiltration of the CNS during HIV and SIV infection [42-46], as
well as with HIV associated dementia (HAD) in infected individuals [47]. CD11b/Mac-1 is
a member of the integrin family of adhesion molecules and is involved in the adhesion of
leukocytes to blood vessel endothelium during transmigration into tissues [48]. Mac387 is
an intracellular marker that identifies Mo/Mac during early stages of perivascular infiltration
of blood vessels as well as at early time points after infiltration of tissue parenchyma [49-
51]. CD163 is a member of the scavenger receptor cysteine-rich group B family of proteins
expressed on Mo/Mac and is involved in monocyte adhesion to blood vessels [52,53].
CD163 is also expressed by perivascular macrophages and is a potential marker for AIDS
progression [54]. CD44v6 is expressed by Mo/Mac and is a member of a family of
transmembrane proteins that bind hyaluronan and are involved in cell adhesion and
migration [55]. CD44v6 has been proposed to be a biomarker of HIV induced CNS disease
[24]. CD166 is the transmembrane activated leukocyte cell adhesion molecule (ALCAM)
expressed on activated T cells and monocytes [56,57]. ALCAM expression correlates with
leukocyte trafficking into the CNS [58]. We analyzed the expression of these markers during
the course of monocyte maturation/differentiation.

CD14" monocytes isolated from PBMC from 13 donors were cultured non-adherently in
complete media with MCSF for 3 days. The cultures were divided into two major groups on
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the basis of changes in cell surface CD14 expression (Table 1). In monocytes from nine
donors, the percentage of cell surface CD14 positive cells decreased after 3 days in culture
when compared to freshly isolated cells (designated Group 1), while the percentage of cell
surface CD14 positive cells remained constant in monocytes isolated and cultured from the
other four donors (designated Group 2). We therefore reported changes in the expression of
phenotypic markers in cultured monocytes from Group 1 and Group 2. For this study, we
did not distinguish between low and high cell surface CD14 and designated cells as CD14*
if the fluorescence intensity with CD14 antibody was greater than that of cells stained with
an isotype matched, negative control antibody.

In Group 1, 91% =+ 4 of freshly isolated monocytes on Day 0 were positive for cell surface
CD14 (CD14%) and 9% =+ 4 were negative for cell surface CD14 (CD14") (Table 1, Group
1). Representative dot plots of FSC and SSC, as well as of CD14 and isotype matched
negative control antibody immunofluorescence, for freshly isolated Day 0 monocytes are
shown in Fig. 2. The percentage of CD14" cells decreased significantly (***p < 0.0001) and
the percentage of CD14™ cells increased significantly (***p < 0.0001) after 3 days in
culture. Of the CD14* monocytes on Day 0, 19% =+ 5 were also positive for cell surface
CD16 (CD16%) while 31% =+ 13 of the CD14™ cells were CD16*. On Day 3, the percentage
of CD14" cells that were also CD16" increased to 51% + 21 (**p < 0.002) while the
percentage of CD14™ cells that were CD16" decreased to 18% + 12 (*p<0.05). All CD14*
cells on Day 0 expressed cell surface CD11b (CD11b™) and intracellular Mac387 (Mac387+)
and the expression of these markers did not change significantly with culture. In addition,
the percentage of CD14* cells that expressed CD44v6 (CD44v6*) did not change while
CD163 (CD163") decreased significantly (*p<0.05) after 3 days of culture. Although the
decrease in CD163 we found when data were pooled from seven independent donors was
significant, we found changes in the expression of this marker to be highly donor specific,
with cells from some donors exhibiting increased CD163 after 3 days of culture. The
percentage of CD166 positive (CD166%) cells increased, but this change in expression was
not significant. The percentage of CD14~ cells that were Mac387* or CD44v6™ remained
constant while CD11b* cells increased (**p< 0.002), and CD163* (**p < 0.002) and
CD166™ (*p < 0.05) cells decreased, after 3 days of culture. Changes in the expression of all
the phenotypic markers in Group 2 monocytes after 3 days of culture were not significant,
and represent trends in changes in expression, except for the increase in CD14*CD16* cells
(***p < 0.0001). As found for Group 1 monocytes, all CD14* cells in Group 2 monocytes
on Day 0 were CD11b* and Mac387™ and the expression of these markers did not change
with culture. An important finding from these experiments is that 3 days of non-adherent
culture of both Groups 1 and 2 monocytes with MCSF increased significantly a
subpopulation of CD14* monocytes that was also CD16*, CD11b* and Mac387*.

