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One neuronal cell line (SK-N-MC) was found to be susceptible to productive infection by multiple isolates of
the human immunodeficiency virus type 1 (HIV-1). Characterization of SK-N-MC cells showed that these cells
are neuroectodermal in origin in that they express dopamine hydroxylase, catecholamines, neuron-specific
enolase, and neurofflaments. Despite their susceptibility to HIV-1 infection, SK-N-MC cells had no detectable
CD4 and this infection was not blocked by anti-CD4 monoclonal antibodies (OKT4A, Leu3A) or recombinant
soluble CD4. These experiments demonstrated that certain cells of neuroectodermal origin are susceptible to
infection in vitro by HIV-1 via a CD4-independent mechanism.

Subacute encephalitis, also known as acquired immuno-
deficiency syndrome encephalopathy or dementia complex,
is a frequent and devastating complication of infection by the
human immunodeficiency virus type 1 (HIV-1) (29). Avail-
able evidence strongly supports HIV-1 as the direct cause of
this neurologic syndrome (17, 36, 37). Multiple studies on
affected brain tissue have identified the monocyte/macro-
phage as the predominant cell type in the central nervous
system infected by HIV-1 (8, 9, 21, 41). However, glial cells
have occasionally been found to harbor HIV-1 in vivo (41),
a finding consistent with in vitro studies demonstrating the
susceptibility of primary glial cells or glioma cell lines to
infection (2-5, 12, 23). With the exception of one patient with
severe subacute encephalitis (41), neurons in affected brain
tissues were found to be free of HIV-1 infection. Taken
together, these findings suggest that HIV-1 may induce
neurologic dysfunction and degeneration by indirect mech-
anisms rather than direct infection and lysis of neuronal
cells. Nevertheless, to pursue further the possibility of direct
infection of neurons by HIV-1, we examined the suscepti-
bility of neuronal cell lines to infection in vitro by multiple
strains of HIV-1.
Tumor cell lines of neuronal origin were obtained from the

American Type Culture Collection of Rockville, Md. (SK-N-
MC, SK-N-SH, IMR-32) and from Robert Seeger of the
University of California at Los Angeles (LA-N-1, LA-N-2,
LA-N-5). Each cell line was inoculated with a stock of the
HTLV-IIIRF isolate of HIV-1 at multiplicities of infection
(MOIs) ranging from 0.002 to 1.0 50% tissue culture infective
doses (TCID50) per cell. The cultures were then monitored
twice weekly for core antigen (p24) production in the super-
natant fluid by an antigen-capture assay (Abbott Laborato-
ries, North Chicago, Ill.) during the course of the 13-day
experiment. As shown in Table 1, productive HIV-1 infec-
tion was not observed for SK-N-SH, LA-N-1, LA-N-2, and
LA-N-5 cell lines. Transient p24 antigen production was

documented only on day 4 in the supernatant fluid of IMR-32
culture inoculated with an MOI of 1.0. Lower MOIs in these
cells did not result in HIV-1 replication. In contrast, at all
MOIs tested, productive HTLV-IIIRF infection was noted
in the SK-N-MC cell line (Table 1), with continuously
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detectable supernatant p24 antigen starting on day 4. SK-N-
MC cells (1), which had the morphology of immature neu-
rons (Fig. 1A), did not exhibit cytopathic effect or evidence
of cell-cell fusion associated with this infection. However,
the HIV-1-infected cells did appear more granular by light
microscopy, with greater numbers of intracellular vacuoles
and inclusions (Fig. 1B). The susceptibility of SK-N-MC
cells to infection by the HTLV-IIIRF isolate was reproduced
in seven similar experiments.
The infection of the SK-N-MC neuronal cell line by

HTLV-IIIRF became persistent for over 200 days, with
detectable p24 antigen in the supernatant fluid on nearly
every determination (Fig. 2). During this time period, mul-
tiple attempts to recover infectious virus from culture super-
natant fluid were also positive (Fig. 2). For example, on day
104 of culture, the titer of infectious HIV-1 in cell-free
culture supernatant fluid was determined by using H9 cells,
with a result of 2 x 102 TCID50 per ml. The progeny virus
was also infectious for SK-N-MC cells but without aug-
mented infectivity.

