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SUMMARY

 

Several studies have suggested an important role for the protein tyrosine kinase p56

 

lck

 

 (Lck) in HIV
infection; however, the exact nature of this role remains unclear. Using a series of well characterized
Jurkat-derived cell lines having a wide range of Lck kinase activity, our results showed that, while the
entry of HIV-1 into these cell lines was similar, the kinetics of virus production by these cells were very
different. Cells expressing a kinase-inactive Lck showed accelerated viral replication, whereas, cells
expressing Lck with normal or elevated enzymatic activity showed a delay in virus replication that was
proportional to the initial level of endogenous Lck activity. The cell line having the highest initial Lck
kinase activity showed the slowest rate of productive HIV-1 infection. Analysis of 2-LTR circles
revealed that this inhibitory effect of Lck was not due to inhibition of reverse transcription of HIV-1
genome or migration of the proviral DNA into the nuclei. This affect of Lck was confirmed in additional
studies that used either the S1T cell line lacking completely Lck or where the Lck activity was altered
in Jurkat cells prior to infection. S1T cells showed a 3- to 12-fold increase in the level of infection com-
pared to Jurkat cells despite similar CD4 and chemokine coreceptor expression and cell doubling times.
Pretreatment of Jurkat with an antisense 

 

lck

 

 oligodeoxynucleotide inhibited the synthesis of functional
Lck and facilitated the viral replication by the cells as did expressing a dominant-negative mutant Lck
which increased the productive infection 

 

>

 

3-fold. Conversely, whereas IL-16 had no affect on produc-
tive infection in S1T cells that lack Lck, IL-16 pretreatment of Jurkat cells resulted in an immediate
(within 5 min) and sustained and gradual (over 5 h) increase in Lck activity that resulted in a reduction
of HIV-1 replication that paralleled the increasing Lck kinase activity. These results show that the enzy-
matic activity of Lck kinase can affect viral replication, that a lack of, or decreased Lck activity facili-
tates viral replication. Conversely, Lck can mediate a delay in HIV-1 infection that is proportional to the
initial endogenous Lck enzyme activity.
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INTRODUCTION

 

The cell surface glycoprotein, CD4, exhibits high-affinity for the
human immunodeficiency virus (HIV) envelope protein gp120
and constitutes the principal component of the cellular receptor
for HIV [1,2]. The 

 

src

 

-family protein tyrosine kinase, p56

 

lck

 

(Lck),
a proximal signalling molecule for activation of T lymphocytes
through ligation of the T cell antigen receptor (TCR) complex

[3,4] or the interleukin-2 (IL-2) receptor [5], is coupled to CD4
through interaction between cysteine residues located within the
cytoplasmic tail of CD4 and the NH

 

2

 

-terminus of Lck [6,7]. In T
cells that express CD4, 50–96% of the Lck is found bound to the
cytoplasmic tails of this protein [7,8]. Oligomerization of the CD4
molecule on the surface of  T cells results in a transient increase
in the enzymatic activity of Lck [7,8] which participates in T cell
activation by tyrosine phosphorylation of downstream proteins
involved in the activation pathway [3,7].

Cells expressing both CD4 and CC or CXC chemokine recep-
tors, the coreceptors for HIV, are primary targets of HIV infec-
tion [1,9–11]. Due to direct high-affinity binding to CD4 on T cells,
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HIV may act as a ‘pseudoligand’ and initialize agonistic or antag-
onistic biochemical signals similar to a natural ligand for CD4.
Furthermore, studies from our laboratory [12–14] and others [15–
17] have shown that HIV can affect intracellular signalling path-
ways resulting in increased tyrosine phosphorylation of a number
of proteins, and specifically, an increase in the kinase activity of
Lck and other 

 

src

 

-family members.
The cytoplasmic tail of the CD4 molecule has been known to

play important roles in modulation of HIV infection [18–21]. For
example, it has been shown that cells expressing CD4 having
point mutations at cysteines 20 and 23, so that Lck no longer asso-
ciates with CD4 tails, results in greatly accelerated HIV replica-
tion [21]. While these findings implicate a potentially significant
role for Lck in modulation of HIV infection, they do not distin-
guish between the requirements for the physical association of
Lck with CD4 and/or the Lck kinase activity for the manifestation
of this modulatory effect. Importantly, Lck itself has not been
examined directly for a role in facilitation or inhibition of the ini-
tial stages of HIV infection. Therefore, the objective of this study
was to clarify the role played by the Lck protein tyrosine kinase
during the early stages of HIV-1 infection.