Since cell surface CD14 expression in Group 1 monocytes decreased with culture, we
determined whether CD14 was being shed or internalized in these cells. CD14 is a GPI-
linked receptor and in many inflammatory conditions, soluble forms of this protein are
released from cells [59]. We therefore assayed monocyte culture media for soluble CD14
(sCD14) by ELISA to determine the effects of cell culture on CD14 shedding. There was no
difference in the levels of SCD14 in the media of monocytes from Group 1 (Fig. 3A, #1-2)
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or Group 2 (Fig. 3A, #3-4). These data demonstrate that loss of cell surface CD14 in Group
1 monocytes was not due to shedding. To determine whether culture conditions changed
intracellular levels of CD14 in Group 1 cells, flow cytometry was performed on non-
permeabilized and permeabilized monocytes. While 3 days of culture reduced the number of
cells with cell surface CD14, the number of cells with intracellular CD14 did not change
(Fig. 3B), with 97% of the cells maintaining intracellular expression of this antigen. These
data indicate that when CD14" monocytes lose cell surface expression of CD14 with culture,
they maintain intracellular levels of this antigen. Thus, the loss of cell surface CD14
expression in Group 1 cells may be the result of receptor internalization.

3.3. CD14*CD16*CD11b*Mac387* subpopulation of cultured monocytes preferentially
transmigrates across the BBB

We previously developed an in vitro model of the human BBB that consists of human brain
microvascular endothelial cells (BMVEC) and human fetal astrocytes cocultured on
opposite sides of tissue culture inserts [30-32,60]. Using this model, we examined the
phenotype of monocytes that transmigrated across the BBB in response to CCL2 (MCP-1).
CCL2 is a chemokine that has been shown to play a critical role during the migration of HIV
and SIV infected and uninfected monocytes into the brain [31,61]. FACS analyses indicated
that the CCL2 receptor, CCR2, was expressed on the surface of CD14* monocytes that were
freshly isolated (Day 0) as well as on those cultured non-adherently for 3 days (Day 3) (Fig.
4).

For transmigration experiments, CD14" monocytes were cultured non-adherently for 3 days
and designated as the start population. Cell surface CD14, CD16, CD163, CD11b and
intracellular Mac387 expression in the start population was analyzed by multi-color flow
cytometry. Start population monocytes (5 x 10° cells/coculture) were then added to the top
chambers of the BBB model with CCL2 (100 ng/ml) as a chemoattractant in the lower
chambers. Monocytes that transmigrated across the cocultures after 24 h were collected from
the bottom chamber and analyzed by multi-color flow cytometry for CD14, CD16, CD163,
CD11b and Mac387.

Group 1 monocytes from five different donors were used for five independent
transmigration experiments. The percentage of cell surface CD14" cells in these cultures
declined to 31-62% after 3 days (data not shown). Representative dot plots showing the
results of four color FACS analyses of the start population and of transmigrated monocytes
are shown in Fig. 5. In the start population there are three monocyte subpopulations,
CD14°CD167, CD14*CD16™ and CD14*CD16*. After gating on the CD14*CD16" cells,
Mac387 (Fig. 5) and CD11* (data not shown) were shown to be expressed by all of these
cells. The predominant monocyte subpopulation that transmigrated across cocultures in
response to CCL2 was CD14*CD16™" and all of these cells were also Mac387* (Fig. 5) and
CD11b+ (data not shown). It is important to note that the vast majority of monocytes that
preferentially transmigrated expressed both CD14 and CD16 surface markers; significant
transmigration of cells expressing CD16 alone was not detected.
CD14*CD16*CD11b*Mac387* monocytes in both the start population and in the
transmigrated cells showed minimal CD163 expression (data not shown). We found that
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monocyte expression of CD163 is very donor dependent and we will expand the number of
donors used in future studies to characterize further CD163 expression by cultured
monocytes that transmigrate across our BBB model.

