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Midkine, a cytokine that inhibits HIV infection by binding to the cell
surface expressed nucleolin
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The growth factor midkine (MK) is a cytokine that inhibits HI'V infection in cell cultures in an autocrine and paracrine
manner by blocking the attachment of HIV particles to permissive cells. MK mRNA is systematically expressed in adult
peripheral blood lymphocytes from healthy donors, while its expression becomes markedly but transiently increased
upon in vitro treatment of lymphocytes with IL-2 or IFN-y and activation of T lymphocytes by PHA or through the
engagement of the CD28 antigen. The binding of MK to cells occurs specifically at a high and a low affinity binding
site. This low affinity-binding site is the cell-surface expressed nucleolin, which is implicated in the mechanism of the
initial attachment of HIV particles to cells. Accordingly, the nucleolin-binding HB-19 pseudopeptide has no effect on
the MK binding to the high affinity binding site, whereas it prevents the binding of MK to the low affinity binding site,
thus suggesting the low affinity receptor of MK is the cell-surface-expressed nucleolin. Confocal immunofluorescence
laser microscopy revealed the colocalization of MK and the cell-surface-expressed nucleolin at distinct spots. The use
of various deletion constructs of nucleolin then indicates that the extreme C-terminal end of nucleolin, containing re-
peats of the amino acid motif RGG, as the domain that binds MK. The specific binding of MK to the surface nucleolin
is independent of heparan sulfate and chondroitin sulfate proteoglycans. After binding to cells, MK enters cells by an
active process in which nucleolin and lipid rafts appear to be implicated. The potent and the distinct anti-HIV action of
MK along with its enhanced expression in lymphocytes by various physiological stimuli, point out that MK is a cytokine
that could be involved in HIV pathogenesis.
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Cell surface expressed nucleolin serves as a receptor
for HIV and MK

HIV infects target cells by the capacity of its envelope
glycoproteins gp120-gp41 to attach cells and induce the
fusion of virus to cell membranes, a process which leads to
virus entry. The HIV receptor complex essential for virus
entry is composed of the CD4 molecule and at least one of
the members of the chemokine receptor family (CXCR4
and CCRY5). However, additional cell-surface components,
such as heparan sulfate proteoglycans and nucleolin, ap-
pear to be implicated in the attachment of HIV particles.
By using specific ligands, we have demonstrated that HIV
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attachment could be inhibited either by FGF-2 that uses
heparan sulphate proteoglycans as low affinity receptors, or
by the nucleolin binding pseudopeptide HB-19, that forms
a stable complex with nucleolin [1, 2]. The fact that HIV
attachment is inhibited by two agents which do not com-
pete, illustrates that virus attachment should be coordinated
on one hand by heparan sulfate proteoglycans, and on the
other hand by nucleolin. Consistent with the critical role of
surface nucleolin in the initial steps of HIV infection, the
HB-19 pseudopeptide and several physiological ligands of
nucleolin (Midkine, Pleiotrophin, lactoferrin) inhibit HIV
infection by blocking HIV particle attachment to CD4+
target cells [2-6].

Midkine (MK) and Pleiotrophin (PTN) are two related
heparin-binding growth factors that are rich in basic amino
acids and cysteines, and implicated in differentiation and
development [7-8]. However, activated T cells from PBMC



express MK but not PTN [3], the inhibition of HIV by MK
and not PTN should be physiologically significant. The
functional role of MK has been best demonstrated in the
nervous system where MK enhances survival and neurite
outgrowth of embryonic neurons and promotes neuronal
differentiation [9]. MK is also known to promote plasmino-
gen activator activity in aortic endothelial cells, leading to
increased fibrinolysis. MK mRNA expression is increased
in various human carcinomas and the MK protein has been
reported to be required for the growth of the Wilm’s tumour
cells in vitro. Furthermore, MK has been shown to be ac-
cumulated in senile plaques of the brain of Alzheimer’s
disease patients. MK shares 45% sequence identity with
PTN. Despite their striking structural homology and the
conservation of their net positive charge, MK and PTN
appear to have distinct receptors or receptor complexes.
Four high affinity receptors for MK have been described
in the literature: N-syndecans (chondroitin sulfate proteo-
glycans), Protein Tyrosine Phosphatase (PTP), Anaplastic
Lymphoma Kinase (ALK), and Low-density-lipoprotein
Receptor-related Protein (LRP). The precise mechanism
by which these four receptors mediate signalling induced
by MK is not yet determined. They might be differentially
used by MK for specific biological activities [9]. In contrast
to the high affinity receptors, the cell-surface expressed
nucleolin is the only known low affinity receptor of MK
[4]. Besides MK, surface nucleolin serves as a low affinity
receptor for PTN [5] and lactoferrin [6].

