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Exogenous IL-7 induces Fas-mediated human
neuronal apoptosis: potential effects during human
immunodeficiency virus type 1 infection
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The use of exogenous cytokines is part of translational immune-antiretroviral
approaches to induce immune reconstitution and possibly eliminate the per-
sistence of human immunodeficiency virus type 1 (HIV-1) in virally suppressed
infected individuals on highly active antiretroviral therapy (HAART). Re-
cently, our laboratories demonstrated that interleukin-7 (IL-7) has significant
efficiency in stimulating HIV-1 replication from proviral latency in CD4+
T lymphocytes of infected patients. The authors now investigated the possible
role of IL-7 in HIV-1–associated dementia (HAD). The authors demonstrated
that the IL-7 receptor is expressed on both human neurons (i.e., differenti-
ated NT2 cells) and human astrocytes, with relatively higher mRNA levels
in neurons. The translational protein levels of IL-7 receptor α were not pro-
portional to those of the mRNA levels in these central nervous system (CNS)-
based cell types. Exogenous IL-7 was observed to only slightly down-regulate
IL-7 receptor α expression on both neurons and astrocytes, as assayed by
Western blotting. Instead of promoting survival, surprisingly, exogenous IL-
7 induced neuronal apoptosis, as detected by TUNEL assays. Furthermore,
IL-7 augmented neuronal apoptosis induced by HIV-1 gp120. Human apop-
tosis genomic microarray analyses of IL-7–treated human neurons showed
up-regulated expression of proapoptotic genes: protein kinases, caspase-10,
FAST kinase, tumor necrosis factor (TNF) receptor, and BCL2-antagonist of cell
death. These data suggest that IL-7 leads to neuronal apoptosis by a molecu-
lar mechanism(s) that occurs via Fas-mediated activation-induced cell death.
These studies may therefore not only be key in evaluating the potential use
of IL-7 in vivo as a therapeutic modality, but also suggest that IL-7, which
is increased endogenously in HIV-1–infected individuals late in disease, may
be involved in the neuronal apoptosis demonstrated during HAD. Journal of
NeuroVirology (2005) 11, 319–328.
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Introduction

Despite the use of highly active antiretroviral ther-
apy (HAART), eliminating latent human immunode-
ficiency virus (HIV)-1 reservoirs remains a significant
challenge. The use of exogenous cytokine treatment
to purge latently infected cells and improve immune
function is a potential immune-adjunctive therapy to
HAART. Interleukin-6 (IL-6), IL-2, and tumor necro-
sis factor alpha (TNF-α) treatment have been shown
to activate latently infected CD4+ T cells, increase
the turnover rate of latent virus in vitro and also



IL-7 neuronal apoptosis with HIV-1
320 G Nunnari et al

elevate the CD4+ T-cell count in a well-established
SCIDhu mouse model (Brooks et al, 2001; Chun et al,
1998). Recently, IL-7 was reported to induce the ex-
pression of latent HIV-1 with minimal effects on T-
cell phenotype (Llano et al, 2001; Scripture-Adams
et al, 2002). Moreover, we recently demonstrated that
IL-7 is a potent and proviral strain-specific inducer of
latent, in vivo HIV-1 cellular reservoirs of infected in-
dividuals on virally suppressive HAART (Wang et al,
2005).

Immunologically, IL-7 is a nonredundant cytokine
produced by stromal cells of the thymus and the
bone marrow and by keratinocytes (Sudo et al, 1989;
Wolf et al, 1992; Heufler et al, 1993). It plays an im-
portant role in B-cell lymphopoiesis and differenti-
ation of thymocytes into mature T cells (Fry et al,
2001; Grabstein et al, 1990). The high-affinity IL-7
receptor (IL-7R) is responsible for mediating the ef-
fects of IL-7 (Goodwin et al, 1990). The IL-7 receptor
complex is composed of α and ϒc subunits, which
are shared by IL-2, IL-4, IL-9, and IL-15 (Leonard
et al, 2001). ϒc serves primarily to activate signal
transduction through the complex, whereas IL-7Rα
determines specific signaling events through its as-
sociation with cytoplasmic signaling molecules (Lai
et al, 1997). IL-7Rα has three cytoplasmic domains,
A (acidic), S (serine-containing), and T (tyrosine-
containing), serving as potential docking regions for
these kinases (Lin et al, 1995). The IL-7 receptor
complex signals through phosphorylation of tyro-
sine, serine, threonine protein kinases, activates sig-
nal transducer and activator of transcription (STAT),
plus it also increases transcription of early response
genes (Miyazaki et al, 1994; Lin et al, 1995; Wilks
et al, 1994; Cosenza et al, 2002). Recent evidence
suggests that the actions of survival/death factors
are affected by modulation of the phosphorylation
status of important elements of the apoptotic pro-
cess (Cross et al, 2000). Signal transduction path-
ways also could activate the death receptors, such
as Fas, TNF, and TNF-related ligand (TRAIL), lead-
ing to cell death (Cross et al, 2000; Dudley et al,
2004).

