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Abstract

CXCL8 isa CXC chemokine that recruits leukocytes to sites of inflammation. Expression of CXCL8
in the CNS has been demonstrated in neuroinflammatory diseases, including human
immunodeficiency virus (HIVV-1) encephalitis, but the mechanism of secretion of this chemokine is
not fully understood. CD40 is a 50-kDa protein on the surface of microglia, and we have previously
shown that it is increased in expression in HIV-1-infected brain tissue as well as by interferon-y
(IFNY) in tissue culture. We examined the expression and regulation of CXCLS8 in cultured human
fetal microglia after ligation of CD40 with soluble trimeric CD40 ligand (sSCD40L) as well as the
expression of CXCL8 on microglia in HIV encephalitic brain tissue sections. Treatment of cultured
microglia with IFNy + sCD40L resulted in significant induction of CXCL8. This expression was
mediated by activation of the ERK1/2 MAPK pathway, as demonstrated by ELISA and Western blot
using a specific inhibitor (U0126). Gel shift analyses demonstrated that NFkB and AP-1, but not C/
EBPp, mediate microglial CXCL8 production. We also found increased colocalization of CXCL8
with CD68/CD40-positive cells in HIV encephalitic brain tissue compared with HIV-infected
nonencephalitic and normal tissue. Thus, CD40-CD40L interactions facilitate chemokine expression,
leading to the influx of inflammatory cells into the CNS. These events can lead to the pathology that
is associated with neuroinflammatory diseases.
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Microglia, the resident macrophages of the brain, play a critical role in neuroinflammatory
diseases. Unactivated microglia express low levels of molecules involved in antigen
presentation, including CD40 (Dangond et al., 1997; Aloisi et al., 2000). However, once
activated, microglia undergo a morphological change from a ramified cell to a macrophage
morphology (Ponomarev et al., 2005) and up-regulate these surface markers (Aloisi et al.,
2000; Ponomarev et al., 2006). Data indicate that ligation of CD40 with soluble CD40 ligand
(sCD40L) results in the elaboration of various proinflammatory mediators by microglia
(D’Aversa et al., 2002), and these mediators may, in turn, enhance the inflammatory disease
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process. Activated microglia have been demonstrated in a number of neuroinflammatory
diseases, including NeuroAIDS.

HIV-1 infection of the CNS occurs early in the course of disease (Ho et al., 1985; Palmer et
al., 1994) and produces distinct neuropathological changes that collectively result in
NeuroAIDS. NeuroAIDS is characterized by the presence of HIV-1-infected macrophages and
microglia in the brain, formation of multinucleated giant cells (Budka et al., 1991; Sharer,
1992; Dickson et al., 1993; Kim et al., 2006), perivascular infiltrates of inflammatory cells,
diffuse myelin pallor, activated microglia, astrogliosis, neuronal damage and/or loss, and
breakdown of the blood-brain barrier (Wiley et al., 1991; Masliah et al., 1992, 1997; Nath and
Geiger, 1998; Albright et al., 2003). One important aspect of this glial cell activation is the
production of chemokines. Chemokines are chemotactic cytokines that recruit inflammatory
cells to sites of injury (Bornemann et al., 1997; Hesselgesser and Horuk, 1999). Chemokines
play an important role in NeuroAIDS, in part because of their ability to chemoattract specific
subsets of leukocytes that may be infected and because they are able to activate resident cells
within the CNS (Ehrlich et al., 1998; Stoll and Jander 1999; Kaul et al., 2001; Eugenin et al.,
2005, 2006bh).