Expression of nucleolin at the cell surface

Nucleolin is a RNA- and protein-binding multifunctional
protein that has been previously described as being ex-
pressed mainly in the nucleolus [10, 11]. Besides the nucle-
olus however, nucleolin is also expressed at the cell surface,
where it acts as an integral membrane protein [12]. Indeed,
incubation of intact cells with anti-nucleolin monoclonal
antibody results in the clustering of membrane-expressed
nucleolin. This clustering occurs at the external side of the
plasma membrane as revealed by electron microscopy, thus
confirming the surface expression of nucleolin.

The expression of the nucleolin at the cell surface was
illustrated by using a specific antagonist of nucleolin,
the HB-19 pseudopeptide that was designed initially as a
potent inhibitor of HIV infection [13-16]. HB-19 presents
pentavalently the tripeptide KPR in which the peptide
bond between the K and P is reduced in order to increase
the endopeptidase resistance of this pseudopeptide. HB-19
binds specifically various types of cells, and forms a stable
and irreversible complex with the cell-surface expressed
nucleolin. By this process, HB-19 prevents the interaction
of various ligands with surface nucleolin, including HIV
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particles. By using various deletion constructs of nucleolin,
we showed that the binding site of HB-19 is localized at
the C-terminal end of nucleolin: a domain of 60 amino acid
residues known as the RGG domain that contains 9 repeats
of the RGG motif [17].

The expression of surface nucleolin is tightly associated
with cell proliferation and now has been shown in differ-
ent types of cells [18]. Nucleolin mRNA is systematically
detectable in peripheral blood lymphocytes of healthy
individuals, and in vitro stimulation of proliferation results
in an enhanced expression of nucleolin mRNA [3].

MK is a cytokine that is expressed by activated T
lymphocytes

MK mRNA is found to be expressed systematically in
PBLs of healthy individuals, whereas pleiotrophin (PTN)
and gamma interferon (IFN-y) are not expressed. The level
of MK mRNA expressed in vivo becomes undetectable
24 h following in vitro incubation of lymphocytes in the
absence of any stimulation. However, MK expression is
markedly induced by PHA or by the specific activation
of T lymphocytes through the engagement of the CD28
antigen, using specific monoclonal antibodies. Cytokines,
such as IL-2 or IFN-y are also effective for the induction
of MK mRNA. Under similar experimental conditions,
the PTN mRNA is not detectable at all, whereas IFN-y
mRNA is induced only by PHA and IL-2 treatments. These
observations indicate that MK is a cytokine induced by
physiological stimuli.

The kinetics of MK mRNA expression indicated that
there is a 24 h delay in MK expression compared to that of
the well-known PHA-induced cytokine, IFN-y. This result
combined with the fact that IL-2 by itself is an inducer of
MK expression, suggest that MK induction by PHA might
be the consequence of IFN-y production. MK induction is
transient, as the peak levels of induction at 2-4 d post-PHA
activation of PBLs are followed by a marked decline.
Therefore, MK expression is controlled by a regulatory
mechanism that is commonly observed in the induction
kinetics of cytokines and chemokines[19]. By confocal
immunofluorescence microscopy a significant amount of
endogenous MK was observed at the cell membrane of
PBLs on the third day of PHA activation, compared to
the corresponding cells before activation. The MK signal
at the periphery of activated lymphocytes was markedly
reduced on day 7 in accord with the transient induction
of MK mRNA level during PHA activation of PBL. In
contrast to the detection of surface MK, nucleolin was
detectable on the surface of PBL before activation and
its expression was increased and remained elevated
in PHA-activated PBL. Interestingly, the surface MK
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staining colocalized with the nucleolin staining at the
cell surface.