3.4. Identification of markers by cDNA microarray analyses that characterize the monocyte
subpopulation that preferentially transmigrates across the BBB

To characterize further the subpopulation(s) of monocytes that preferentially transmigrates
across the BBB, we performed cDNA microarray analyses of two cell populations: (1)
CD14" monocytes cultured non-adherently for 3 days (start population) from which we
extracted RNA from a portion of the cell culture with the remainder of the cells added to
BBB cocultures and (2) the monocytes that transmigrated in response to CCL2 (array
described in Section 2). Microarray analyses comparing the transmigrated monocytes to the
start population of monocytes identified 474 differentially regulated genes of which 262
were downregulated (greater than 3-fold decrease) and 212 were upregulated (greater than
3-fold increase), as shown in Supplementary Table 1. These included several genes that
encode for proteins involved in chemotaxis and metastasis, including connective tissue
growth factor (CTGF), CCL18/PARC, S100 calcium-binding protein A12 (S100A12) and
Egf-like module containing mucin-like hormone receptor-like sequence 1 (EMR1). CTGF
gene expression was increased the highest (142-fold) in our microarray analyses of
transmigrated monocytes. CTGF is a potent angiogenic, chemotactic, and extracellular
matrix-inducing growth factor [62]. In both human atherosclerotic plaques and advanced
stages of breast cancer, CTGF protein has been shown to be upregulated, which is postulated
to facilitate monocyte migration into atherosclerotic lesions as well as to play a role in
cancer cell metastasis [63,64]. The differences in the expression of this gene and others of
interest will be confirmed by Western blotting.

The top five gene networks identified after analysis of the differentially regulated genes
using IPA tools (Ingenuity) were: (1) gene expression, cancer, carbohydrate metabolism; (2)
behavior, nervous system development and function and neurological disease; (3) antigen
presentation, cell-mediated immune response, humoral immune response; (4) cell-to-cell
signaling and interaction, hematological system development and function, immune cell
trafficking; (5) endocrine system disorders, gastrointestinal disease, inflammatory disease.
The antigen presentation, cell-mediated immune response, humoral immune response
network is shown in Fig. 6. This network contains EMR1, which is described above.

Of particular interest is that one major canonical pathway identified by the IPA program was
the dendritic cell maturation pathway (p-value<4 x 107%). The significance of the
association between our data set and specific canonical pathways was measured by a ratio of
the number of genes from the data set that are members of the pathway divided by the total
number of genes that map to the canonical pathway. In addition, Fischer’s exact test was
used to calculate a p-value determining the probability that the association between the
genes in the data set and the canonical pathway is explained by chance alone. The
identification of the dendritic cell maturation canonical pathway is significant because many
studies have indicated that monocytes and dendritic cells share a common progenitor cell(s)
[65], and our data suggest that transmigrating monocytes and dendritic cells share the
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expression of a number of genes involved in cellular maturation and migration. Previous
studies showed that upon transmigration across vascular endothelium, a number of CD16*
monocytes differentiate into dendritic-like cells and reverse transmigrate in an abluminal-to-
luminal direction [66,67]. In another study, the transmigration of CD14* monocytes across
brain microvascular endothelium was shown to induce the differentiation of a subset of these
cells into dendritic cells [68]. Thus, the identification of a dendritic cell maturation canonical
pathway contributes to our understanding of the shared characteristics between
transmigrating monocytes and dendritic cells.

3.5. HIV infection of monocytes is significantly increased by nonadherent culture for 3

days

There are conflicting data as to the extent that monocytes are HIV infected in the periphery
invivo, and freshly isolated peripheral blood monocytes have been reported to be refractory
or only minimally susceptible to infection [15,69-71]. We hypothesized that as monocytes
mature in our culture system, acquiring characteristics that facilitate their transmigration
across the BBB, they would also become vulnerable to HIV infection. To address this,
CD14* monocytes were either infected immediately after isolation, or cultured for 3 days
non-adherently and then infected. For infection of freshly isolated cells (Day 0), 2 x 108
monocytes/ml were cultured in complete media and 20 ng/ml of HIV popa in polypropylene
tubes or Teflon flasks for 24 h. Cells were then pelleted and resuspended in complete media
for an additional 6 days in culture. Monocytes were also cultured non-adherently without
virus for 3 days (Day 3) in complete media and then infected with 20 ng/ml of HIV ppa for
24 h, pelleted and resuspended in complete media and cultured for an additional 6 days.
Media was collected daily and assayed for p24.