Of note, there is an inverse correlation between
CD4+ T-cell depletion and the serum levels of IL-7
in patients with HIV-1 infection (Llano et al, 2001;
Napolitano et al, 2001). These data suggest that IL-7
is not only an indicator of CD4+ T-cell depletion,
but also consequently a marker of disease progres-
sion towards acquired immunodeficiency syndrome
(AIDS). Taken together, these studies suggest that IL-7
could possibly be a candidate for future study as an
adjunctive therapy to HAART.

Jaleco et al (2003) demonstrated that IL-7 regu-
lates T-cell homeostasis by modulating the balance
between proliferation and apoptosis in recent thymic
emigrants (RTEs), and mature naı̈ve and memory
T cells. They found that RTEs and mature naı̈ve
and memory CD4+ T cells were sensitive to Fas-
mediated cell death following exposure to either IL-2

or IL-7 alone. Furthermore, Fas engagement in the
presence of both IL-2 and IL-7 resulted in high levels
of caspase-dependent apoptosis.

Cytokines could originate from the brain or the pe-
riphery (Raber et al, 1994), and penetrate the blood-
brain barrier (BBB) (Ellison et al, 1987). During HIV-1
infection, elevated cytokines from infected periphery
cells and brain cells could induce neuronal apoptosis
(Kaul et al, 2001), leading to HIV-1–associated dimen-
tia (HAD). Interestingly, HAD occurs during the latest
stages of AIDS, in which the highest levels of IL-7 are
reached. It is reasonable to speculate the IL-7 might
play either a direct or indirect role in the pathogene-
sis of HAD.

IL-7R has been reported to be widely present in dif-
ferent human organs (Cosenza et al, 2002; Dus et al,
2003). Nonetheless, little is known about the role of
IL-7 in the central nervous system (CNS) in general,
and during HAD in particular.

In this study, we demonstrated that IL-7R mRNA
and protein are expressed in human mature neurons
from differentiated NT2 cells and human astrocytes.
We found that IL-7 only slightly down-regulated IL-
7Rα expression in these CNS cell types. Finally,
we observed that IL-7 induced neuronal apoptosis,
but did not induce programmed cell death in early
passage primary astrocytes. Furthermore, IL-7 aug-
mented neuronal apoptosis induced by the HIV-1
envelope protein gp120. Gene microarray analyses
showed that up-modulated proapoptotic genes were
related to Fas-mediated activation-induced cell death
in human neurons.

Results

Expression of IL7R mRNA and protein on human
neurons and astrocytes
In the present study, we investigated whether the
IL-7 receptor α (IL-7Rα) is expressed on human neu-
rons and astrocytes. First, we determined the expres-
sion of IL-7 mRNA by these cells in vitro. Nalm-6
B-cells were used as positive controls for the detec-
tion of IL7Rα mRNA. As shown in Figure 1, IL7Rα
mRNA was detected on both human differentiated
neurons and astrocytes, but with repeatedly higher
levels demonstrated in neurons.

The expression of human IL-7 receptor protein, an
integral strongly glycosylated membrane protein of
76 kDa, designated as CD127 (Cosenza et al, 2002),
was then measured. The p76 IL-7Rα protein was de-
tected by immunoblotting on both human neurons
and astrocytes, as illustrated in Figure 2.