In order to avoid any interference on the HIV infection
by MK produced during activation of PBLs, routinely HIV
infections were carried out at 6 to 7 d post-PHA treatment
when the MK mRNA levels were reduced.

Inhibition of T-lymphocyte- and macrophage-tropic
HIV-1 isolates in MK-Treated cells

The inhibitory effect of MK on X4 and RS HIV-1 entry
and infection was first investigated in the experimental
model of HeLa-CD4-LTR-lac Z cells expressing consti-
tutively CXCR4 (HeLa P4 cells) or in addition expressing
recombinant CCRS5 (HeLa P4-C5 cells). HIV entry and
replication in these cells result in Tat-mediated activation
of'the HIV LTR, leading to the expression of the lacZ gene.
Consequently, the beta-galactosidase activity could be
measured in cell extracts to monitor HIV entry into cells.
In these well characterized HeLa experimental models,
two commercially available preparations of human MK,
either synthetic or recombinant were shown to inhibit the
X4 HIV-1 LAI entry with an I1Cy, value of 25 nM for MKB
and 100 nM for MKS. More than 90% inhibition occurred
at 125 nM of MKB and 250 nM of MKS. The slightly lower
activity of MKS compared to MKB was most probably
due to differences that might exist between the chemically
synthesized molecule and the recombinant protein gener-
ated by the bacterial system. MKS also inhibited entry of
the RS HIV-1 Ba-L and JR-CSF isolates, with ICs, value
of 125 and 250 nM, respectively. In order to confirm the
specificity of MK with respect to the HIV-envelope gly-
coprotein mediated viral-entry process, we investigated
its inhibitory effect on infection by the HIV-1 pseudotype
with envelope glycoproteins of vesicular stomatitis virus
(VSV) or Moloney Murine Leukemia Virus (MoMLV).
Infection by these pseudotyped HIV preparations was in-
hibited by AZT but not by the anti-CD4 mAb CB-T4, since
the viral binding and entry is mediated by the pseudotyped
viral envelope glycoproteins. Interestingly, MK as HB-19
exerted no significant effect on the pseudotyped HIV, thus
pointing out that the inhibitory effect of these molecules is
mediated on the entry process via the native HIV envelope
glycoproteins.

To demonstrate the anti-HIV action of MK in primary
CD+ T lymphocytes, PHA-activated peripheral blood
lymphocytes (PBLs) were treated with different doses of
MKS before infection with the HIV-1 UG029A primary
isolate. Without any treatment, a significant level of virus
production was observed on the 6th day of infection with a
first peak on day 8 and thereafter a decrease by day 12. MK
treatment caused a dramatic inhibition of virus infection

and a significant delay on the onset of virus production.
At 250 nM of MK, low levels of virus production started
to be detectable only on day 6 of infection, whereas at 500
nM of MK, no virus production was detectable up to the
14th d of infection.