One chemokine shown to be important in HIV-1 infection is interleukin-8 (CXCL8). CXCLS8
primarily recruits and activates neutrophils (Yoshimura et al., 1987; Baggiolini et al., 1989)
but is also chemotactic for T cells (Larsen et al., 1989; Leonard et al., 1990; Wilkinson and
Newman 1992) and monocytes (Gerszten etal., 1999), and triggers firm adhesion of monocytes
to the endothelium (Gerszten et al., 1999; Casilli et al., 2005). Both CXCL8 mRNA (Xiong et
al., 2003) and protein (Sanders et al., 1998) are increased in HIV-1 encephalitic brain tissue
compared with uninfected tissue. CXCL8 expression can be induced early after HIV-1
infection of monocytes (Esser etal., 1996), and, after SIV infection of rhesus monkeys, CXCL8
is secreted by microglia (Sopper etal., 1996). In addition, CXCL8 stimulates HIV-1 replication
in macrophages and T cells (Lane et al., 2001). It has also been shown that individuals infected
with HIV-1 have increased CXCLS8 in their serum (Matsumoto et al., 1993), plasma (Carrol et
al., 2007), lymphoid tissue (Lane et al., 2001), and lungs (Denis and Ghadirian, 1994). CXCLS8
is expressed by astrocytes in HIV-1 encephalitic tissue (Sanders etal., 1998) and is up-regulated
in both an astrocytic cell line infected with HIV-1 (Cota et al., 2000) and astrocytes treated
with the HIV-1 transactivator protein Tat (Kutsch et al., 2000). Interestingly, it has been
demonstrated that CXCLS8 can cross-phosphorylate and cross-desensitize both CCR5 and
CXCR4 (Richardson et al., 2003), two chemokine receptors that serve as coreceptors for HIV-1
entry into cells. This implies an inhibitory role of CXCL8 in HIV-1 infection or alterations in
transmigration of these cells into the brain.

CD40 is a member of the tumor necrosis factor receptor (TNFR) superfamily and is found on
a number of cells, including microglia (Armitage et al., 1992a; D’ Aversa et al., 2002). The
ligand for CD40, CD40L, is a trimeric protein that is expressed on the surface of T cells
(Armitage et al., 1992b; Noelle et al., 1992) and monocytes (Mach et al., 1997) as well as other
cell types. Interaction between CD40L and CD40 results in the activation of various signaling
pathways through the TNFR-associated factor (TRAF) family members (Mukundan et al.,
2005; Purkerson et al., 2005) and has been shown to up-regulate costimulatory molecules and
secretion of cytokines and chemokines (for review see Benveniste et al., 2004). CD40-CD40L
interactions also result in CXCL8 expression in both transfected HEK293 cells (Girouard et
al., 2005) and human airway epithelial cells (Cagnoni et al., 2004). We previously demonstrated
a dramatic increase in CD40 expression in HIV-1-infected brain tissue compared with
uninfected tissue, and this CD40 reactivity colocalized with CD68, a microglial and monocytic/
macrophagic marker (D’Aversa et al., 2002). Thus, CD40 up-regulation and ligation may
activate microglia to elaborate factors that contribute to inflammatory disease processes.
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Neuroinflammation is essential to the pathogenesis of HIV-1 encephalitis. Because CD40 is
up-regulated on microglia in HIV-1 encephalitis and CXCLS8 is important in this disease
process, we addressed the mechanisms by which CXCLS8 is up-regulated and contributes to
the neuropathogenesis of HIV-1. In this study, we show that microglia secrete CXCLS8 after
ligation of surface CD40 with sCD40L, and treatment of microglia with specific chemical
inhibitors determined that CXCLS8 secretion is dependent on the ERK1/2 MAPK pathway and
is mediated by nuclear factor-kB (NFxB) and activator protein-1 (AP-1) at the transcriptional
level. We also demonstrate that CXCLS8 colocalizes with CD68/CD40-positive cells in HIV-1
encephalitic brain tissue. Thus, ligation of CD40 on the surface of microglia by CD40L-
expressing T cells and monocytes within the CNS may result in chemokine secretion and
therefore may play a vital role in the pathogenesis of neuroinflammatory diseases.

MATERIALS AND METHODS

Cell Culture and Reagents

Human fetal CNS tissue was used as part of an ongoing research protocol approved by the
Albert Einstein College of Medicine. Microglia were established as previously described
(D’Aversa et al., 2002). Briefly, the tissue was minced and shaken. The slurry was passed
through a 250-pum nylon mesh filter, followed by a 150-um filter, washed once with HBSS,
and then with complete DMEM [DMEM plus 25 mM Hepes, 10% fetal calf serum (FCS), 1%
penicillin-streptomycin, 1% nonessential amino acids]. Cells were resuspended and seeded at
9 x 107 per 150-cm? flask for 12 days. The medium, containing microglia, was then removed
and centrifuged for 5 min at 220g. The microglia were resuspended in complete DMEM and
seeded at 5 x 10° per well of a 24-well plate. The medium was changed after 6-8 hr. Twenty-
four hours after plating, microglia were treated with 200 pl DMEM without FCS containing
100 U/ml IFNy (R&D Systems, Minneapolis, MN), 5 ug/ml soluble trimeric human CD40
ligand (a generous gift from Amgen Corporation, Seattle, WA), or both IFNy and sCD40L or
were left untreated for 24 hr. For inhibitor studies, microglia were pretreated with 10 pM of
the MEK1/2 MAPK inhibitor U0126 (Sigma-Aldrich, St. Louis, MO), 10 uM of the p38 MAPK
inhibitor SB203580 (Tong et al., 1997; Sigma-Aldrich), or 10 uM of the
phosphatidylinositol-3-kinase (PI3K) inhibitor LY 294002 for 1 hr, followed by treatment with
IFNy + sCD40L for 24 hr. Supernatants were then collected for ELISA.