As shown in Fig. 7, Day 3 monocytes infected with HIV robustly produced virus at Day 7
post infection, with p24 values of approximately 50,000 pg/ml. Day 0 infected monocytes
produced very low amounts of virus, with p24 values of approximately 820 pg/ml. Similar
data were obtained in three independent experiments using cells from three different donors.
Thus, maturing monocytes in culture acquire characteristics that enable them to become
significantly infected with HIV. To identify markers expressed by Day 3 monocytes that
would correlate with, or facilitate, the ability of this mature subpopulation of cells to be
productively infected by HIV, we performed microarray analyses. We compared RNA
extracted from Day 0 monocytes with that from Day 3 monocytes. The data from these
analyses demonstrated the upregulation of several genes on Day 3 whose protein products
have been shown to interact with HIV proteins and therefore may facilitate monocyte
infection (Supplementary Table 2). These include fibronectin (120-fold), syndecan (58-
fold), integrin beta 5 (25-fold), matrix metalloproteinase 7 (MMP7) (17-fold), and tissue
inhibitor of metalloproteinases 2 (TIMP2) (16-fold).

3.6. Newly identified markers that distinguish between monocytes and macrophages

The study of monocyte maturation/differentiation into macrophages has often been limited
by the lack of markers that distinguish among maturing monocytes and macrophages. To
characterize further this maturation/differentiation process and to identify protein markers
that would distinguish differentiating monocytes from macrophages, we performed
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microarray analyses using Group 1 monocytes. We compared freshly isolated (Day 0)
monocytes with those cultured for 3 days non-adherently (Day 3 non-adherent).
Additionally, Day 3 non-adherent monocytes, representative of maturing monocytes in the
peripheral blood circulation, were compared with those cultured under adherent conditions
for 3 days (Day 3 adherent), which represent what we have termed a transitional cell, as
shown in Fig. 1.

Microarray analyses of RNA from Day 0 vs. Day 3 non-adherent monocytes identified 2050
differentially regulated genes of which 402 were upregulated (greater than 5-fold increase)
and 1647 were downregulated (greater than 2-fold decrease), as shown in Supplementary
Table 3. These included several genes that encode for surface adhesion proteins such as
mannose receptor 2, fibronectin 1, CD9, and syndecan 2, all of whose expression was
upregulated greater than 50-fold. This upregulation of machinery necessary to traverse the
vasculature is consistent with the differentiation of monocytes into an adherent macrophage,
which requires the ability of monocytes to cross the endothelial lining of blood vessels to
enter tissue and further mature into a fully functional macrophage. Additionally, osteopontin
expression was highly upregulated (44-fold). This extracellular glycoprotein is believed to
participate in inflammation [72] and circulating levels of osteopontin have been correlated
with severity of SIV and HIV mediated CNS dysfunction [73]. The gene networks identified
after analyses of the differentially regulated genes using the IPA program include cell—cell
signaling/interactions, cellular movement, immune cell trafficking, cell morphology and
neurologic disease (Fig. 8).

Genes identified by microarray analyses of Day 0 vs. Day 3 non-adherent monocytes that
are associated with the CNS or neurologic disease were of particular interest, as we
hypothesized that these genes may in some way facilitate targeting of maturing monocytes
to the CNS. One such gene that was highly increased (>100-fold) in monocytes after 3 days
in non-adherent culture was enolase 2 or neuronal gamma enolase. This gene is expressed in
mature neurons and has been shown to confer metastatic potential to tumors of neuronal
origin [74,75]. Therefore this gene may be involved in the induction of a migratory
phenotype. Its expression in cells of the monocytic lineage has not been previously reported.
To confirm that enolase 2 protein is expressed in maturing monocytes, protein lysates were
prepared from Day 0, Day 3 and Day 6 non-adherent monocyte cultures and analyzed by
Western blot for enolase 2 and GAPDH (Fig. 9A). We chose to examine Day 6 cultures to
obtain a more complete demonstration of the kinetics of enolase 2 protein expression as
monocytes mature. Cells were also cultured under adherent conditions to determine whether
enolase 2 was expressed by mature macrophages. Densitometric analysis of enolase 2
protein levels normalized to GAPDH (Fig. 9C) demonstrated that freshly isolated monocytes
(Day 0) do not express enolase 2. As the cells mature with non-adherent culture, they begin
to express this protein, and by Day 6, enolase 2 is abundant. In contrast, adherent cells at
Day 3 and 6 had no, or minimal, enolase 2. Thus, this protein appears to be a marker that
distinguishes maturing monocytes from macrophages. The role of enolase 2 in targeting
maturing monocytes to the CNS, or facilitating their interaction with CNS cells, is currently
being examined.
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Another gene that was upregulated in Day 3 non-adherent cells was neuropilin. Neuropilin is
a protein receptor on neurons, whose ligands are semaphorins and vascular endothelial
growth factor (VEGF) [76]. To examine neuropilin protein, lysates were prepared from Day
0, Day 3 and Day 6 non-adherent and adherent cultures and analyzed by Western blot (Fig.
9B). As shown in Fig. 9D, densitometric analysis of neuropilin protein levels normalized to
GAPDH demonstrates that Day 0 monocytes lacked neuropilin expression, while those
cultured for 3 or 6 days non-adherently expressed increased, although low levels, of
neuropilin. In contrast, adherent cells expressed abundant amounts of neuropilin. Monocytes
were recently reported to express no, or minimal, neuropilin, and MCSF mediated
differentiation of monocytes into macrophages was shown to significantly upregulate
expression of this receptor [77]. Our data confirm these findings and in addition,
demonstrate that maturing monocytes express low, although detectable, levels of neuropilin
protein. Thus, neuropilin appears to be a marker that distinguishes macrophages from
monocytes. As VEGF, a neuropilin ligand, is highly expressed by maturing monocytes, it is
possible that this provides an autocrine or paracrine mechanism by which maturing
monocytes facilitate their differentiation into macrophages once within tissues.