Mechanism of the anti-HIV action of MK

MK is an efficient inhibitor of HIV infection when added
to cells before virus, whereas when added few hours after
virus entry then it exerts no significant effect. This points
out that the anti-HIV action of MK is at an early phase in
the HIV infectious cycle, as it is the case with the HB-19
pseudopeptide. The effect of MK on the attachment of
HIV-1 LAl and Ba-L particles was then investigated in two
types of cells: permissive HeLa P4-C5 cells that express
CD4, CXCR4, and CCRS, and non-permissive HeLa cells
that express only CXCR4. In order to avoid any viral entry
and endocytosis, these experiments were carried out at 4°C.
Under such experimental conditions, most of the virus
associated with cells was shown to be on the cell surface,
since its recovery was reduced by more than 90% after
treatment of cells with trypsin. Furthermore, consistent
with our previous reports, the neutralizing mAb specific
to the sequence of the V3 loop of HIV-1 LAI inhibited
significantly the attachment of this virus in both CD4+ and
CD4- cells, thus pointing out that the attachment process
was indeed mediated by the HIV envelope glycoprotein
gp120. In both CD4+ and CD4- HeLa cell lines studied, MK
inhibited drastically in a dose-dependent manner the attach-
ment of HIV-1 LAI and Ba-L to cells [3]. The observation
that MK inhibited HIV-attachment to CD4- cells indicates
that the mechanism of action of MK is independent of HIV
interaction with CD4. In addition, these results point out
that the mechanism of action of MK is at a very early step
in the HIV entry process.

MK could exert both autocrine and paracrine activity
against HIV infection

In order to illustrate that MK could function as a cyto-
kine against HIV infection, we investigated if MK could
exhibit an autocrine and paracrine activity. For this purpose,
we established CD4+ (CEM) and CD4- (HeLa) cell lines
expressing MK constitutively [3], and illustrate that: A)
by an autocrine way CD4+ cells producing MK resist HIV
infection; B) by a paracrine way CD4 -ve cells producing
MK, when are cocultured with CD4 +ve cells, MK present
in the culture medium binds to CD4+ bystander cells and
protects them against HIV infection. Such MK-mediated
autocrine and paracrine mechanisms against HIV infection
might be functional in infected individuals.
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Autocrine activity of MK: inhibition of HIV infection in
cem T-cell clones expressing MK constitutively

CEM CD4+ T cells are human lymphoid cells permissive
to infection by the X4 HIV-1 LAl isolate. These cells were
used as parental cells to establish by stable transfection
CEM clones expressing MK constitutively. The production
of MK in the different clones was monitored by immu-
noblotting using crude cell extracts in order to select the
positive clones. In parallel FACS analysis carried out on
the selected clones for the expression of CD4 and CXCR4
revealed no apparent modification between the MK-pro-
ducing clones and the corresponding control CEM clones.
Consistent with the anti-HIV effect of the exogenously
added MK, HIV-1 LAI infection was inhibited in the MK-
producing clones compared to the parental CEM cells and
the clone transfected with the plasmid alone. The degree of
inhibition of HIV infection in MK producing cell lines was
correlated with the level of recombinant MK expression. As
for HIV particle attachment and entry, there was a strong
inhibition in the MK producing clones whereas no effect
occurred in the corresponding control clones. The results
obtained with these MK producing clones indicate that HIV
infection could be inhibited in cells by the endogenously
produced MK, as we demonstrated to be the case with the
exogenously added MK.

Paracrine activity of MK: resistance of hiv permissive cells
to infection by coculturing with MK producing cells.

Parental HeLa cells are not permissive to HIV infection
due to the lack of CD4 expression. These cells were used to
establish by transfection CD4- HeLa cell clones producing
MK. Immunoblotting crude HeLa cell extracts with anti-
MK antibodies permitted the selection of several HeLa
clones producing MK. The production of MK was also
monitored by confocal immunofluorescence microscopy
in the positive clones in which MK was localized in the
nucleolus and abundantly at the cell surface. No significant
amounts of MK were detectable in the culture supernatants
of MK producing cells thus suggesting that secreted MK
binds rapidly to its cell-surface receptor.

In order to demonstrate that MK produced by a given
cell can protect a non-producer bystander cell against HIV
infection, HIV permissive HeLa P4 cells were cocultured
for 24 h with the CD4- HeLa cell clones producing MK
before infection by the HIV-1 LAI isolate. At the effector
(HeLa/MK cell clones) to target (HeLa P4 cells) ratio of 1 :
1, the degree of net inhibition of HIV infection was 61-93%
depending the respective MK producing HeLa clones; the
degree of HIV-inhibition being correlated to the degree of
recombinant MK expression. In further experiments, we
then demonstrated that such MK-induced anti-HIV LAI
resistance is also effective against other viral isolates, such
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as HIV-1 Ba-L and HIV-2 ROD. On the other hand, HIV-1
pseudotyped with MoMLV envelope glycoproteins was
not affected consistent with the specific action of MK on
HIV-envelope mediated viral infection.