Chemokine ELISA

Supernatants were analyzed for CXCLS8 protein using a sandwich ELISA according to the
manufacturer’s protocol. CXCL8 ELISA antibody pairs were purchased from R&D Systems.
The sensitivity for this assay is 2.6 pg/ml.

RNA Extraction and Analysis

Microglia were plated at 1 x 106 cells/100-mm dish for 12 hr. Total RNA was extracted using
Tri-Reagent (Molecular Research Center, Cincinnati, OH). Chemokine mRNA expression was
analyzed using the human chemokine RPA kit hCK5 from Pharmingen (San Diego, CA).
Densitometry was performed using Ambis QuantProbe software, with values normalized to
GAPDH.

Western Blot Analysis

Twenty-four hours after plating, cells were pretreated with or without U0126 for 1 hr, after
which some cells were left untreated, and others were treated with IFNy + sCD40L for 10 min.
Microglia were washed with 1x PBS and lysed [62.5 mM Tris-HCI, pH 6.8, 2% sodium dodecyl
sulfate (SDS), 10% glycerol, 50 mM dithiothreitol (DTT), 0.1% bromophenol blue,
phenylarsine oxide 40 uM, protease inhibitor cocktail 50 ul/ml, and okadaic acid 60 nM;
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Sigma-Aldrich). The slurry was passed through an 18-g needle five times and heated at 95°C
for 5 min. Equal amounts of whole-cell lysates (15 pl) were loaded onto each lane of a 12%
SDS-PAGE gel. Proteins were transferred electrophoretically to Protran nitro-cellulose
(Schleicher and Schuell, Keene, NH). Membranes were blocked with 5% nonfat dry milk in
0.1% Tween-20/TBS and incubated with primary antibodies (p44/42 MAP kinase Ab or
phospho-p44/42 MAP kinase Ab; Cell Signaling, Beverly, MA) at a concentration of 1:1,000
overnight at 4°C. After washing, membranes were incubated with anti-rabbit horseradish
peroxidase (HRP) secondary antibody (1:2,000; Cell Signaling) for 1 hr at room temperature.
Proteins were visualized with an enhanced chemiluminescence detection kit (ECL; Amersham-
Pharmacia, Piscataway, NJ).

Gel Shift Analysis

Microglia were serum free for 24 hr and then were treated with IFNy + sCD40L (added directly
to the well without changing media) for 4 hr, after which cells were washed twice with 1x
phosphate-buffered saline (PBS), trypsinized, collected in DMEM + 10% FCS, and
centrifuged. Cells were resuspended in TBS, centrifuged, resuspended in 1 ml TBS, transferred
to an Eppendorff tube, and centrifuged for 15 sec. Supernatant was aspirated, and cells were
resuspended in 400 pl of cold buffer A (100 mM Hepes, 1 M KCI, 10 mM EDTA, 10 mM
EGTA, 100 mM DTT, and 100 mM PMSF). The pellet was resuspended, and samples were
incubated for 15 min on ice. Nonidet P40 (10% solution) was added to the samples, they were
vortexed for 10 sec, and centrifuged for 30 sec. After the supernatant was aspirated, the pellet
was resuspended in 50 ul of cold buffer C (100 mM Hepes, 4 M NaCl, 10 mM EDTA, 10 mM
EGTA, 100 mM DTT, 100 mM PMSF, 1 ug/ul aprotinin, and 1 ug/ul leupeptin), and samples
were allowed to rock for 25 min at 4°C. Samples were centrifuged for 5 min at 12,000g and
4°C. Supernatants were collected and protein content was quatitated using the Bradford assay.
Oligonucleotides were obtained from Promega (Madison, WI) and were end-labeled with
[y-32P]ATP. The labeled probes were passed through G25 Sephadex TE columns (Roche) and
mixed with nuclear protein extracts (3—6 pg of protein) in binding buffer (Promega).
Appropriate antibodies were added to some IFNy + sCD40L treated samples for supershift
analysis (anti-p65, anti-p50, anti-p52, ATF2, cFos, and cJun; all from Santa Cruz
Biotechnology, Santa Cruz, CA) for 40 min at room temperature. Specific and nonspecific
competitors (cold oligonucleotides) were added to other IFNy + sSCD40L treated samples and
allowed to interact for 15 min at room temperature. Gels were preelectrophoresed for 1 hr at
room temperature in 0.5% TGE buffer. Protein-DNA complexes were resolved in 5%
polyacrylamide gels for 2.5 hr. Gels were dried and exposed to radiographic film with an
intensifying screen at —70°C.