Microarray analyses of monocytes cultured non-adherently for 3 days as compared to those
cultured for 3 days under adherent conditions demonstrated that 1500 genes (~5% of genes
analyzed) were differentially regulated; 176 genes upregulated (greater than 5-fold increase)
and 1324 genes were downregulated (greater than 2-fold decrease) (see Supplementary
Table 4). The role of several of these genes in monocyte maturation is currently being
investigated.

4. Discussion

The transmigration of monocytes across the BBB plays a major role in HIV
neuropathogenesis. Monocyte influx and accumulation within perivascular regions of CNS
blood vessels contributes to disruption of the BBB, resulting in dysregulation of leukocyte
trafficking into the CNS. Uninfected and HIV infected monocytes within the CNS
differentiate into macrophages and initiate infection and/or activation of resident cells. Viral
and chemotactic proteins mediate the recruitment of additional monocytes into the brain.
Chronic neuroinflammation, HIV infection of resident CNS cells, and neurotoxic factor
production ultimately lead to neuronal dysfunction and cell death. Thus, the prevalence of
HAND is increasing as individuals receiving combination antiretroviral therapy (CART) live
longer.

Characterizing the transmigration of specific monocyte subpopulations across the BBB is
important to identify which subsets of cells may be involved in the initiation and
propagation of inflammation and/or infection of CNS cells during the neuropathogenesis of
HIV infection. In this study, we cultured freshly isolated human CD14* monocytes non-
adherently with MCSF, which mirrors the maturation of the heterogeneous population of
monocytes in the peripheral blood circulation. Cultured CD14* monocytes were divided into
two groups; one whose percentage of cells expressing surface CD14 decrease with culture,
and a second whose percentage of surface CD14 positive cells remains unchanged. In both
groups, a monocyte subpopulation(s) expressing CD16, CD11b/Mac-1 and Mac387 expands
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under these culture conditions, providing sufficient numbers for analyses of their
maturation/differentiation, transmigration across the BBB and ability to be infected by HIV.

The phenotypic markers CD14 and CD16 distinguish subpopulations of peripheral blood
monocytes. CD14*CD16~ cells represent 80-90% of total circulating monocytes, while
CD14°WCD16* and CD14*CD16* cells represent 5-10% of total monocytes [28,78].
Previous studies showed that the proportion of circulating CD16* monocytes expands in a
number of inflammatory conditions [79,80] and with HIV and SIV infection [45,46]. CD16"
monocytes in vivo and in vitro are more permissive for HIV infection when compared to
CD16™ monocytes [81] and HIV is detected in CD14*CD16* monocytes from infected
individuals undergoing successful cCART [82]. In a recent study, CD14!°%CD16* and
CD14*CD16* monocytes were shown to express distinct phenotypic and functional
characteristics, including unique patterns of chemokine receptor expression and cytokine
production in response to bacterial and viral pathogens [83]. The role of CD14!°WCD16*
and/or CD14*CD16* monocytes in HIV neuropathogenesis has not been well characterized.
In this study, we describe the expansion of mature monocyte subpopulations after
nonadherent culture of freshly isolated peripheral blood monocytes with MCSF and we
show that these cells express CCR2 and are vulnerable to HIV infection. A CD16*
monocyte subpopulation(s) specifically expands in our culture system and a subset of these
cells preferentially transmigrates across our in vitro model of the BBB in response to CCL2.
Our ongoing studies will determine the specific CD16* monocyte subset these
transmigrating cells represent and the role they may play during the neuropathogenesis of
HIV.