IL-7 and IL-7Rα expression in both human
neurons and astrocytes
The biological effects of IL-7 are mediated through
a receptor complex containing the IL-7Rα and the
ϒc subunits (Lai et al, 1997). As such, we compared
the baseline levels of IL-7Rα expression with those
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Figure 1 RT-PCR analyses of human mature neurons and astro-
cytes for IL-7R. Total mRNA extracted from Nalm-6 cells (positive
control), human mature neurons, and primary human astrocytes
were analyzed for IL-7Rα and GAPDH mRNA expression by RT-
PCR analyses. (A) IL-7Rα RT-PCR, 649-bp fragment. (B) GAPDH RT-
PCR, 500-bp fragment. Lane 1: Nalm-6; lane 2: human mature neu-
rons; lane 3: primary human astrocytes; lane 4: negative control;
lane 5: 1Kb plus DNA ladder (Gibco, BRL). These results are rep-
resentative of independent experiments performed at least three
times.

after IL-7 treatment. These immunoblotting studies
demonstrated that, in response to IL-7 treatment, the
levels of IL-7Rα expression were only slightly down-
regulated in both neurons and astrocytes (Figure 3).
These results suggest that IL-7Rα might be actively
involved in signal transduction in these key CNS cell
types, but that other signaling pathways could cer-
tainly not be ruled out.

IL-7 induces human neuronal apoptosis
In these next studies, it was demonstrated that IL-7
induced neuronal apoptosis, as shown by positive
TUNEL staining (Figure 4, left panel, and Table 1).
IL-7 induced apoptosis occurred in a dose-dependent
pattern (0.01, 0.1, 1, 10, and 100 ng/ml of IL-7 were
utilized, with P values < .05, by Student’s t tests,
for all comparisons except IL-7 10 ng/ml versus IL-7
100 ng/ml). On the other hand, IL-7 did not yield any
demonstrable programmed cell death in astrocytes
(data not shown). Of note, the addition of anti-IL-7

Figure 2 IL-7Rα immunoblot analysis of mature human neurons
and astrocytes. IL-7Rα immune precipitates were analyzed for the
expression of IL-7Rα protein. Immune precipitates were obtained
with polyclonal antibody, blotted, and then detected with the same
antibody. These results are representative of independent experi-
ments performed at least three times.

Table 1 Semiquantitative determination of exogenous IL-7–
induced apoptosis in human neurons

Treatment RGB values

No addition 35 ± 5
IL-7 (ng/ml)

0.01 77 ± 2
0.1 95 ± 5
1 113 ± 1
10 124 ± 4
100 134 ± 8

gp120 (50 ng/ml) 161 ± 1
gp120 (50 ng/ml) + IL-7 (ng/ml)

0.01 164 ± 1
0.1 179 ± 9
1 178 ± 1
10 190
100 224 ± 1

antibodies was able to neutralize the IL-7–induced
proapoptotic effects in neurons (Figure 5). Preincu-
bation with anti-IL-7Rα antibodies was not able to
inhibit apoptosis (Figure 5). Thus, these data suggest
that IL-7 might play a specific direct role in induc-
ing human neuronal apoptosis, at least ex vivo, but
perhaps not via direct IL-7 receptor binding.

IL-7 synergistically augments gp120-induced
neuronal apoptosis
Because the HIV-1 envelope protein gp120 is con-
sidered to have a crucial role in the pathogenesis of
HAD due to its major neuronal apoptotic effects (Xu
et al, 2004), we thus sought to determine whether
IL-7 might act synergistically with HIV-1 gp120 in
inducing neuronal apoptosis. When neurons were
treated with both gp120 and different doses of IL-
7, higher levels of apoptosis were detected as com-
pared to gp120 alone, reaching statistical significance
at the concentration of 1 ng of IL-7 per ml (P < .05)
(Figure 4, right panel). Apoptosis values are reported
in Table 1. Thus, IL-7 may interact with HIV-1 gp120
to up-regulate neuronal programmed cell-death dur-
ing late stage HIV-1 infection.