 

METHODS

 

Cells

 

The  human  leukaemic  T  cell  line,  Jurkat,  was  obtained  from
the American Type Culture Collection (ATCC), Manassas, VA,
USA.  The  Jurkat-derived  mutant  T  cell  lines  J45·01  (J45),  that
has greatly depressed cell-surface CD45 expression [22], and
J.CaM1·6 (JCaM), that has a kinase-inactive, truncated form of
Lck [3], were obtained from ATCC. The J.CaM1·6 cell line trans-
fected with an expression vector containing the full-length 

 

lck

 

cDNA (JCaM-Lck) [3] was a kind gift from Dr A. Weiss (Univer-
sity of California, San Francisco, San Francisco, CA, USA). The
S1T T cell line, which lacks both mRNA and protein for Lck [23],
was provided by Dr G. Mills (MD Anderson Cancer Center,
Houston, TX, USA). All cells prior to infection, with the
exception of JCaM, were cultured in complete culture medium
(RPMI containing 10% (v/v) fetal bovine serum (FBS), 2 m

 

M

 

 

 

L

 

-
glutamine, and gentamycin at 37

 

∞

 

C in an atmosphere containing
5% CO

 

2

 

. Prior to infection, JCaM cells were starved of FBS for
24–48 h to increase surface expression of CD4.

 

Reagents

 

Antibodies used for these studies were FITC-conjugated anti-
CD45 (Serotec), phycoerythrin (PE)-conjugated anti-CD4 (Sero-
tec, Raleigh, NC, USA) and -CXCR4 (Pharmingen, San Diego,
CA,  USA),  the  12G5  monoclonal  anti-CXCR4  (fusin)  (The
AIDS Research and Reference Reagent Program, Rockville,
MD, USA), FITC-conjugated goat anti-mouse immunoglobulin
(BRL), a polyclonal anti-Lck (#974) made to a trpE-Lck fusion
protein containing amino acids 2–148, kindly provided by Dr A.
Veillette (McGill University, Montreal, Quebec, Canada), a poly-
clonal anti-Lck that recognizes amino acids 22–51 in the NH

 

2

 

-ter-
minus was purchased from Upstate Biotechnology, Incorporated
(UBI, Lake Placid, NY, USA), a monoclonal anti-Lck that
recognizes amino acids 1–191 was purchased from Transduction
Laboratories (Lexington, KY, USA) and 4G10 monoclonal
antiphosphotyrosine (UBI). Interleukin-16 (IL-16) was produced
as a recombinant protein from 

 

E.coli

 

 and was purchased from

Research Diagnostics, Inc. (Flanders, NJ, USA). cDNA for the
mutant dominant-negative Lck (K293R) [24] was a kind gift of Dr
A. Veillette (McGill University).

 

Virus stock and 

 

in vitro

 

 infection

 

HIV-1

 

IIIB

 

 was grown in Jurkat cells for 7 days prior to harvesting
cell culture supernatants, titrated using 

 

gag

 

 p24 ELISA assays
(Coulter, Miami FL), and aliquots stored at 

 

-

 

70

 

∞

 

C. Multiplicity of
infection (moi) was calculated as 1·5 virions/cell based on total
p24

 

gag

 

 levels or as 0·3 infectious virus particles/cell using MT-4
cells as previously described [21]. Aliquots were used immedi-
ately after thawing and cells were infected as described previously
[13,25].

 

Fluorescence staining (FACS)

 

Each cell line used was assessed for CD4, CD45, and CXCR4
expression by standard immunofluorescent analysis. Briefly, 10

 

6

 

cells were suspended in PBS containing 0·2% (v/v) FBS and incu-
bated for 30 min at 4

 

∞

 

C with anti-CD4-PE and anti-CD45-FITC,
or anti-CXCR4-PE, or anti-CXCR4 followed with goat anti-
mouse immunoglobulin-FITC. Cells were then washed, resus-
pended in washing buffer, and analysed immediately using a
FACScan cell analyser (Becton-Dickinson & Co. Mountain View,
CA, USA).