Our initial characterization of the CD16™ monocytes that transmigrated across our BBB
model focused on microarray analyses of genes that were differentially expressed in this
monocyte subset as compared to the Day 3 monocytes added to the top of BBB cocultures.
Among the top upregulated genes were several involved in chemotaxis and metastasis.
CTGF, the highest upregulated gene, is involved in cellular adhesion and migration [62].
Although CTGF mRNA was not detected in Mo/Mac in a previous study, purified peripheral
blood mononuclear cells were found to chemotax to CTGF protein [63]. The upregulation in
CTGF message in transmigrated CD14*CD16*CD11b*Mac387* monocytes suggests that
these cells produce CTGF and this protein may play a role in the diapedesis of this
monocyte subpopulation across the BBB.

Another upregulated gene was CCL18/PARC. Mo/Mac produce low levels of the
chemokine CCL18 [84]. Although freshly isolated monocytes do not respond to CCL 18,
maturing cultured Mo/Mac transiently chemotax to CCL18 [85]. The production of CCL18
at the BBB may facilitate the transmigration of CD14*CD16*CD11b* Mac387* monocytes
because CD16™" cells are proposed to be a mature monocyte subpopulation and thus may be
responsive to CCL18 [28].

Specific monocyte subsets are implicated in several inflammatory pathologies, and thus are
of interest for developing therapeutic strategies that target specific monocyte
subpopulations. Microarray analyses of maturing monocytes showed an increase in genes
associated with cell adhesion, as well as genes not previously demonstrated in monocytic
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cells. Of interest are those associated with the nervous system. We hypothesize that
expression of some of these genes by maturing monocytes within the blood provides a
signature that targets them to the CNS. We demonstrated that maturing monocytes expressed
high levels of enolase 2, but once adherent and fully differentiated into macrophages,
enolase 2 expression was greatly reduced or absent. Enolase 2 is an isoenzyme reported to
be expressed only in nervous tissue and neuronal tumors [86,87]. We propose that genes that
regulate the participation of enolase 2 in metastasis may also contribute to monocyte
migration and thus this protein may serve as a marker for a recently transmigrated monocyte
within the CNS.

Osteopontin, which was also upregulated in maturing monocytes, has chemotactic properties
and promotes cell survival [72]. Plasma osteopontin is increased in individuals with HAD
and in monkeys before the development of SIV CNS disease [73]. Increased osteopontin
was also found in the brains of infected humans and monkeys with encephalitis [24].
Osteopontin inhibited monocytes from reverse transmigrating across endothelial cells,
modeling cells leaving the brain [88]. It has been proposed that osteopontin in the brain can
lead to the accumulation of macrophages because it is anti-apoptotic and inhibits egress of
monocytes. We hypothesize that as mature monocytes transmigrate across the BBB, they
produce high levels of osteopontin that mediate the recruitment and maintenance of
monocytes within the CNS.

We found neuropilin was expressed by cells that are more macrophage-like than monocyte-
like. Neuropilin is also expressed by endothelial cells and binds VEGF [76]. Osteopontin
upregulates VEGF expression by endothelial cells [89]. These data suggest that osteopontin,
which we demonstrated to be produced by maturing monocytes, may induce VEGF at the
BBB, promoting neuropilin mediated effects on the transmigration of monocytes across the
BBB and/or macrophage differentiation within CNS perivascular regions.

Restriction of HIV infection in monocytes has been reported [12,14,15,69,70]. We propose
that there is a specific subpopulation of maturing monocytes in the circulation that will soon
cross the vasculature, and that these cells are infectable by HIV. Several studies indicate that
monocytes prone to HIV infection include a CD16* subset(s) [81,82]. The subpopulation(s)
of monocytes susceptible to HIV infection is so small it is difficult to study in freshly
isolated monocytes. Our culture system enabled the examination of these monocytes by
expanding this population(s) to sufficient numbers for analysis. We demonstrated that
freshly isolated monocytes are minimally susceptible to HIV infection, while those cultured
non-adherently for 3 days are robustly infected. Microarray analyses of freshly isolated
monocytes compared with those cultured non-adherently for 3 days resulted in identification
of genes whose products interact with HIV proteins, including syndecan, a trans attachment
receptor for HIV that maintains viable virus for up to 5 days in culture [90,91]. This may
facilitate infection of other cells, or of the cell to which it binds. The fibronectin gene is also
expressed in maturing monocytes. Fibronectin binds HIV gp120 and may play a role in
virus—cell interactions and/or opsonization of virus [92,93].