Such coculturing experiments of HIV permissive with
non-permissive cells suggest that MK produced by CD4-
cells can transmit protection of CD4+ bystander cells
against HIV infection. Indeed, when CD4+ cells that are
negative for the MK expression, are cocultured with CD4-
cells producing MK, they become positive for MK at their
cell surface; thus illustrating the transfer of MK from one
cell type to the other [3].

The binding of MK to cells does not require heparan-
and chondroitin-sulfate proteoglycans

The binding of '*I-labeled MK to HIV permissive
HeLa P4 cells is in a dose-dependent manner. At 20°C,
the '*I-labeled MK is localized mostly on the cell surface
since trypsin-treatment of cells eliminates more than 95%
of bound MK. Furthermore, this binding is specific since
it is reduced by excess unlabeled MK. Interestingly, the
binding of the '*’I-labeled MK to cells is significantly re-
duced by HIV-1 LAI, consistent with the suggestion that
MK and HIV particles interact with common cell surface
component(s).

In the literature, heparan- and chondroitin-sulfate pro-
teoglycans have been reported to bind soluble preparations
of MK [20]. In order to evaluate the potential requirement
of heparan- and chondroitin-sulfate proteoglycans in the
capacity of MK to bind the cell surface, we used Chinese
hamster ovary mutant cell lines that are deficient in the
expression of heparan sulfate (CHO 677) or both heparan/
chondroitin-sulfate proteoglycans (CHO 618) [21]. Despite
lacking proteoglycan expression, these cell lines expressed
the cell-surface nucleolin as revealed by the capacity of the
biotin-labeled HB-19 to bind and form a stable complex
with it [4]. All binding experiments were carried out at
20°C to prevent MK entry into cells. We first investigated
the specific and non-specific binding of the '*I-labeled MK
to the wild type CHO K1 cells that express heparan- and
chondroitin-sulfate proteoglycans by washing cells at 300
and 150 mM NaCl, respectively. In cells washed with 300
mM NaCl, specific binding occurs in a dose dependent
manner and reaches a saturation at 1.2 uM of MK, at a dose
that inhibits more than 95% HIV infection in different types
of cells [3]. A similar saturation value is obtained in HeLa
P4 and Wilms’ tumor cells. Interestingly, the '*I-labeled
MK binding profile to heparan sulfate deficient CHO 677
and to both heparan- and chondroitin-sulfate proteoglycan
deficient CHO 618 cells is similar to that observed for the
wild type CHO K1 cells. These results therefore indicate
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that both heparan- and chondroitin-sulfate proteoglycans
are not implicated in the mechanism of binding of MK
under our experimental conditions [4]. Consistent with
this, the binding of MK to cells is not affected by FGF-2
that uses heparan-sulfate proteoglycans as low affinity
receptors [3].

Since high affinity binding sites for MK have been re-
ported on some cell lines [9], we investigated the presence
of such sites on CHO cells. Indeed, we found out that all the
CHO cell lines express high affinity binding sites. Scatchard
analysis of the '*I-labeled MK binding using high and low
concentrations confirmed the presence of low affinity and
high affinity binding sites, respectively [4]. The estimated
Kd value for MK binding to the high affinity binding site
on both CHO K1 and CHO 618 cells is 1.5 nM with an
estimated 110,000 sites per cell. The estimated Kd value
for MK binding to the low affinity binding site on CHO K1
and CHO 618 cellsis 3.6 x 107 (900 000 sites/cell) and 1.8
x 107 M (1 800 000 sites/cell), respectively.