TABLE 1. Core antigen (p24) production in culture supernatant
fluid of neuronal cell lines inoculated with HTLV^IIIRFa

Neuronal cell Antigen detection at MOIs with HTLV-IIRF ofb:
line 1.0 0.2 0.1 0.02 0.01 0.002

SK-N-MC + + + + + +
SK-N-SH - - - - - -
IMR-32 + - - - - -
LA-N-1 - - - - -
LA-N-2 - - - - - -
LA-N-5 - - - - - -

a Supernatant fluid was harvested from an HTLV-IIIRF-infected H9 cell
culture. Titration of this virus stock on H9 cells yielded an infectious titer of
106 TCID50 per ml. Each neuronal cell line was grown in six-well plates at a
density of 0.5 x 106 cells per well in 6 ml of Dulbecco modified Eagle medium
supplemented with 15% fetal calf serum and antibiotics. The neuronal cultures
were subsequently inoculated with the virus at the specified MOIs. After 24 h
of incubation, the cells were washed six times with medium. The last wash for
each culture was free of detectable p24 antigen. Supematant fluids were
harvested on days 4, 7, 10, and 13 for p24 antigen determination (Abbott
Laboratories), and cultures were then replenished with fresh medium.

b A culture was scored positive for HIV-1 infection if its supernatant p24
antigen concentration was above twice the cutoff value (usually 30 pg/ml) on
any determination.
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FIG. 1. (A) Uninfected SK-N-MC cells. Magnification, x1,200. (B) HTLV-IIIRF-infected SK-N-MC cells. Magnification, x1,200. (C)
Electron micrograph of HIV-1-infected SK-N-MC cells, showing several poorly delineated vacuoles (arrows) with particles at various stages
of maturation. Magnification, x7,200. (D) Higher magnification (x29,400) of the subplasmalemmal membrane-bound vacuoles containing
incomplete HIV-1 particles.

On the three occasions when the inoculated SK-N-MC
cells were examined by indirect immunofluorescence, ap-

proximately 10 to 30% of the cells expressed intracellular
antigens. In addition, electron microscopy performed on

these cells showed the presence of HIV-1-like particles.
These particles, which were not seen in the uninfected
SK-N-MC cells, were clustered in intracellular vacuoles
(Fig. 1C and D), similar to the situation seen with HIV-1
infection of monocyte/macrophages treated with monocyte
colony-stimulating factor (11). Most of the virions appeared
smaller (50 to 80 nm) than normal HIV-1 (100 to 120 nm) and
lacked either an electron-dense core or a surrounding coat,
suggesting that many of these particles may be defective.
The susceptibility of SK-N-MC cells to infection by other

HIV-1 isolates was also examined. Five additional viruses
(HIV-AL and HIV-AC from our laboratory [14, 18], HTLV-
IIIB and HTLV-IIIMN from R. Gallo [35], and HIV-Z84
from T. Quinn, Johns Hopkins University, Baltimore, Md.)
were used at MOIs of 0.025 or lower. Over the 24-day course

of the experiment, productive HIV-1 infection was observed
for all cultures inoculated with virus (Fig. 3). These findings
suggest that productive infection in this neuronal cell line is
not limited to one particular strain of HIV-1. However, the
kinetics of viral replication vary from isolate to isolate as

shown in Fig. 3.
The SK-N-MC cell line was derived from a lumbar neu-

roblastoma (1). Upon further morphologic review, the cells

more closely resembled those of an immature neuroepithe-
lioma. However, with increasing passage of these cells in
culture, they began to develop processes (or neurites), a
feature consistent with maturing neurons. This, coupled with
the presence of dopamine hydroxylase in the cells and
formaldehyde-induced fluorescence indicative of intracellu-
lar catecholamines (1), suggested that the SK-N-MC line was
indeed neuronal in origin. Further support for this theory
derived from our finding that these cells expressed neuron-
specific enolase (in nearly 100% of the cells) and neurofila-
ments (in approximately 5% of the cells) but not glial
fibrillary acid protein or S-100 protein within their cyto-
plasms as determined by indirect immunofluorescence and
immunoperoxidase methods previously described (19).
The SK-N-MC cells were then analyzed for the presence