Cell apoptosis genomic arrays
To assess the molecular mechanisms involved in the
induction of neuronal apoptosis by exogenous IL-7
targeted, programmed cell death–targeted gene mi-
croarray analyses were used. Up-regulated expres-
sion of several pro-apoptotic genes was detected
(Table 2). V-raf murine sarcoma viral oncogene and
v-jun sarcoma virus 17 oncogene, encoding a serine/
threonine kinase (Pollock et al, 2003), were dra-
matically up-regulated by nearly 12-fold. Of note,
caspase-10, an initiator caspase in death receptor
signaling, was up-regulated 10-fold. This molecule
can function independently of caspase-8 in initiating
Fas- and TNF-related apoptosis by inducing ligand-
receptor–mediated apoptosis (Wang et al, 2001).
Caspase-10 cleaves and activates caspases-3, -4, -6,
-7, -8, and -9, which cause the proteolytic cleavage of
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Figure 3 IL-7Rα immunoblot analysis of human mature neurons and astrocytes, after treatment with exogenous IL-7. Whole-cell lysates
were analyzed for the expression of IL-7Rα protein, after treatment with exogenous IL-7 (10 ng/ml) for 48 h. A total of 25 μg of protein
from each sample was loaded. Nalm-6 cells were the positive control. Autoradiographs of the blots were scanned to determine the density
of the protein positions by Molecular Dynamics Densitometer (Molecular Dynamics) and IMAGE QUANT 5.0 software. These results are
representative of independent experiments performed at least three times.

many key proteins, such as PARP poly (ADP-ribose)
polymer. PCTAIRE protein kinase 3, a member of the
PCTAIRE subfamily of cdc2-related serine/threonine
protein kinases (Herskovits et al, 2004), was up-
modulated sevenfold. FAST kinase, designated Fas-
activated serine/threonine kinase, was up-regulated
fivefold. These two genes encode proteins that are
members of the serine/threonine protein kinase fam-
ily. The genes moderately up-regulated were growth
arrest and DNA damage inducible, fourfold; TNF
receptor–associated factor 3, threefold; glutathione
S-transferase A2, cyclin-dependent kinase inhibitor
2D, and lipopoly saccharide (LPS)-induced TNF-
alpha factor, twofold; retinoblastoma-binding protein
4, ubiquitin C, 1.6-fold. Tubulin and Bcl2-antagonist
of cell death were up-regulated only very modestly.

Table 2 Apoptosis genomics array of mature human neurons
treated with IL-7

Human apoptosis genes Fold increases

v-jun sarcoma virus 17 oncogene homology
(avian)

12

v-raf murine sarcoma viral oncogene
homolog B1

11

Caspase-10 11
PCTAIRE protein kinase 3 7
FAST kinase 5
DNA-damage-inducible, alpha 4
Growth arrest and DNA-damage-inducible,

alpha
4

TNF receptor-associated factor 3 3
Glutathione S-transferase A2 2.6
Cyclin-dependent kinase inhibitor 2D 2
LPS-induced TNF-alpha factor 2
Retinoblastoma-binding protein 4 1.6
Ubiquitin C 1.6
Tubulin, alpha, ubiquitous 0.4
BCL2-antagonist of cell death 0.35

These results suggest that IL-7 may induce neu-
ronal apoptosis via activating TNF and Fas death
receptors, involving phosphoregulation of protein
kinases.

IL-7 up-regulates the expression of STAT5
in astrocytes but not neurons
Because the IL-7:IL-7R interaction is known to act
through the JAK-STAT pathway (Porter et al, 2001),
adherent human mature neurons and astrocytes were
left untreated or treated with IL-7, and the expres-
sion of JAK3 and STAT5 were analyzed by Western
blotting.

As shown in Figure 6, IL-7 induced the down-
regulation of JAK3 and the up-regulation of STAT5
in astrocytes, while having minimal effect on neu-
rons. The up-regulation of STAT5 can be induced by
either JAK 1, through the IL-7Rα, or through JAK3 via
the IL-7 receptor gamma, the common receptor for IL-
7, IL-2, IL-4, IL-9, and IL-15 (Schindler and Darnell,
1995). Thus, we speculate that, because JAK3 was
unchanged in astrocytes, the up-regulation of STAT5
could be induced by the IL-7Rα. As for the neurons,
the JAK/STAT pathway did not show any specific
up- or down-regulation, further confirming that other
signal transduction pathways or mechanisms might
be involved in the signaling pathways for IL-7 in
neurons.