The nucleolin-binding HB-19 pseudopeptide blocks
the binding of MK to the low but not high affinity
binding site [4]

The different CHO cell lines were employed to investi-
gate competition experiments for the low and high affinity
binding sites. The specificity of the '*’I-labeled MK binding
to the low affinity binding site was confirmed by the fact
that unlabeled MK prevented this binding. The nucleo-
lin-binding HB-19 pseudopeptide [1, 14, 15] drastically
inhibited the '*I-labeled MK binding to the low affinity
site. On the other hand, the N-terminal tail peptide of MK
or the C-terminal tail peptide of PTN had no apparent effect.
The peptide corresponding to the C-terminal tail of PTN
contains 11 lysine residues [8]. Consequently, the capacity
of HB-19 to prevent the binding of MK to the low affin-
ity binding site can not be accounted simply by the basic
nature of HB-19 [2]. This latter was further confirmed by
the use of the anti-HIV 9Arg peptide, which is composed
of 9 D-arginine residues.

The binding of the '*I-labeled MK to the high affin-
ity binding site was also specific as it was prevented by
unlabeled MK. However, the HB-19 pseudopeptide had
no effect on MK binding to the high affinity binding site,
so as the 9Arg peptide and the MK and PTN derived pep-
tides. These observations illustrate that the high affinity
binding site is a distinct receptor different from the low
affinity binding site. It is of interest to note that the con-
centration of MK necessary for the growth factor action
of MK is around 5 nM [8], whereas that for the anti-HIV
action is 0.5 uM [3]. Consequently, the growth factor and
anti-HIV action of MK should be triggered independently

through the interaction of MK with the high and low affin-
ity binding site, respectively. The concentration required
for the anti-HIV action of MK, and the fact that HB-19
prevents the binding of MK to the low affinity binding
site, strongly suggest that this site is the cell-surface-ex-
pressed nucleolin.

The specificity of MK binding to the nucleolin band was
investigated by ligand blotting experiments, in which we
used '*I-labeled MK and purified preparations of nucleolin
from HeLa P4 cells [4]. By this approach, we demonstrated
that the binding of MK to the denatured nucleolin band is
through a direct and specific interaction. The binding of
MK to the nucleolin band was inhibited in a dose dependent
manner by unlabeled excess MK and HB-19, whereas the
control peptides had no effect.

The tight interaction of MK with the cell-surface
expressed nucleolin

In order to confirm the interaction of the exogenously
added MK to the cell surface expressed nucleolin, confo-
cal microscopy studies were performed using a specific
monoclonal antibody against human nucleolin and goat
polyclonal antibody against MK [4]. We first demon-
strated that MK bound specifically to cells (HeLa and
CHO) at 4°C is revealed by a signal, which is somewhat
evenly distributed at the cell periphery, and this MK
signal colocalizes with that of the surface nucleolin.
Constantly, we observed that a small proportion of the
specifically bound MK becomes tightly associated with
the cell surface and resists 2 M salt wash. In order to in-
vestigate whether under such drastic washing conditions
MK is colocalized with nucleolin, HeLa P4 cells were
incubated with MK at 37°C for 30 min before washing
cells with culture medium containing 2 M NaCl. By this
procedure, only MK that has become anchored in the
plasma membrane is detectable. After 7% PFA fixation,
cells were labeled using the antibodies against MK and
nucleolin. The results show that MK is concentrated in
distinct spots at the plasma membrane and it colocalizes
with the nucleolin spots. The colocalization of the MK
signal with that of surface nucleolin is in accord with the
results observed in activated T lymphocytes in which the
MK signal colocalizes with that of nucleolin.

Finally, the cross linking of surface bound MK with
specific anti-MK antibodies, results in clustering of surface
nucleolin and its colocalization with the MK signal. This
is a specific event since under similar experimental condi-
tions the distribution of the protein phosphatase CD45 is
not significantly affected [3, 4]. This ligand-dependent
clustering of a receptor is consistent with surface nucleolin
being the main target of MK.
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The C-terminal tail of nucleolin containing the RGG
repeats is the site of binding to MK