 

Antisense oligodeoxynucleotides and transfections

 

15 mer phosphorothioate oligodeoxynucleodies (S-oligos) were
purchased from the DNA Synthesis Laboratory, University of
Calgary, Calgary, Alberta, Canada. These were: antisense
sequence complementary to the AUG start codon of human 

 

lck

 

(TGCAGCCACAGCCAT). The sense human 

 

lck

 

 sequence
(ATGGGCTGTGGCTGC) and a scrambled S-oligo sequence
(TCTTTACCCTTAGGC) were used as controls. Jurkat (10

 

6

 

cells) were incubated with S-oligos overnight prior to infection.
After 2 h of infection with HIV-1

 

IIIB

 

 (moi, 0·3 or 1·5), the cells
were washed and then cultured in the presence of fresh S-oligos
which were replenished daily until sample collection. Transfection
of K293R kinase-dead Lck was performed with 8 

 

m

 

g DNA of plas-
mid pcDNA3 containing the full length K293R insert and 5 

 

¥

 

 10

 

6

 

Jurkat cells by electroporation [25]. Transfectants were selected in
the presence of 1 mg/ml Geniticin (G418, Gibco/Invitrogen Can-
ada Inc., Burlington, ON, Canada) and tested by Western immu-
noblot for stable-expression of mutant Lck protein.

 

Metabolic labelling

 

Metabolic labelling of newly synthesized proteins was performed
essentially as previously described (26). Briefly, after overnight
incubation with S-oligos, 5 

 

¥

 

 10

 

6

 

 Jurkat cells were washed and
resuspended in serum-, methionine- and cysteine-free medium
(RPMI-1640 selectamine kit, Gibco/Invitrogen) containing
100 

 

m

 

Ci/ml of each[

 

35

 

S]-methionine (ICN Biomedicals; 

 

>

 

600 Ci/
mmol) and[

 

35

 

S]-cysteine (ICN Biomedicals; 

 

>

 

1000 Ci/mmol) and
incubated  for  3  h  at  37

 

∞

 

C  in  5%  CO

 

2

 

.  The  cells  were  washed
and  lysed  in  radioimmuno-precipitation  assay  (RIPA)  buffer
(1% Nonident NP-40, 0·1% SDS, 0·1% sodium deoxycholate,
50 mmol/l HEPES, pH 7·3, 150 mmol/l NaCl, 2 mmol/l sodium
orthovanadate, 50 

 

m

 

mol/l ZnCl

 

2

 

, 2 mmol/l EDTA, 2 mmol/l
PMSF) and the Lck protein immunoprecipitated with a poly-
clonal anti-Lck antibody. After separation of metabolically
labelled Lck on SDS-PAGE, the gel was fixed for 15 min in 7%
acetic acid and then soaked in an enhancement solution (Amplify,
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Amersham Bioscience Inc., Baie d’Urfe, PQ, Canada). After dry-
ing, the protein bands were identified by autofluorography.

 

Immunoprecipitation and immunoblotting

 

Cells were lysed in RIPA buffer as previously described [26].
After 10 min incubation on ice, damaged nuclei, any unlysed cells
and debri were removed by centrifugation at 4

 

∞

 

C for 10 min at
14 000

 

¥

 

 g, and the total protein of each lysate measured by the
bicinchoninic acid (BCA) method (Pierce, Rockford, IL). Total
cell lysates were boiled in reduced SDS-sample buffer for 10 min
or immunprecipitated prior to SDS-PAGE. Immunoprecipitation
was done using previously prepared immune-complexes of poly-
clonal anti-Lck and Protein A-Sepharose beads (Amersham Bio-
science Inc.) as previously described [26]. Proteins were separated
by denaturing SDS-PAGE and transferred to nitrocellulose mem-
branes. Western immunoblots were performed as described pre-
viously [26]. For Lck protein detection, membranes were blocked
overnight in 5% (w/v) nonfat skimmed milk. For phosphotyrosine
(ptyr)-containing proteins, membranes were blocked in 5% (w/v)
bovine serum albumin (Boehringer Mannheim). After blocking,
the membranes were incubated with monoclonal anti-Lck or -ptyr
followed with the appropriate secondary antibody and subjected
to enhanced chemiluminescence (ECL, Amersham Bioscience
Inc.) or, first incubated with rabbit anti-mouse immunoglobulin
(from Dr Rob Sutherland, The Toronto Hospital, Toronto,
Ontario, Canada) followed by incubation with 

 

125

 

I-Protein A
(Amersham Bioscience Inc.) and detection by autoradiography.