Immunohistochemistry

Immunohistochemical studies were performed on brain tissue taken at autopsy (kindly
provided by Dr. Karen Weidenheim, Albert Einstein College of Medicine). Three individuals
with HIV-1 infection, three individuals with HIV-1 encephalitis, and three uninfected control
brains with non-CNS pathologies were studied (see Table I). Paraffin-embedded tissue was
dehydrated and deparaffinized. After rehydration, the sections were washed in TBS and
blocked in 2% normal horse serum/2% fish gelatin/2% lgG-free bovine serum albumin/Tris-
buffered saline for 1 hr at room temperature. The sections were then incubated overnight at 4°
C in primary antibody (rabbit anti-human CD40, 4 ug/ml; Santa Cruz Biotechnology; goat
anti-human CXCL8/IL-8, 2 ug/ml; R&D Systems; and mouse anti-human CD68, EBM11, 8.6
ug/ml; Dako, Carpenteria, CA) or an appropriate isotype-matched antibody or normal serum.
The sections were washed and incubated for 1 hr at room temperature with secondary antibody
[fluorescein isothiocyanate (FITC)-conjugated sheep anti-rabbit IgG; Cy5-conjugated donkey
anti-goat 1gG; Immunoresearch; and Cy3-conjugated sheep anti-mouse 1gG; Sigma]. Slides
were washed and mounted in ProLong Gold antifade reagent with DAPI (Invitrogen, Eugene,
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OR). To analyze colocalization of these proteins, a Leica confocal microscope was used, as
well as Adobe Photoshop and NIH Image J programs.

Statistical Analysis

The paired, two-tailed Student’s t-test was used to determine statistical significance. P < 0.05
was considered to be significant.

RESULTS

CD40 Ligation Induces CXCL8 Protein and mRNA Expression by Microglia

We and others had previously shown that IFNy treatment increases CD40 expression on the
surface of cultured microglia (Nguyen et al., 1998; Tan et al., 1999; Becher et al., 2000;
D’Aversa et al., 2002). Microglia treated with 100 U/ml IFNy and 5 pg/ml sCD40L (referred
to as IFNy + sCD40L) for 24 hr secreted significantly increased amounts of CXCLS8 protein
compared with untreated cultures (Fig. 1A; *P <0.0009). Treatment with only 5 ug/ml sCD40L
significantly increased CXCLS8 protein compared with untreated cells (*P < 0.0009), and there
was a synergistic effect when SCD40L was added with IFNy to the cell cultures compared with
SCD40L-treated cells (**P < 0.004). IFNy treatment alone did not increase CXCLS8 protein
expression compared with baseline levels. The increase in protein was correlated with up-
regulation of CXCL8 mRNA, as IFNy + sCD40L treatment also induced CXCL8 mRNA after
12 hr (Fig. 1B). Densitometric analysis of IFNy + sSCD40L treatment demonstrated a seven
fold increase in CXCL8 mRNA compared to baseline levels (Fig. 1C).

CXCL8 Production by Microglia Is Mediated Through the ERK1/2 Pathway

We examined the signal transduction pathways that are activated in microglia by IFNy +
sCD40L treatment, leading to CXCLS8 production. Cotreatment of microglia with IFNy +
sCD40L and 10 pM of the MEK1/2 inhibitor U0126, 10 uM of the p38 inhibitor SB203580,
or 10 uM of the PI3K inhibitor LY 294002 for 24 hr demonstrated that U0126 significantly
inhibited IFNy + sCD40L-induced CXCLS8 protein (reduced by 63%; **P < 0.0008). SB203580
also inhibited CXCLS8 protein expression (Fig. 2 reduced by 23%; *P < 0.005), although not
to the same extent as U0126. There was no difference in IFNy + sCD40L-induced CXCL8
protein expression after treatment with LY294002 (Fig. 2). Lysates prepared from microglia
treated with IFNy + sCD40L and U0126 were then examined by Western blot analysis. As
demonstrated in Figure 3, IFNy + sCD40L induced phosphorylation of ERK1/2 (Fig. 3, lane
3) after 10 min, and treatment with U0126 abolished this phosphorylation (Fig. 3, lane 4).