of CD4, the known high-affinity receptor for HIV-1. First,
the cells were fixed in acetone and subsequently stained with
anti-CD4 monoclonal antibodies (Leu3A from Becton-Dick-
inson and OKT4 and OKT4A from Ortho Diagnostics) in an
indirect immunofluorescence assay (19). The results were
completely negative, although these antibodies did stain
positive controls. The lack of CD4 on SK-N-MC cells was
confirmed by radioimmunoprecipitation assay (13) and RNA
slot blot hybridization (26). As illustrated in Fig. 4A, OKT4
monoclonal antibody immunoprecipitated CD4 from a T-
lymphoblastoid cell line but not from the neuronal cells.
Similarly, CD4 mRNA was detected in the T-cell line by slot
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FIG. 2. Persistent HIV-1 infection of SK-N-MC cells. HTLV-
IIIRF (5 x 105 TCID50) was incubated with 106 SK-N-MC cells for
24 h before the culture was washed six times. Thereafter, twice
weekly, the cells were split 1:3 and refed with fresh medium. In
addition, sequentially harvested supernatant fluids were assayed for
viral antigen production. Levels of p24 antigen above 30 pg/ml are
considered positive. Virus yield assays were performed by inocu-
lating 0.5 ml of SK-N-MC culture supernatant onto 106 H9 cells.
Recovery of infectious HIV-1 was demonstrated by the develop-
ment of syncytia and by p24 antigen expression in the H9 cells.
Immunofluorescence assays (FA) were done by using the virus-
inoculated SK-N-MC cells (0.2 x 106 per well) grown in 8-well
culture-chamber slides as previously described (16). After fixation in
acetone, an indirect immunofluorescence assay was performed by
using goat anti-gpl20 and mouse anti-p24 followed by the appropri-
ate rabbit anti-goat or anti-mouse antibody conjugated to fluorescein
isothiocyanate (19). EM, Electron microscopy.

blot hybridization but, again, not in the SK-N-MC cells (Fig.
4B). Therefore, it appears that the SK-N-MC cells do not
express detectable CD4 despite their susceptibility to HIV-1
infection.
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FIG. 4. (A) Lack of CD4 on SK-N-MC cells as analyzed by an

immunoprecipitation assay. This procedure was based on a protocol
for immunoprecipitation previously described (13). Briefly, 6 x 106
SK-N-MC (lanes 2) and 5 x 106 HPB-ALL (a known CD4+ T-cell
line; lanes 1) cells were labeled with 100 ,uCi of [35S]cysteine and
[35S]methionine per ml for 16 h and then lysed. These cell lysates
were subsequently preclarified and subjected to immunoprecipita-
tion by OKT4 (Ortho Diagnostics) and by a control mouse mono-
clonal antibody. Both were linked to Sepharose beads through a
rabbit anti-mouse antibody and Staphylococcus aureus protein A.
The precipitated proteins were then solubilized and resolved by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis followed
by autoradiography. (B) Lack of CD4 mRNA in SK-N-MC cells by
slot blot hybridization. RNA preparations extracted from 2 x 106
HPB-ALL human T (lane 1), B-35 rat neuroblastoma (lane 2), and
SK-N-MC (lane 3) cells were each spotted onto a nitrocellulose
membrane, using the Minifold II slot blot system (Schleicher &
Schuell, Inc., Keene, N.H.). Hybridization was performed by using
a 1.8-kilobase fragment of the XbaI-XhoI digestion product of the
CDM7:CD4 plasmid (gift of D. Camerini and B. Seed, Massachu-
setts General Hospital, Boston, Mass.) and was done by the method
of Maniatis et al. (26).

level, then the infection of these cells by Leu3A blocked (95 to 100%) HIV-1 infection in H9 cells.
CD4 pathway should be exquisitely sensitive However, they failed (0 to 6%) to prevent infection in
by monoclonal antibodies (Leu3A, OKT4A) SK-N-MC cells. In addition, recombinant soluble CD4 (Bio-
st the gpl20-binding site on the CD4 molecule. gen Research, Inc., Cambridge, Mass.) (6) also did not block
three blocking experiments are summarized in infection in these neuronal cells, although it completely
previously described (28), both OKT4A and inhibited infection in T cells (Table 2). Taken together, the

above results strongly suggest that HIV-1 infection of the
SK-N-MC neurons is mediated by an interaction between
the virus and a cell-surface protein other than CD4.
We have shown for the first time that a neuronal cell line

can be productively and persistently infected by HIV-1 in
vitro. Prior studies have found that neuronal cell lines can
transiently replicate HIV-1 when transfected with infectious
full-length viral DNA (38). Obviously, our in vitro findings
with tumor cell lines cannot be extrapolated to in vivo
situations with normal neurons. Nevertheless, they do sug-
gest that similar in vitro studies on primary neuronal cultures
should be conducted, as should more extensive in situ
analyses of affected brain tissues for evidence of direct