In vitro

 

 kinase assay
In vitro

 

 immune-complex kinase assays were performed as previ-
ously described [27]. Briefly, equal cell numbers were centrifuged,
pellets lysed in RIPA lysis buffer, and immunoprecipitated with
polyclonal anti-Lck. Immunoprecipitates were washed free of
unbound protein using kinase buffer (50 mmol/. HEPES, pH 7·23,
150 mmol/l NaCl, 1 mmol/l MgCl

 

2

 

, 1 mmol/l MnCl

 

2

 

 and 0·5% NP-
40) and incubated with 10 

 

m

 

Ci 

 

g

 

32

 

P-ATP (specific activity, 4500 Ci/
mmol;  ICN  Biomedicals,  Irvine,  CA,  USA)  in  kinase  buffer.
Acid-treated  rabbit  muscle  enolase  (Boerhringer  Mannheim)
was added (2 

 

m

 

g/test) as an exogenous substrate as described
previously [28]. Proteins were separated by denaturing SDS-
PAGE and transferred to Immobilon-P membranes (Millipore
Corp., Bedford, MA, USA) which were then analysed after
autoradiography.

 

Viral entry

 

Viral entry levels were determined by semiquantitative measure-
ment of 

 

gag

 

 p24 of entry virions as described previously [21].
Briefly, 10

 

6

 

 cells were incubated on ice with HIV-1

 

IIIB

 

 for 30 min,
then incubated at 37

 

∞

 

C for 90 min, washed twice and incubated
for 2 min on ice in 200 

 

m

 

l of complete culture medium at pH 3·0 to
remove virions that had not entered cells. Cells were washed
twice with cold PBS and suspended in 200 

 

m

 

l fresh complete
medium and a 

 

gag

 

 p24 antigen ELISA assay performed according
to the manufacturer’s directions. The incubation period at 37

 

∞

 

C
was omitted for controls.

 

2-LTR circle analysis

 

The 2-LTR circles were assayed as previously described using a
nested PCR [25]. Two million cells were infected with HIV-1

 

IIIB

 

for 2 h, washed, and cultured for 8 and 24 h. The cells were pel-
leted and suspended in 50 

 

m

 

l of solution A (10 m

 

M

 

 Tris-HCl,

pH 8·3 and 100 m

 

M

 

 KCl) and lysed by addition of 50 

 

m

 

l of solution
B (10 m

 

M

 

 Tris-HCl, pH 8·3, 1% Tween 20, and 1% Nonidet P-40)
containing 25 

 

m

 

g of proteinase K, followed by 60 min incubation
at 60

 

∞

 

C. The lysates were then boiled for 30 min, and 2 

 

m

 

l ampli-
fied in 25 

 

m

 

l reaction mixture containing 10 m

 

M

 

 Tris-HCl, pH 8·3,
50 m

 

M

 

 KCl, 2·5 m

 

M

 

 MgCl

 

2

 

, 0·2 m

 

M

 

 each dATP, dCTP, dGTP,
dTTP, 1 

 

m

 

M

 

 each of forward (M667) and reverse (U32) primers
[29], and 2·5 units Taq polymerase. After an initial 5 min at 95

 

∞

 

C
in a thermocycler, the target sequence was amplified by 20 cycles
of 94

 

∞

 

C for 60 s, 65

 

∞

 

C

 

-

 

 45

 

∞

 

C (with 1

 

∞

 

C drop per cycle) for 45 s,
and 72

 

∞

 

C for 60 s; 10 cycles of 94

 

∞

 

C for 60 s, 45

 

∞

 

C for 45 s, and
72

 

∞

 

C for 60 s; and final 7 min at 72

 

∞

 

C. Four 

 

m

 

l PCR products were
further amplified under the same amplification conditions except
that dTTP was replaced by 0·19 m