NFkB and AP-1 Are Necessary Transcription Factors for IFNy + sCD40L-Induced CXCL8
Secretion by Microglia

MEK phosphorylates and activates ERK, which can then lead to the induction of various
transcription factors. NFkB, AP-1, and C/EBPJ binding sites have been identified within the
CXCL8 promoter region (Mukaida et al., 1990). We determined which transcription factor(s)
were involved in CD40-CD40L-induced CXCL8 production. With specific probe sequences,
gel shift analysis was performed for NFxB (Fig. 4, lanes 1-6), AP-1 (Fig. 4, lanes 7-11), and
C/EBP (data not shown). Protein-DNA complexes were formed after IFNy + sCD40L
treatment (Fig. 4, lanes 2 and 8) compared with untreated cells (Fig. 4, lanes 1 and 7). Super-
shift analysis with IFNy + sCD40L treated cells demonstrated that the NFxB complex contains
p65 (Fig. 4, lane 3) and not p50 (Fig. 4, lane 4) or p52 (Fig. 4, lane 5) and that the AP-1 complex
contains cJun (Fig. 4, lane 10) and not ATF2 (Fig. 4, lane 9) or cFos (data not shown). With
the AP-1 probe, there was no shift detected, but instead there was a disappearance of the AP-1
band using the cJun antibody, as has been documented previously (Murayama et al., 1997),
indicating that the AP-1 complex is composed of cJun. Specific inhibitors (cold
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oligonucleotides; Fig. 4, lanes 6 and 11) were used to demonstrate that the complex was
specific. Unlabelled, nonspecific oligonucleotides had no effect on band intensity (data not
shown). These data indicate that NF«kB and AP-1 are necessary transcription factors for CXCL8
production by microglia after CD40 activation.

CXCL8Is Increased and Colocalized With CD68/CD40-Positive Cells in HIV Encephalitic Brain
Tissue Sections Compared With Control or Nonencephalitic HIV Tissue

We previously demonstrated that CD40 is increased on microglial cells in brain tissue sections
of HIV-1-infected individuals (D’ Aversa et al., 2002). Several studies demonstrated the
importance of CD40 and CXCLS8 in the pathogenesis of HIV-1 encephalitis but had not
indicated a relationship between the two. We therefore determined whether CXCLS8 is
increased and colocalized with CD40 in HIV-1-infected brain tissue. Sections of brain tissue
from three uninfected individuals with normal neuropathology (control), three HIV-1-infected
people with no neurological disease, and three HIV-1-infected people with encephalitis (HIVE)
were analyzed by triple immunohistochemical staining (Table I). Sections were stained with
three different antibodies; CD68, CD40, and CXCL-8. A secondary antibody conjugated to
Cy3 (red staining) was used to detect anti-CDG68 reactivity; a secondary antibody conjugated
to FITC (green staining) was used to detect anti-CD40 reactivity; and a secondary antibody
conjugated to Cy5 (cyan staining) was used to detect anti-CXCLS8 reactivity according to a
previously published protocol (Eugenin et al., 2006a). Sections were then examined by
confocal microscopy. There was some reactivity with all three antibodies in normal tissue
sections (Fig. 5A-D). As shown here, CD40 reactivity was increased in HIV-1-infected tissue
with no CNS compromise (Fig. 5F), and there was some colocalization of CXCL8 with CD68-
positive/CD40-positive cells (Fig. 5H, white staining). However, HIVE tissue sections
analyzed showed increased expression of CD68 (Fig. 51), CD40 (Fig. 5J), and CXCLS8 (Fig.
5K) as well as colocalization of CD68, CD40, and CXCLS8 (Fig. 5L, white staining). Compared
with non-encephalitic HIV tissue (Fig. 5H), the positive cells appeared diffuse and activated.
One hallmark of HIV-1 infection is the presence of microglial nodules. Staining of the nodule
demonstrated that there was increased expression of CD68 (Fig. 5M), CD40 (Fig. 5N), and
CXCLS8 (Fig. 50) and almost perfect colocalization among all three antibodies (Fig. 5P, white
staining). There was little background or nonspecific reactivity with negative control antibodies
in all tissues examined (data not shown).