Monocytes differentiate into macrophages and express markers that identify them as
functional mature cells. Microarray analyses of maturing monocytes (Day 3 non-adherent
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cells) and cells at an intermediate stage of differentiation (Day 3 adherent-transitional cell)
identified new markers of maturing macrophages that are minimally or not expressed by
monocytes. Previous studies reported microarray analyses comparing monocytes and
differentiated monocytic cell lines, while others compared freshly isolated monocytes with
monocyte derived macrophages cultured for 6 or 7 days by adherence [94-97]. Ours is the
first study comparing maturing monocytes and macrophages that have not yet fully
differentiated.

Our study characterizes mature monocyte subpopulations that transmigrate across the BBB
and are susceptible to HIV infection. We also identify markers that distinguish between
monocytes and macrophages. Although cART has prolonged the survival of HIV infected
individuals, HAND is becoming a major public health issue. A more complete
understanding of the biology of the maturing monocyte that can traverse the BBB and is
vulnerable to HIV infection should facilitate the development of strategies to limit
NeuroAIDS.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Schematic representation of monocyte maturation/differentiation into a macrophage in vivo
and in vitro. Our culture system is represented in the top panel of the schematic. The in vivo
system it was developed to mirror is represented in the bottom panel. Monocyte maturation/
differentiation in the peripheral circulation in vivo is represented as a maturing monocyte,
and in our culture system in vitro, this stage is represented by monocytes cultured non-
adherently for 3 days. Upon adhesion to the BBB, monocyte maturation/differentiation in

Vvivo is represented as an intermediate macrophage (M @) (transitional cell), and in our

culture system in vitro, this stage is represented by monocytes cultured adherently for 3
days. In the CNS parenchyma, monocyte maturation/differentiation in vivo is represented as

a macrophage (M @), and in our culture system in vitro, this stage is represented by

monocytes cultured adherently for 6 days.
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Cell surface CD14 expression by freshly isolated monocytes as analyzed by flow cytometry.
CD14" cells were isolated from PBMC by positive selection using anti-CD14 magnetic
beads and then stained with anti-CD14-PE or 1gG2a-PE, an isotype matched negative
control antibody. (A) A representative dot plot of side scatter (SSC) and forward scatter
(FSC) with the R1 gate used for analysis of cell immunofluorescence, (B) negative control
1Gg2a immunofluorescence, and (C) CD14 immunofluorescence. Values in each quadrant

represent the percentage of cells.
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Loss of cell surface CD14 after culture with MCSF for 3 days is not due to shedding and
these monocytes maintain intracellular levels of CD14. (A) Supernatants from monocytes
cultured for 3 days with MCSF were assayed for soluble CD14 (sCD14) by ELISA. The
percentage of cells expressing cell surface CD14, as analyzed by FACS, and the levels of
sCD14 (ng/ml) in the supernatants are shown. (B) Cell surface CD14 is analyzed by FACS
in freshly isolated monocytes (Day 0) and monocytes cultured for 3 days non-adherently
with MCSF (Day 3) and intracellular CD14 is analyzed in cells permeabilized before

staining with anti-CD14-FITC.
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Fig. 4.

CD14* monocytes, both freshly isolated and after 3 days of culture with MCSF, express cell
surface CCR2. A representative histogram of PE immunofluorescence in freshly isolated
CD14* monocytes (Day 0) and in monocytes cultured for 3 days non-adherently with MCSF
(Day 3) incubated with CCR2-PE or 1gG2b-PE (isotype matched negative control)

antibodies.

Cell Immunol. Author manuscript; available in PMC 2015 February 20.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Buckner et al.

Page 27

Start Population

; - - 5] 100%
1057 1-83% I 43% | 2 10 CD14+CD16+Mac387+
E 104
8 1041 |co1ascoies 55
= > %3 103
T 1031 = =
o 102]
(&] 3 0
1021 ; 41.6% T - - :
13 V] 50K 100K 150K 200K 250K
01 |
i FSC-H

0102 10 104 10%
CD16 PE-Cy7

Transmigrated Cells

_ ., - 99.3%

1057 317% ' 91% o 1057 coraecpi6Mac3ers

| = 4041 3
8 1047 CD14+CD16+ e
< ‘_____,...-—-P % 1031
e -4 @
< 103
8 = 102
- 0
1027 2.84% ; . : .
0 4 i| o 50K 100K 150K 200K 250K
1 | FSC-H

' 0 102 103 104 105
CD16 PE-Cy7

Fig. 5.