 

M

 

 dTTP plus 0·01 m

 

M

 

 11-
digoxygenin-dUTP, the two primers replaced by 1 

 

m

 

M

 

 each of U5–
2LTR and U3–2LTR [29], and the previous amplification cycles
replaced by 25 cycles of 94

 

∞

 

C for 60 s, 55

 

∞

 

C for 45 s and 72

 

∞

 

C for
60 s. A portion of the PCR product was analysed on a 2% agarose
gel containing ethidium bromide, and photographed. To estimate
the 2-LTR-derived product, a 0·5-

 

m

 

l aliquot of PCR product was
hybridized with a 5

 

¢

 

-biotinylated AA55 probe [30], then captured
in microwells and assayed colourimetrically after reaction with
enzyme linked-antidigoxygenin antibody followed by enzyme
substrate, according to the manufacturer’s (Boerhinger-
Mannheim) directions. The amount of 2-LTR-derived PCR prod-
uct, up to an optical density of 0·7, was linearly proportional to the
input volume of a 2-LTR containing template preparations
(

 

r

 

 

 

>

 

 0·95). To normalize 2-LTR levels with HIV-1 entry into cells,
the amount of total HIV was determined by amplification of a
region of 

 

gag

 

 using SK38/SK39 primer pairs (30) under conditions
described above for the second PCR (the nested PCR), except
that amplification was achieved by 40 cycles of 94

 

∞

 

C for 60 s and
45

 

∞

 

C for 60 s. A portion of the PCR product was analysed on a 2%
agarose gel and 

 

gag

 

-specific product quantified by hybridization
with 5

 

¢

 

-biotinylated SK19 [31] probe, as described above. A par-
allel assay using 8E5 cells that contain one HIV provirus per cell
[32], showed a linear proportionality between the copies of HIV
provirus template and the amount of 

 

gag

 

-specific PCR product
(

 

r

 

 

 

>

 

 0·95).

 

RESULTS

 

Differential activity of Lck kinase in Jurkat-derived cell lines and 
its modulation during HIV-1 infection

 

To define the role of Lck kinase in HIV infection, a human T cell
line, and mutants of this cell line, that differ in their enzymatic
activity of Lck protein were selected. Jurkat cells express a func-
tionally active wild-type Lck protein and are considered a model
cell line for the study of T cell signalling pathways [3]. The Jurkat-
derived mutant cell line JCaM has an approximately 150 bp dele-
tion within exon 7 of the 

 

lck

 

 kinase domain. This deletion leads to
mRNA that translates to give a truncated, approximately 51 kDa,
form of Lck that is kinase inactive [3]. JCaM-Lck cells are JCaM
cells that are transfected with wild-type Lck cDNA and express
levels of Lck kinase activity similar to that of the parent Jurkat
cells [3]. The Jurkat-derived mutant J45 has greatly depressed
expression of the cell surface CD45 protein tyrosine phosphatase
[22]. Reduced CD45 expression has been shown to result in
hyperphosphorylation [33] and increased kinase activity [34–38]
of endogenous Lck compared to parent cells. Figure 1a,b shows,
respectively, Lck kinase activities and Lck protein levels present
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in these cell lines. As previously reported [3], there was no detect-
able Lck kinase activity, or 56 kDa Lck protein, in uninfected
JCaM cells. Slightly higher Lck kinase activity was evident in
JCaM-Lck cells compared to parental Jurkat cells. As expected
[33], the J45 cell line showed the highest Lck kinase activity. After
infection with HIV-1, the kinase activity of Lck in both JcaM-Lck
and J45 cells was substantially reduced without a change in pro-
tein levels.