DISCUSSION

Accumulating data support the importance of CXCL8 in NeuroAIDS. CXCLS8 has been
demonstrated in HIV-1 encephalitic tissue (Sanders et al., 1998) as well as in SIV infection,
where there is an increase in microglial CXCL8 expression (Sopper et al., 1996). In addition,
HIV-1-infected peripheral blood mononuclear cells produce greater levels of CXCLS8 than
uninfected cells (Wetzel et al., 2002), and there is an increase in circulating levels of this
chemokine in HIV-1-infected individuals (Matsumoto et al., 1993; Theaetal., 1996; Meddows-
Taylor et al., 1999). HIV-1-infected (Cota et al., 2000) and Tat-treated astrocytes (Kutsch et
al., 2000) produce CXCLS8.

We demonstrate that there is an increase in CXCLS8 at both the protein and the mRNA levels
after ligation of CD40 on microglia with SCD40L. Others have found increased expression of
CXCLS8 from monocyte-derived macrophages after ligation of CD40 (Chandler et al., 1995;
Kiener etal., 1995; Kornbluth et al., 1998; Pearson et al., 2001). By using inhibitors to different
MAPK pathways, we demonstrated that CXCL8 production by microglia is dependent on the
ERK1/2 MAPK pathway. ERK1/2 MAPK-mediated CXCL8 expression has been
demonstrated in islet beta cells (Barbe-Tuana et al., 2006) as well as monocytes and THP-1
cells (Pearson et al., 2001), but activation of p38 MAPK was not detected. We demonstrated
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previously that CD40-CD40L interactions on microglia activate the p38 MAPK pathway that
is critical for CXCL10 secretion (D’ Aversa et al., 2002) and now demonstrate that, though not
the major pathway, CD40 ligation of microglia induces p38 activity that contributes to CXCL8
secretion.

There are two distinct promoter regions important for the transcriptional regulation of CXCLS,
a distal AP-1 element and a proximal site containing NFxB and C/EBPp (Kunsch and Rosen
1993; Matsusaka et al., 1993; Stein and Baldwin 1993). The AP-1 site, located between —120
and —126, interacts with Jun and Fos family members (Karin et al., 1997) and contains either
Jun-Fos heterodimers or Jun-Jun homodimers (Smeal et al., 1989). AP-1 activity is dependent
on the phosphorylation of two serine residues in the transactivation domain (Karin et al.,
1997). The NFkB and C/EBP sites are adjacent on the promoter, with the NF«B site located
between —70 and —80, and binding proteins of the Rel family (Barnes, 1997). It has been shown
that functional cooperativity among the AP-1, NF«kB, and C/EBP sites is necessary to achieve
optimal CXCL8 activity in a glioblastoma cell line, T98G (Mukaida et al., 1994). We therefore
examined the transcription of CXCL8 and found it to be regulated by the cis-regulatory
elements NFkB and AP-1 rather than C/EBPp. Supershift analysis demonstrated that the
NF«B complex most likely contains homodimers of p65, insofar as this was the only band that
shifted in the presence of antibodies. Also, the AP-1 complex contained homodimers of cJun,
because this band disappears after antibody treatment, indicating that there is interference with
the complex.

The role of CXCLS8 in other neuroinflammatory diseases has been documented. Multiple
sclerosis (MS) is an immune-mediated disease of the CNS associated with demyelination of
the white matter, perivascular inflammation, oligodendrocyte damage, axonal damage and/or
loss, and breakdown of the blood—brain barrier (Trapp et al., 1998; Chang et al., 2002; Minagar
and Alexander, 2003). Genetic and environmental factors and autoimmune mechanisms all
play an important role in the progression of disease. Activated autoreactive T cells and
macrophages are recruited across the damaged blood—brain barrier and are thought to play an
essential role in the pathogenesis of MS. The recruitment of these cells is thought to be mediated
by various chemokines expressed by CNS cells within MS lesions as well as in lesions of an
animal model of MS, experimental autoimmune encephalomylitis (EAE; Simpson et al.,
2000; Zhang et al., 2000; Omari et al., 2005).