Three main structural domains have been determined
in nucleolin: (1) the amino terminal domain containing
several long stretches of acidic residues, (2) the central
globular domain containing four RNA-binding domains
(RBDs), and (3) the extreme C-terminal domain contain-
ing nine repeats of the tripeptide motif arginine-glycine-
glycine (RGG domain) [10, 11]. We generated truncated
constructs of the C-terminal part of nucleolin in E. coli
fused with GST as a tag to permit their purification using
glutathione sepharose chromatography [17]. The expres-
sion of these constructs was monitored by immunoblotting
using crude bacterial extracts and an anti-GST antibody.
The MK binding capacity of each construct was then in-
vestigated by incubation of crude bacterial extracts with
the '*’I-labeled MK and the complexes were purified using
glutathione sepharose chromatography. The results show
that the presence of the RGG domain determines the MK
binding capacity of a given construct in the C-terminal part
of nucleolin [4]. Furthermore, the RGG domain alone is
sufficient for binding. Thus the RGG domain in nucleolin
is the binding site for MK. Consistent with this, HB-19
that also binds the RGG domain [17] is a potent inhibitor
of MK binding to nucleolin.

Internalization of MK by an active process is inhib-
ited by the nucleolin-binding HB-19 pseudopeptide
and it requires the expression of LRP

MK is internalized in different types of cells incubated
at 37°C. As heparan sulfate proteoglycans are implicated
in the internalization of FGF-2 [22], we investigated the
entry of MK in the heparan- and both heparan/chondroi-
tin-deficient CHO cell lines [4]. The results indicate that
MK entry is as efficient in the heparan-sulfate-deficient
CHO 677 and heparan/Chondroitin-sulfate deficient CHO
618 cells as in the wild type CHO KI cells. This effect
is specific to MK since FGF-2 entry is restricted only in
the wild type CHO K1 cells. This latter is in accord with
previous results showing that internalization of FGF-2
in CHO cells is dependent on the expression of heparan
sulfate proteoglycans since CHO cells lack expression of
high affinity receptors for FGF-2 [22].

Internalization of MK was further investigated in HelLa
cells. Entry of MK was in a time- and dose-dependent
manner, and reached saturation around 1 uM concentra-
tion of MK. Internalization was significantly reduced when
cells were incubated in the absence of FCS, whereas no
entry occurred when cells were incubated at 20°C even
in the presence of 10% FCS. These observations indicate
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that internalization of MK occurs by an active process.
Sodium azide, an inhibitor of classical endocytosis via
clathrin-coated vesicles, had no effect on MK internaliza-
tion [4]. As it was expected, no MK entry was observed in
the presence of HB-19 that inhibits the binding of MK to
cells. Internalized MK remained blocked in the cytoplasm
and even prolonged incubation did not result in its entry in
the nucleus. However MK entered cell nuclei freely when
cholesterol in the plasma membrane was eliminated by the
drug methyl-beta-cyclodextrin (CD) [23]. MK entry in CD-
treated cells is most probably by a passive process, since
MK entry into cell nuclei also occurred in CD-treated cells
incubated at 20°C. Therefore, elimination of cholesterol
leads to a receptor-independent entry of MK, which is then
accessible to the nuclei. However, in untreated cells, MK
entry is by an active process in which membrane-choles-
terol and lipid rafts appear to be implicated [4]. Indeed, the
cross-linking of surface bound MK with a specific antibody
results in the clustering of surface nucleolin along with gly-
cosylphosphatidylinositol-linked proteins CD90 and CD59,
pointing out that MK binding induces lateral assemblies of
nucleolin with specific membrane components of lipid rafts.
Accordingly, destruction of membrane cholesterol, which
is an essential component for the formation of lipid rafts,
results in MK internalization by a receptor-independent
passive process [4].