Lck kinase activity inversely correlates with viral replication
To examine the affect of Lck kinase activity on HIV infection, we
determined the level of viral replication in the various Jurkat-
derived cell lines following infection with HIV-1IIIB. As shown in
Fig. 1c, the level of virus production inversely correlated with
increasing Lck kinase activity of the cell lines (see Fig. 1a). Thus,
the highest p24 antigen levels were found for JCaM cells and the
lowest p24 antigen production found for J45 cells. While the dif-
ferences in virus production between JCaM and J45 cell lines
remained largely unchanged, the differences between JCaM, Jur-
kat and JCaM-Lck cell lines were slightly more pronounced on
day 1 of infection than on the second day of infection. The latter
may be related to the fact that, after 2 days of infection, the dif-
ferences in Lck kinase activity are much less evident among the

various cell lines (see Fig. 1a). The apparent continued lack of
productive infection of J45 cells at day 2 even though Lck kinase
activity is similar to Jurkat and JCaM-Lck may be related to its
substantially higher initial Lck activity compared to the other cell
lines or, possibly, it is due to other factors. However, by day 3 or
day 4 of culture, p24 antigen levels were similar for all cell lines,
including J45 (data not shown). This indicates that although the
early stages of HIV infection are affected by the initial activity of
Lck kinase, the kinase activity and, thus, any inhibitory effect of
Lck, is reduced or eliminated over time of infection. This hypoth-
esis is supported by a substantial reduction in the kinase activity
observed at day two of infection (Fig. 1a) without a reduction in
the amount of Lck protein (Fig. 1b)

As shown in Fig. 1d, the inverse correlation of Lck kinase
activity to viral replication was independent of the time of initial
exposure to the HIV although, with prolonged exposure to virus,
J45 cells showed a slightly higher productive infection but contin-
ued to be significantly delayed compared to the other cell lines
after 2 days of infection.

Taken together, these data suggest that the initial level of
endogenous Lck kinase activity may serve to inhibit some
aspect of the HIV-1 life cycle, and that, eventually, the virus, or
a protein encoded by its genome, such as Nef [39,40], may

Fig. 1. Lck kinase activity inversely correlates with HIV replication. Jurkat T cells or Jurkat-derived JCaM, J45, or JCaM transfected with
wild-type lck cDNA (JCaM-LCK) were infected with HIV-1IIIB (moi 1·5) and cell cultures assayed for p24 antigen. (a) The level of kinase
activity of the various Jurkat-derived cell lines using an in vitro kinase assay of uninfected cells and HIV infected cells after 2 days. Equal
amounts of cell equivalents were immunoprecipitated from cellular lysates using anti-Lck. The immunocomplexes were incubated with
[g32P]ATP, the proteins fractionated by SDS-PAGE, electrotransferred to Immobilon-P membranes, and the radiolabelled proteins were
visualized by autoradiography. Results show both autophosphorylation of Lck and phosphorylation of an exogenous substrate, rabbit
muscle enolase. These results are representative of three independent experiments. (b) The Lck protein level of the various Jurkat-derived
cell lines, uninfected and after HIV infection for 2 days, determined from total cellular lysates from (a), using Western immunoblotting
with anti-Lck and ECL. Equal loading of total protein was based on equal cell equivalents for each lysate. These results are representative
of three independent experiments. (c) The relative level of viral p24 antigen determined by ELISA for each Jurkat-derived cell line infected
with HIV-1IIIB after 1 or 2 days of infection. Cells (106/ml) were infected with HIV-1IIIB (moi 1·5) for 2 h, washed, and cultured for the
indicated days prior to gag p24 measurement. Results represent the mean p24 antigen level ± SEM of triplicate cultures. These results are
representative of at least five independent experiments. (d) p24 antigen production from the various Jurkat-derived cell lines after varying
the length of time of initial HIV-1IIIB infection, from 4 to 12 h. Results represent the average p24 antigen level of duplicate cultures. The
results shown are for 2 days after initial HIV-1 infection.
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target Lck to diminish its kinase activity in order to facilitate
the infection.

A difference in viral replication is not due to differences in HIV 
receptor expression
Because infection with the T cell-tropic HIV-1IIIB requires both
CD4 and CXCR4 on the surface of T cells [9,11], we examined
the expression of these receptors in the various Jurkat-derived T
cell lines. As shown in Fig. 2, while Jurkat, JCaM-Lck, and J45 T
cell lines expressed both CD4 and CXCR4 at similar levels, the
JCaM cell line expressed very low levels of CD4 but similar lev-
els of CXCR4 as compared to the other Jurkat-derived cells. It is
therefore, exceptional that despite having a very low level of
cell-surface expression of CD4, this did not impede viral entry
(see below) and, in fact, JCaM cells were infected to the highest
level.