It has been shown that hypertrophic astrocytes stain strongly for CXCLS8 in active MS lesions,
but not in silent lesions, and there was no CXCL8 reactivity in tissue obtained from other
neurological diseases studied or from normal white matter (Omari et al., 2005). Expression of
the CXCL8 receptors CXCL1 and CXCL2 was increased on oligodendrocytes from MS tissue,
suggesting a role of the receptor-ligand pairs in remyelination (Omari et al., 2005). Serum and
cerebrospinal fluid (CSF) levels in individuals with MS had increased CXCL8 compared with
individuals with no or other neurological diseases (Saruhan-Direskeneli et al., 2003; Lund et
al., 2004; Bartosik-Psujek and Stelmasiak, 2005), and peripheral blood mononuclear cells from
people with MS also secreted high levels of CXCL8 compared with controls (Lund et al.,
2004). In addition, CXCLS8 induced rapid influx of neutrophils into acute MS lesions, which
may result in extensive damage to the CNS (for review see Cuzner and Opdenakker, 1999).

CXCLS8 increases the secretion of matrix metalloproteases (MMPS) in a human fetal microglial
cell line (Cross and Woodroofe 1999), and it has been demonstrated that CD40L treatment of
microglia results in the secretion of high levels of MMPs (Ghorpade et al., 2001), which have
been shown to degrade myelin basic protein (MBP; Chandler et al., 1995). Also, monocytes
stimulated with MBP have increased mRNA and protein expression of CXCL8 (Baron et al.,
1998). MBP has also been shown to activate T cells and is believed to contribute to the
pathogenesis of MS. These data, taken with our findings that CD40-CD40L interactions of
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microglia results in CXCL8 expression, suggest an important role for CXCLS8 in inflammatory
conditions of the CNS other than directed chemotaxis. For example, CD40 ligation of microglia
may induce MMP production and CXCL8 secretion, which may result in further secretion of
MMPs from microglia. The secreted MMPs may then facilitate disruption of the blood-brain
barrier, which is evident in NeuroAIDS, and allow the influx of inflammatory cells, which may
contribute to the pathogenesis of HIV-1 encephalitis.

It has also been shown that CD40 expression in microglia is important for EAE disease
progression, in that CD40-deficient microglia do not achieve a full level of activation during
EAE, and there was a reduced expression of encephalitogenic T cells and leukocyte infiltration
into the CNS (Ponomarev et al., 2006). The importance of CXCL8 and its receptor, CXCR2,
have also been demonstrated in other CNS diseases. In a monkey model of ischemia-
reperfusion, it was shown that microglia both secreted CXCL8 and expressed CXCR2,
allowing for an autocrine loop (Popivanova et al., 2003). A role for CXCLS8 in Alzheimer’s
disease has been demonstrated, in that brain tissue from demented individuals had intense
reactivity for CXCR2 on neurons, which colocalized with amyloid deposits (Horuk et al.,
1997). Treatment of THP-1 cells (Giri et al., 2003) or human microglia (Franciosi et al.,
2005, 2006) with amyloid beta peptides increased CXCL8 mRNA and protein expression, and
treatment of microglia with CXCL8 and amyloid beta leads to an enhancement of mMRNA and
protein of several other proinflammatory factors compared with peptide alone (Franciosi et al.,
2005). In addition, CXCLS8 protected mouse hippocampal neurons against amyloid beta-
induced death, suggesting that CXCL8 is involved in neuronal survival and maintenance
(Watson and Fan, 2005).

In summary, our data suggest a mechanism whereby HIV-1 infected or uninfected
inflammatory cells enter the CNS, secrete IFNy, and up-regulate CD40 expression on
microglia. CD40 can also be up-regulated after microglia are exposed to the HIV-1 protein Tat
(D’Aversa et al., 2005). Once CD40 is up-regulated, it can be ligated by the infiltrating
inflammatory cells. Ligation of CD40 induces CXCL8 chemokine secretion. The increase in
CXCL8 may also enhance microglial MMP production. MMPs aid in the breakdown of the
blood—brain barrier and invasion of inflammatory cells, thereby enhancing an inflammatory
cascade that contributes to a variety of CNS pathologies.
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Fig. 1.

IFNy + sCD40L induces CXCLS8 protein and mRNA expression in microglia. A: Microglia
were treated with IFNy alone, sSCD40L alone, or IFNy + sCD40L or were left untreated for 24
hr, after which the supernatants were collected and CXCL8 chemokine ELISAs were
performed as described in Materials and Methods. Shown are the means of four separate
experiments + SEM. *P < 0.0009 compared with untreated; **P < 0.004 compared with
sCD40L only. B: Microglia were treated with IFNy alone, SCD40L alone, or both IFNy +
sCD40L or were left untreated for 12 hr. Shown is a representative RPA of two experiments.
C: Densitometric analysis comparing CXCL8 to GAPDH expression confirms that IFNy +
sCD40L treatment increases mMRNA expression compared with other treatments.
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Fig. 2.