Discussion

In this study, we provide the initial demonstration
that IL-7R is expressed in mature human neurons
(i.e., fully differentiated NT2 cells) and astrocytes
at the mRNA and protein levels. IL-7Rα expression
in human neurons and astrocytes was only slightly
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Figure 4 IL-7–induced human neuronal apoptosis and augmented gp120-induced neuronal apoptosis. (Left) Representative TUNEL
staining of human neurons treated with 0.01, 0.1, 1, 10, and 100 ng/ml of IL-7 for 3 days. (Right) Representative TUNEL staining of human
neurons treated with 50 ng/ml of gp120 for 48 h, then treated with 0.01, 0.1, 1, 10, 100 ng/ml of IL-7 for 3 days. The neurons were analyzed
with fluorescence microscopy (Olympus, model BX60, with fluorescence attachment BX-FLA). Magnification: 20×. These studies were
repeated at least three times.

down-modulated by the addition of exogenous IL-7.
Interestingly, IL-7 induced human neuronal apop-
tosis and augmented HIV-1 gp120-induced human
neuronal apoptosis. Of note, we found that the IL-7
neuronal proapoptotic effects could be induced via
TNF-α/TNF-R1 receptor and FasL/Fas receptor pro-
grammed cell death pathways.

The effect of IL-7 in the CNS has not at all been
fully elucidated. In Sprague-Dawley rats (Michaelson
et al, 1996), IL-7 demonstrated neuropoietic proper-
ties and IL-7R was expressed in the developing brain.
On the other hand, although the presence of IL-7R

in nonhematopoietic cells has been reported, a func-
tional IL-7R was not found in different CNS tumors,
mostly gliobastoma cell lines, despite detectable lev-
els of IL-7 mRNA, but was never evaluated in either
primary astrocytes or neurons cell-lines. (Michaelson
et al, 1996, Cosenza et al, 2002).

In this study, we demonstrated that IL-7R is ex-
pressed on both human neurons and astrocytes, al-
though a quantitative discordance between the ex-
pression of IL-7Rα mRNA and protein in astrocytes
was found, in accordance with previous studies
suggesting that IL-7R transcripts might not be stable
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Figure 5 Anti-IL-7 antibodies neutralized the IL-7–induced apoptotic effect. Neurons were incubated overnight with anti-IL-7 antibodies
at a concentration of 0.8 μg/ml, as per the manufacturer’s instructions. IL-7 at 2.5 ng/ml was added once and TUNEL staining was per-
formed, as illustrated. Anti-IL-7 receptor antibodies were added and left overnight at a concentration of 1 μg/ml, as per the manufacturer’s
instructions, to block IL-7Rα. Levels of apoptosis are shown in parenthesis.

in certain human cells (Smiers et al, 1995; Cosenza
et al, 2002).

Plasma levels of IL-7 in HIV-1–infected individu-
als were found previously to be significantly higher
than those in the healthy donors, correlating di-
rectly with plasma HIV-1 RNA levels and indirectly
with CD4+ T-cell counts (Llano et al, 2001). Because
plasma IL-7 levels increase along with HIV-1 dis-
ease progression, and HAD usually occurs in the late
stages of HIV-1 disease, we speculated that IL-7-may
play a role in the pathogenesis of HAD. We demon-
strated that IL-7–induced neuronal apoptosis in a
dose-dependent manner, and that it was inhibited by
the addition of anti-IL-7 antibodies. Importantly, the
well-described proapoptotic effect of the HIV-1 en-
velope protein, gp120 (Xu et al, 2004) was enhanced
by the addition of IL-7, showing a neuronal apoptotic
synergistic effect.