Absence of Lck kinase facilitates HIV-1 infection
To further confirm that low or absent Lck kinase is responsible for
the increased rate of infection, we used another T cell line, S1T,
that lacks both lck mRNA and protein [23] (Fig. 3a) but expresses
both CD4 and CXCR4 at levels similar to Jurkat T cells (Fig. 3b).
As shown in Fig. 3c, after 2 days of infection with HIV-1, S1T cells
produced an approximate 3-fold higher level of viral replication
than did Jurkat cells. However, this relative difference in virus
production, unlike that shown in Fig. 1c, was maintained or even

increased over consecutive days of infection [data not shown and
Fig. 8]. S1T cells are derived from a patient infected with HTLV-
I [23,41], however, production of tax protein that may enhance
HIV infection cannot explain the higher viral replication in these
cells as this cell line does not produce the HTLV-I tax protein [41].
Moreover, the increased infection of S1T compared to Jurkat was
not accounted for by differences in the rate of proliferation of
these cells over the short culture time used to monitor infection
since their population doubling times, calculated from log-phase
growing  cultures  as  previously  described  [42]  (Fig. 3d),  were
19·7 h for Jurkat cells and 17·3 h for S1T cells.

Lck kinase activity does not modulate virus entry
We determined the amount of entry virions by measuring intrac-
ellular p24 antigen levels after 30 min exposure of cells to HIV-
1IIIB on ice followed by 90 min incubation at 37∞C [21]. Although
there was great variation in the constitutive activity of Lck and
the ability of these cell lines to become productively infected
(Fig. 1a,c), this did not correlate with the ability of the virus to
enter the cell. Results in Table 1 show that the levels of p24 anti-
gen detected within the different cell lines after initial exposure to
virions were comparable with the exception of JCaM. Indeed,
JCaM cells showed the lowest viral entry, presumably due to their
low CD4 expression; however, in spite of the lowest levels of viral
entry, these cells exhibited the highest levels of HIV replication
(Fig. 1c,d).

Fig. 2. FACS analysis of CD45 and HIV cell surface receptors. (a) Two colour FACS analysis for CD45 and CD4 cell surface antigens of
the various Jurkat-derived cell lines. (b) FACS analysis for CXCR4 a-chemokine HIV coreceptor of the various Jurkat-derived cell lines.
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Lck kinase activity inhibits neither reverse transcription of 
HIV-1 nor 2-LTR circles
After the completion of reverse transcription of the HIV genome
in the cytoplasm, the newly synthesized linear proviral DNA
migrates to the nucleus and, only inside the nucleus, its two

terminal ends are joined to give rise to 2-LTR circles [29,43,44].
The appearance of 2-LTR circles is therefore a clear evidence for
completion of the proviral DNA synthesis and its nuclear migra-
tion. These circles are transient in nature but accumulate at nota-
bly greater levels in cells with inhibition of proviral integration
than in cells without any such inhibition [29,43]. We therefore
quantified 2-LTR circles and the total proviral DNA in cells that
were assayed for viral entry (in Table 1), after 8 and 24 h of infec-
tion with HIV-1, and the values of 2-LTR circles were normalized
to the total proviral DNA in the cells. Results in Fig. 4a show that
all cell lines contained appreciable evels of 2-LTR circles at 8, but
not 24, hours after the initial infection, and that their total provi-
ral DNA contents at 8 h were consistent with results of viral entry
shown in Table 1. The ratios of 2-LTR circles to total proviral
DNA in the cell lines ranged from 0·217 to 0·337 and showed no
correlation with their Lck kinase activity or productive HIV
infection (Fig. 4b,c). Again, it can be seen that viral replication in
S1T cells lacking Lck is increased (>12-fold) compared to Jurkat
cells (Fig. 4c).