CXCLS protein expression is mediated by the ERK1/2 MAPK pathway. CXCL8 protein levels
were determined as a percentage difference compared with IFNy + sCD40L (set to 100%).
Microglia were pretreated with 10 uM of the MEK1/2 MAPK inhibitor U0126, 10 uM of the
p38 MAPK inhibitor SB203580, or 10 uM of the phosphatidylinositol-3-kinase (P13K)
inhibitor LY294002 for 1 hr, then treated with or without IFNy + sCD40L for an additional 24
hr. Shown are the means of three separate experiments = SEM. *P < 0.005, **P < 0.0008
compared with IFNy + sCD40L. U0, U0126; LY, LY294002; SB, SB203580.
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= IFNy + sCD40L induces phosphorylation of ERK1/2, and treatment with U0126 abrogates
8' phosphorylation. Western blot analysis of IFNy + sCD40L-treated microglia shows
% phosphorylated ERK1/2 (upper panel) and total ERK1/2 expression (lower panel). Shown is
) a representative blot of two separate experiments. Lane 1: untreated; lane 2: U0126 10 pM;
= lane 3: IFNy + sCD40L; lane 4: IFNy + sCD40L + U0126.
3
=
P
+
U
>
>
=
=y
e
<
)
>
c
%)
Q
=

J Neurosci Res. Author manuscript; available in PMC 2009 February 11.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

D’Aversa et al.

Page 17

s -l

B g

(=] =] (=] £ < E

Qo oo o Q 3

o :pj N oo = p £ 4§ <

- T %5 D
By & == 3 ¥ z = £t g
[ = = - =~ o -1 | = o [+
5L @ & & © 5 L . &
M o= W o F o [ T -
cr R B F -

' «€— Supershifted p65

<—— NFkB AP-1 —> "'

unincorporated

R —
oligonuclectide

Fig. 4.

IFNy + sCD40L-induced CXCL8 secretion is dependent on the transcription factors NF«B and
AP-1, but not C/EBPB. Microglia were serum free for 24 hr and then were treated for 4 hr,
after which nuclear lysate was prepared. Gel shift analysis with specific probe sequence from
NF«B or AP-1 was performed. Both the NFkB and the AP-1 probes demonstrated an increase
in DNA-protein binding compared with the untreated. Shown is a representative blot of three
separate experiments. Lanes 1 and 7: untreated (untx); lanes 2 and 8: IFNy + sCD40L; lane 3:
IFNy + sCD40L + anti-p65; lane 4: IFNy + sSCD40L + anti-p50; lane 5: IFNy + sCD40L + anti-
p52; lane 6: IFNy + sCD40L + cold NF«B oligonucleotide; lane 9: IFNy + sCD40L + anti-
ATF2; lane 10: IFNy + sCD40L + anti-cJun; lane 11: cold AP-1 oligonucleotide.
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Fig. 5.

CXCLS8 colocalizes with CD68/CD40-positive cells in HIV encephalitic brain tissue sections.
Immunohistochemical analyses of human brain tissue sections with antibodies to CD68 (red
staining), CD40 (green staining), and CXCLS8 (cyan staining) were performed and analyzed
by confocal microscopy. A-D: In normal brain tissue, there is minimal reactivity with all three
antibodies. E-H: HIV tissue with no CNS compromise showed increased reactivity with
antibodies, with some colocalization (merge, white staining). HIVE tissue with diffuse
activated microglia (1-L) and a microglia nodule (M—P) demonstrated greater staining with
antibodies and almost perfect colocalization of CXCL8 with CD68/CD40-positive cells
(merge, white staining). Shown are representative figures from three separate tissue sections.
Scale bar =50 um.
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Case HIV status Age/gender Brain pathology

1 - 22YIF Normal

2 - 13Y/F Normal

3 - 47TYIF Normal

4 + 20m/F AIDS, CST2 degeneration, large cell lymphoma

5 + 40wk/M AIDS, HIV leukoencephalopathy

6 + 9Y/F AIDS, septic shock

7 + 23m/F HIVE, best degeneration, microglial nodules

8 + 2.5Y/IF HIVE, CST degeneration, microglial nodules, HIV
leukoencephalopathy, basal ganglia calcification

9 + 6m/F HIVE

a. ...
Corticospinal tract.

bHIV-l encephalitis.
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