Previous studies demonstrated that IL-7 induced
IL-7Rα down-regulation and Fas up-regulation in pe-
ripheral human T cells isolated from healthy donors

(Rethi et al, 2004; Lelievre et al, 2004), also reported
that IL-7 down-modulated IL-7Rα expression and in-
creased HIV-1 mediated Fas-induced T-cell death.
We showed in the present study that IL-7 down-
modulated IL-7Rα expression in human neurons and
astrocytes, and induced the up-regulation of STAT5
in astrocytes, but not in neurons. IL-7 leads to the acti-
vation of STAT5 either through JAK1 or JAK3 (Porter
et al, 2001). We found that IL-7 did not induce sig-
nificant changes in the expression of JAK3, neither in
neurons nor in astrocytes. Because JAK3 is associated
with the common IL-7 receptor gamma (shared by IL-
7, IL-2, IL-4, IL-9, and IL-15) and JAK1 with IL-7Rα we
suggest that IL-7–induced neuronal apoptosis might
be related to other specific pathways, such as phos-
phoinositol (PI) 3-kinase or the activation of the src
family tyrosine Kinase p56lck or p59 f yn, which asso-
ciate with the A region of IL-7Rα (Porter et al, 2001).
In addition, by a targeted genomics microarray anal-
ysis, we showed that IL-7–induced apoptosis was re-
lated to the up-regulation of several genes involved in
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Figure 6 Immunoblot analysis of human neurons and astrocytes for expression of JAK3 and STAT5. HeLa cells (A) and Jurkat cells
(B) were utilized as controls for JAK3 and STAT5 analyses, respectively. A total of 25 μg of protein from each sample was loaded in each
lane. Autoradiographs of the blots were scanned to determine the density of the protein positions by Molecular Dynamics Densitometer
(Molecular Dynamics) and IMAGE QUANT 5.0 software. These results are representative of independent experiments performed at least
three times.

different cell death pathways, such as caspase-10, PC-
TAIRE protein kinase 3, TNF receptor–associated fac-
tor 3, FAST kinase, V-raf murine sarcoma viral onco-
gene, and v-jun sarcoma virus 17 oncogene. At this
time, it is not clear whether phosphoregulation of sig-
nal transduction pathways are possibly involved in
IL-7–induced neuronal apoptosis. Further studies in-
vestigating the major signaling cascades induced by
IL-7 in the human CNS are necessary.

The present study revealed not only the presence
of IL-7R in human neurons and astrocytes, but also a
potential neuronal proapoptotic effect. Because IL-
7 has been proposed as an adjunctive therapy for
HIV-1 infection, not only as an immune-based adju-
vant but also for its properties of inducing HIV-1 from
latency in HIV-1–infected individuals on HAART
(Wang et al, 2005), future in vitro and in vivo inves-
tigations will be critical to determine whether IL-7
plays a role in HAD, which usually occurs in late
stages of HIV-1 infection. These clinical stages are

characterized by high plasma viral loads and low
CD4+ T-cell counts. Reduced CD4+ T cells are be-
lieved to induce stromal cells to produce high lev-
els of IL-7, to maintain T-cell homeostasis by stimu-
lating the production of T-cells in the bone marrow
(Napolitano et al, 2001). If the increase of IL-7 cir-
culating levels is associated with the appearance of
HAD, it will be crucial to attempt to modulate its ef-
fects by either attempting to maintain CD4+ T-cell
counts above a threshold under which IL-7 produc-
tion will be significantly increased, or by blocking
certain of its downstream effects.

Determining the optimal IL-7 immune-therapeutic
dosage, as previously established for other cytokines
and growth factors, such as IL-2, interferon gamma,
or granulocyte-macrophage colony stimulating fac-
tor, will be fundamental in attempting to optimize
its pleiotropic effects for potential therapy in HIV-
1–infected patients. In addition, its possible inter-
actions with HIV-1 virions and lentiviral proteins
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in inducing neuronal programmed cell death may
also represent a rational target towards interdicting
in HAD.

Materials and methods

Cell cultures and IL-7 treatment
hNT-2 neuronal precursor cells were purchased from
Stratagene Cloning System (Stratagene, La Jolla,
CA). A total of 2.6 × 106 cells were seeded in T75
flasks in the complete Dulbecco’s modified Eagle’s
medium DMEM/F12 medium (containing 0.05 U
penicillin–0.05 U streptomycin and 10% fetal bovine
serum) and treated with 10 μm retinoic acid (Sigma,
St Louis, MO) three times per week for 6 weeks.
The differentiated cells were detached by 0.05%
trypsin-EDTA and replated in T175 flask in complete
DMEM/F12 medium containing 5% fetal bovine
serum, and further treated with mitotic inhibitors
(1 μm cytosine arabinoside, 10 μm fluorodeoxyuri-
dine, and 10 μm uridine; Sigma) three times per
week for 10 days (Xu et al, 2004). Mature human
neurons were replated on poly-D-lysine and laminin
coated (both were 10 μg/ml, Sigma) four-well glass
chamber slides in the conditioned medium from the
first replating for TUNEL assays, and T25 flasks for
human apoptosis gene arrays.