AgCD14+/CD16"/CD11b+/M:710387+ monocyte subpopulation preferentially transmigrates
across the BBB. CD14* monocytes cultured non-adherently with MCSF for 3 days were
designated the start population and analyzed by four color FACS with CD14-APC, CD16-
PE-Cy7, Mac387-FITC and CD163-PE or CD11b-PE antibodies. A representative dot plot
of CD14-APC and CD16-PE-Cy7 immunofluorescence is shown, with 100% of gated
CD14*CD16 cells exhibiting Mac387-FITC immunofluorescence. All CD14*CD16™ cells
were also CD11b* with minimal CD163 immunofluorescence (not shown). Start population
cells were added to BBB cocultures with CCL2 for 24 h and transmigrated monocytes were
also analyzed by four color FACS. A representative dot plot of CD14-APC and CD16-PE-
Cy7 immunofluorescence shows that the vast majority of transmigrated monocytes were
CD14*CD16*. All of the transmigrated CD14*CD16* cells were also Mac387* and CD11b*
(not shown), with minimal CD163 immunofluorescence (not shown). Values in each
quadrant represent the percentage of cells (representative of five independent experiments).
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Fig. 6.

A%ene network generated from microarray analyses of monocytes that transmigrated across
the BBB compared to the start population of CD14* monocytes cultured with MCSF for 3
days. One of the top five gene networks identified after analysis of the differentially
regulated genes using IPA tools (Ingenuity) was the antigen presentation, cell-mediated
immune response, humoral immune response network. Genes are represented as nodes and
the intensity of the node color indicates the degree of up (red) or down (green) regulation.
Interactions are shown by lines. Lines with arrows represent direct interactions and lines
without arrows indicate binding only. Solid lines show reported direct interactions and
broken lines show indirect interactions. Functions are indicated by shapes: enzymes
(diamonds), cytokines (squares), kinases (triangles), transcription regulators (horizontal
ovals), transmembrane receptors (vertical ovals), transporters (trapezoids), complexes
(concentric circles), and others (circles). (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)
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Fig. 7.
HIV infection of freshly isolated monocytes as compared to infection of monocytes cultured

for 3 days with MCSF. CD14* monocytes were either infected immediately after isolation
(Day 0), or cultured for 3 days non-adherently and then infected (Day 3). Media was
collected daily from each culture for 7 days and assayed for p24 by ELISA (representative
of three independent experiments).
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Fig. 8.
A gene network generated from microarray analyses of freshly isolated monocytes (Day 0)

as compared to Day 3 non-adherent monocytes. One of the top gene networks identified
after analysis of the differentially regulated genes using IPA tools (Ingenuity) was the cell-
cell signaling/interactions, cellular movement, immune cell trafficking, cell morphology and
neurologic disease network.
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Fig. 9.
Wgestern blot analysis of enolase 2 and neuropilin in freshly isolated monocytes (Day 0) and
Day 3 and Day 6 non-adherent and adherent monocytes. Protein lysates of freshly isolated
monocytes and monocytes cultured non-adherently and adherently for 3 and 6 days with
MCSF were prepared and analyzed by Western blot for (A) enolase 2 and (B) neuropilin.
The blots were stripped and analyzed for GAPDH and densitometric analysis of enolase 2

(C) and neuropilin (D) normalized to GAPDH was performed.

Enolase 2

GAPDH

Neuropilin

GAPDH

C

0.7
0.6
0.5
0.4
03

Arbitrary Units

0.2
0.1

D

0.9

08
207
5 06
205
0.4

Arbitra

0.2
0.1

Page 31

Enolase 2/GAPDH Densitometry

Day0 Day3 Day3 Day6 Day6
Non- Adherent  Non- Adherent
Adherent Adherent

Neuropilin/GAPDH Densitometry

U.
Day0 Day3 Day3 Day6 Day6

Cell Immunol. Author manuscript; available in PMC 2015 February 20.

Non- Adherent Non-  Adherent

Adherent Adherent



yduasnuel Joyny Yd-HIN

1duasnuely Joyny vd-HIN

1duasnuely Joyny vd-HIN

Buckner et al.

Table 1

Time course of antigen expression of cultured monocytes.

Student’s t-test — two tailed

*
p <0.05.

*

*
p < 0.002.

*%

*
p < 0.0001.
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