The active entry of MK requires the presence of LRP,
which is one of the high affinity receptors of MK. This
latter is due to the lack of expression of surface nucleolin
in mutant CHO cells that do not express LRP (unpub-
lished data). Indeed, surface nucleolin is detectable in
LRP +ve but not in LRP —ve cells, although in both cell
types nucleolin is expressed abundantly in the cytoplasm
and in the nucleus. Interestingly, there is a differential
mechanism for MK entry in LRP +ve and LRP —ve cells.
Whereas MK entry is blocked at 20°C in LRP +ve cells,
MK entry is not affected in LRP -ve cells at 20°C. These
observations indicate that MK entry in LRP +ve cells is
by an active process, whereas in LRP -ve cells it is by
a passive process, most probably due to the absence of
surface nucleolin. As nucleolin does not have a hydro-
phobic domain for its anchorage in the plasma membrane,
LRP could be the nucleolin partner that allows surface
expression of nucleolin and thus its proper functioning.
This is in accord with the data of Shibata et al/ [24] who
have reported that both LRP and nucleolin are necessary
for MK endocytosis. However, in our experiment MK
becomes concentrated in the cytoplasm and does not enter
the nucleus, whereas in the experiments of Shibata et al,
the internalized MK is translocated to the nucleus. The
discrepancy between our results and those of Shibata et a/
might be the different cell systems used.
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Potential role of MK as a cytokine during HIV in-
fection

Cytokines are important mediators of homeostasis. They
are produced by a variety of cells and act via membrane
receptors on responsive cells. The mRNA encoding the full
length MK precursor protein is expressed in vivo in normal
adult tissue, at least, in the PBLs of healthy individuals.
Moreover, in vitro treatment of lymphocyte by various
stimuli induces a marked increase of MK mRNA expres-
sion. Furthermore, MK becomes readily detectable at the
surface of activated lymphocytes. In view of its various
growth factor effects [7-9], its enhanced expression in
response to physiological agents, along with its specific in-
teraction with target cells, it is plausible to consider MK as
a cytokine that has a potential function in homeostasis.

The fact that MK is induced by extracellular stimuli dur-
ing events that also result in T cell activation is consistent
with cytokine nature of MK. The cytokine family includes
proteins such as interleukins, interferons, and chemokines
that mediate signals between cells implicated in the immune
system as well as other cell populations. The expression
of cytokine genes is highly regulated as their transcription
becomes initiated upon activation and then shuts down even
in the continuous presence of stimulating agents. In accord
with this, MK expression is induced markedly but tran-
siently during T cell activation of PBLs by PHA or mAbs
anti-CD3/anti-CD28. Treatment of PBLs with IL-2 or IFN-y
also results in the induction of MK mRNA, thus suggesting
that these cytokines are potential candidates responsible for
the induction of MK during the T cell activation process.
Of particular interest is MK induction in PBL treated with
mAD anti-CD28 but not mAb anti-CD3 alone, since for the
activation of T lymphocytes the combined signaling of the
T cell receptor-CD3 complex and the costimulatory CD28
molecule is necessary. The MK induction following en-
gagement of the CD28 receptor alone is most probably the
consequence of IL-2 production. Indeed, the IL-2 enhancer
contains a functional motif named CD28 response element
that serves as a target for mitogenic T cell activation signals
[25]. Furthermore, the increased IL-2 production is strictly
dependent on CD28 costimulation and does not appear to
occur with CD3 stimulation alone [26].

Cytokines through autocrine or paracrine way play a
crucial role in HIV pathogenesis [27]. Indeed, cytokines
can directly or indirectly affect HIV disease progression
by modulating the immune system on the one hand and
by regulating virus infection on the other hand. Here we
demonstrated that MK-treated cells are protected against
infection by both T lymphocyte- and macrophage-tropic
HIV isolates. Our results also illustrate that MK produc-
ing CD4+ cells are protected against HIV infection while

MK producing CD4- cells can provide a protection to the
non-producer CD4+ bystander cells. In view of the potent
anti-HIV action of MK, its in vivo expression in blood
lymphocytes and the marked in vitro induction in response
to physiological stimuli, it is plausible to suggest that MK
is a cytokine that could regulate HIV infection in an auto-
crine and paracrine manner and thus be implicated in the
evolution of HIV disease. In this respect, the potential con-
tribution of MK in HIV pathogenesis needs to be defined
along with previously described cytokines modulating the
outcome of HIV infection.
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