=_________________________ neuronal involvement by HIV-1. The inability to find evi-
3 6 10 14 18 21 24 dence of HIV-1 in these cells to date may simply reflect the

DAYS limitations of the technical methods employed. If neurons
ction of SK-N-MC cells by multiple strains of HIV-1. are indeed infected, they may have shortened survival or
[IV-AL; A, HTLV-IIIRF; C1, HIV-AC; *, HTLV- loss of luxury functions, thus resulting in neurologic dys-
t84; and *, HTLV-IIIMN. In this experiment, p24 function. Such a finding may also redirect some of the
trations above 29 pg/ml were considered significant. current research effort on HIV-1 neuropathogenesis, which
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TABLE 2. HIV-1 blocking experiment using soluble CD4 and
anti-CD4 antibodies on SK-N-MC and H9 cellsa

% Inhibition of HIV-1
Blocking reagents infection

SK-N-MC H9

Culture medium 0 0
Human neutralizing serum (10 ,ul) 100 100
Soluble CD4 (30 p.g) 6 100
OKT4A (30 jig) 0 100
Leu3A (30 ,ug) 0 95
Control monoclonal antibody (30 p.g) 0 0

a Samples of human HIV-1-positive serum (neutralization titer, 1:128),
recombinant soluble CD4 (6), and culture medium (control) were each
preincubated with 5 x 104 TCID50 of HTLV-IIIRF for 60 min at 37°C before
inoculation onto SK-N-MC (0.5 x 106) cells. OKT4A (Ortho Diagnostics),
Leu3A (Becton-Dickinson), and a control mouse monoclonal antibody were
preincubated with SK-N-MC (0.5 x 106) and H9 (1 x 106) cells for 60 min at
37'C before the cells were challenged with HTLV-IIIRF (5 x 104 TCID50).
After 24 h, all cultures were washed six times and then replenished with fresh
medium. Each sample of the last wash was negative for detectable p24
antigen. On day 7 of the experiment, supernatant fluids were examined for
HIV-1 expression by using a p24 antigen assay (Abbott Laboratories). This
experiment was repeated twice with nearly identical results.

is largely focused on indirect mechanisms mediated by the
infected monocyte/macrophage (8, 9, 15, 21, 41).
HIV-1 is known to infect T-helper lymphocytes [20] and

monocyte/macrophages (10, 16, 31), both of which express
CD4 on the cell surface. It is now well documented that CD4
serves as a receptor for HIV-1 (25, 27, 28), and specific
domains on both gpl20 and CD4 involved in this envelope-
receptor interaction have been carefully defined (22, 24, 32,
40). However, there is a growing awareness that HIV-1
tropism may be quite broad, including infection of tissues or
cells which were not known to be CD4 positive, such as the
colon (30), retina (34), and cervix (33) in vivo and glioma
(2-5, 12, 23), rhabdomyosarcoma (4), hepatocellular carci-
noma (our unpublished data), fibroblast (39), and bone
marrow-derived CD34+ precursor (7) cells in vitro. Our
current findings clearly document that HIV-1 can infect
neuronal cells which have no detectable CD4. Moreover,
this infection cannot be blocked by recombinant soluble CD4
or anti-CD4 monoclonal antibodies which are capable of
preventing HIV-1 infection of T-helper lymphocytes. Similar
results have been obtained by Clapham and associates (4)
with HIV-1 susceptible glioma and rhabdomyosarcoma
cells. Therefore, we believe there is an alternate pathway by
which HIV-1 can enter and replicate in CD4-negative cells.
The search for the putative second receptor for HIV-1 may
be facilitated by the use of these susceptible neuronal cells.
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