Primary human astrocytes (passage 2), obtained
from Dr. Avindra Nath of Johns Hopkins Univer-
sity, were cultured in DMEM medium contain-
ing 0.05 U penicillin–0.05 U streptomycin and
10% fetal bovine. Nalm-6 B-cells were cultured in
RPMI-1640 medium containing 0.05 U penicillin–
0.05 U streptomycin, 10% fetal bovine serum, and
2-mercaptoethanol (1000,000×). All cultures were
maintained at 37◦C in an incubator with 5% CO2.
Recombinant human IL-7 (R&D Systems) at 0.01, 0.1,
1, 10, and 100 ng/ml was added once at the initia-
tion of the experiments to human neurons and human
astrocytes.

To attempt to inhibit IL-7–induced apoptotic ef-
fects, anti-IL-7 antibodies (R&D Systems) were used
in parallel experiments. Anti-IL-7R antibodies were
utilized in competition assays to further determine
the role played by the IL-7R (R&D Systems). Human
neurons were treated overnight with anti-IL-7R prior
to IL-7 exposure.

IL-7 receptor alpha mRNA determinations
Human neurons and astrocytes untreated and treated
with IL-7 were lysed in 1 ml of Trizol reagent (Gibco
BRL, Baltimore, MD) and 0.2 ml of chloroform was
added afterwards. The samples were centrifuged at
13,000 rpm for 30 min at 4◦C. Total RNA was pre-
cipitated from the aqueous phase by adding 0.5 ml
of isopropanol. After incubation at room temperature
for 10 min, the precipitates were pelleted by centrifu-
gation at 13,000 rpm for 10 min at 4◦C. The RNA
pellets were washed with 75% ethanol, air dried,
and then dissolved in Diethyl polycarbonate (DEPC)-
treated water.

The SuperScript First-Strand Synthesis kit was
purchased from Gibco BRL (Baltimore, MD). Total
RNA (1 to 5 μg) was hybridized with 1 μl Oligo (dT)
in a total volume of 10 μl at 65◦C for 5 min, then on
ice for 1 min. The RNA/primer mixture was first in-
cubated with reverse transcriptase (RT) reaction mix-
ture (2 μl 10× RT buffer, 4 μl 25 mM MgCl2,2 μl 0.1 M
Dithiothreithol (MDTT), and 1 μl RNase Out recom-
binant RAase inhibitor) at 42◦C for 2 min, and then
incubated with 1 μl of SuperScript II RT for 50 min.
The reaction was terminated by incubation at 70◦C for
15 min. RNase H, 1 μl, was added to the reaction to
remove any remaining RNA. Oligonucleotides used
for the polymerase chain, reactions, (PCR) amplifica-
tion were (IL7R1) 5′ TGGAGACTTGGAAGATGCA 3′;
(IL7R2) 5′ TTAGTAAGATAGGATCCAT 3′ for IL7Rα
and (G1) 5′ CAAAGTTGTCATGGATGAC 3′; (G2) 5′
CAAAGTTGTCATGGACC 3′ for GAPDH. PCR was
performed using a 9700 PCR thermal cycler (Perkin-
Elmer), under the following conditions: denature at
95◦C for 45 s, primer annealing 57◦C for 45 s, and
DNA extension at 72◦C for 1 min for 40 cycles.

The gel photographs were scanned and further ana-
lyzed for density comparison by using Molecular Dy-
namics Densitometer and IMAGE QUANT 5.0 soft-
ware. The density ratio of IL-7Rα RNA bands versus
the GAPDH bands served as a standard, according to
known fold dilution of cDNA from Nalm-6 cells. The
linearity between the density ratio and fold dilution
was confirmed.

Immunoprecipitation
Adherent human mature neurons and astrocytes were
cultured in T75 flasks until confluent, prior to the
experiments. A total of 1 × 107 nonadherent Nalm-6
B cells, neurons, and astrocytes, were lysed in 1 ml
cold lysis buffer (Novagen, Madison, WI) contain-
ing 1× protease inhibitor cocktail (Pierce, Rockford,
IL) on ice for 30 min. The cell lysates were spun at
10,000 g for 15 min at 4◦C. The supernatants were col-
lected, 10 μg of polyclonal anti-IL-7Rα (R&D Systems,
Minneapolis, MN) were added to each sample, and
incubated at 4◦C overnight. Fifty microliters of a pro-
tein G slurry (Calbiochem, Darmstadt, Germany) was
added to each sample and incubated at 4◦C for 1 h on
a rocking platform. Samples were spun at 10,000 g
for 30 s at 4◦C. After supernatants were completely
removed, the beads were washed three times with
500 μl of lyses buffer. After the last washing, 50 μl of
1× Laemmli sample buffer was added to each sample
bead pellet. Samples were heated at 95◦C for 10 min
and centrifuged again. The supernatant of each sam-
ple was collected and loaded on to gels.

Determination of IL-7Rα by Western blotting
Human neurons and astrocytes untreated and treated
with IL-7 were lysed with Cytobuster Protein Extrac-
tion Reagent (Novagen, Madison, WI). Protein con-
centrations were determined with the BCA Protein
assay kit (BioRad, Herculas, CA). Approximately
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25 μg of each protein preparation was resolved on
7.5% sodium dodecyl sulfate (SDS)-polyacrylamide
gels (BioRad, Herculas, CA) and transferred to PVDF
membranes (Amersham Biosciences, Piscathaway,
NJ) by electroblotting. The membranes were incu-
bated in blocking buffer (10 mM phosphate-buffered
saline (PBS), pH 7.2, 150 mM NaCl, 0.1% Tween 20,
5% nonfat dry milk) at 4◦C for overnight. The mem-
branes were then incubated with primary antibody
(polyclonal goat anti-h IL-7Rα antibody, 1:1000, R&D
Systems, Minneapolis, MN), rabbit polyclonal anti-
JAK3 and anti-STAT5 antibodies at concentrations of
1:500 (Santa Cruz Biotechnology, CA), for 1 h at room
temperature in PBST (10 mM Phosphate-Buffered Di-
fluoride PBS, pH 7.2, 150 mM NaCl, 0.1% Tween
20). The secondary antibody, horseradish peroxidase
labeled anti-goat immunoglobulin G (IgG) antibody
(1:500, for anti-IL-7R and 1:5000 for JAK3 and STAT5;
Santa Cruz Biotechnology) was applied at room tem-
perature for 1 h in PBST. The membranes were rinsed
in PBST, and proteins were visualized using an en-
hanced chemoluminscent (ECL) Western Blotting De-
tection Reagent (Amersham Biosciences, Piscataway,
NJ), and exposure to Kodak BioMax MS autoradio-
graphic film (Kodak, Rochester, NY).

Immunoblot analyses of immune precipitation
complexes prepared from human neurons and astro-
cytes were performed for the expression of IL-7Rα
protein, JAK3, and STAT5. The Nalm-6 B cells were
used as positive controls for the expression of IL-7Rα
protein, plus HeLa cells and Jurkat cells were utilized
for JAK3 and STAT5 analyses, respectively. We uti-
lized Restore Western blot stripping buffer (Pierce,
Rockford, IL) to strip the blots, using normal goat IgG
(R&D Systems) as an isotype control.

HIV-1 viral envelope protein gp120
and IL-7 treatment
Recombinant viral Env protein of the HIV-1 strain
gp120 from BaL (R5-tropic) (endotoxin levels less
than 10 EU/ml) was purchased from Intracel Cor-
poration (Rockville, MD). The protein was added at
aconcentration of 50 ng/ml to the neuronal cell cul-
ture medium, as a relatively low concentration which
we previously demonstrated would induce apopto-
sis in human neurons (Xu et al, 2004). After 48 h,
the medium was removed and cells were washed
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