Fig. 3. Lack of Lck kinase facilitates HIV productive infection. (a) The S1T human T cell line lacks Lck protein compared with Jurkat T
cells. 2 ¥ 107 Jurkat and S1T T cells were lysed, immunoprecipitated with anti-Lck, the proteins separated by SDS-PAGE and electrotrans-
ferred to nitrocellulose membranes. The membrane was blocked with 5% skim-milk and Lck protein identified by Western immunoblot
with anti-Lck using ECL readout. (b) Two-colour FACS analysis of cell surface CD4 and CXCR4 using Jurkat and S1T human T cell lines.
(c) Relative viral p24 antigen production from Jurkat and S1T cells determined after 2 days following infection with HIV-1IIIB (moi, 1·5).
The amount of entry virus was determined to be 157 and 151 pg of p24gag, respectively (Table 1). Results represent the mean p24 antigen
level ± SEM of triplicate cultures. These results are representative of two independent experiments. (d) Exponential increase in cell number
by Jurkat and S1T T cell lines over time in culture. Cells were seeded at 2 ¥ 105 cells/ml and aliquots withdrawn and cells counted over the
indicated days of culture. Population doubling times were calculated from the log-phase growing cultures.
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Table 1. Determination of initial viral entry using measurement of p24 
antigen*

Cell line p24 antigen level (pg/ml)†

Jurkat 157
JCaM 97
J45 138
S1T 151

*See Methods [21]. †Results were similar in two experiments and
represent the value obtained at 37∞C minus the control result.
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Blocking the synthesis of Lck in Jurkat cells causes accelerated 
viral replication
To further examine the inhibitory effect of Lck on productive
HIV infection, we inhibited the synthesis of Lck protein in cells by
treatment with an antisense oligodeoxynucleotide specific to Lck

and monitored its effect on HIV replication. As shown in Fig. 5a,
Jurkat T cells pretreated with antisense lck phosphorothioate oli-
godeoxynucleotides (S-oligos) showed an increase in viral repli-
cation compared to a sense S-oligo control sequence over a wide
concentration range (1–5 mM). A scrambled S-oligo sequence that

Fig. 4. PCR analysis of 2-LTR circles and viral gag DNA. (a) The indicated cell lines (2 ¥ 106 cells) were infected with HIV-1IIIB (moi 1·5).
After 8 or 24 h of infection, total cellular DNA was prepared from cells by a quick lysis procedure [29]. The DNA was amplified by PCR
using specific primers as described in the Methods and 2-LTR circles and gag DNA determined and quantified. The upper panel are the
results from 2-LTR circle determinations. The position of the 2-LTR products (168 bp) are indicated by an arrow. The lower panel are the
results from the gag PCR. The position of the HIV-1 gag (115 bp) and the beta-globin (268 bp) control are indicated by arrows. The 2-LTR
and HIV-1 gag optical density (OD) were quantified using a biotinylated AA55 probe [31] and enzyme-linked antidigoxygenin (see
Methods). (b) The ratio of 2-LTR circles to HIV-1 gag optical density for each cell line. (c) The level of HIV-1 replication after 2 days of
infection for each cell line as determined by measurement of gag p24 antigen production using ELISA.
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was base-matched to the antisense sequence also failed to
increase the viral replication compared to the antisense S-oligo
[data not shown]. The increase in viral replication observed with
antisense lck S-oligo is even more remarkable considering that
phosphorothioate oligodeoxynucleotides themselves are known
to inhibit HIV infection [45,46], presumably due to inhibition of
the viral reverse transcriptase [45]. This may explain why we did
not observe more dramatic differences and why the optimal win-
dow for the antisense affect is narrow, over 1–2 mM; at higher con-
centrations, the S-oligos both inhibit nonspecifically. Indeed, at

1·5 mM of the antisense lck S-oligo, the increase in viral replication
appears maximal, approximately 5-fold higher compared to con-
trol (Fig. 5a).

The treatment of Jurkat cells with 1·5 mM antisense lck S-oligo
led to only partial inhibition of both the synthesis of Lck protein
(by 62%) and the Lck kinase activity (by 53%) relative to the con-
trol cells treated with sense lck S-oligo (Fig. 5b). These data, while
supporting an inhibitory effect of the Lck kinase activity on HIV
replication, show that even partial inhibition of the kinase activity
is sufficient for a noticeable increase in viral replication.

Fig. 5. Blocking Lck protein synthesis and kinase activity results in accelerated viral replication. (a) Jurkat T cells (106/ml) were untreated
or incubated with 1–5 mM phosphorothioate oligodeoxynucleotide 15mer antisense-lck or sense-lck sequences 12–16 h prior to infection
with HIV-1IIIB (moi 1·5). Viral gag p24 antigen production was then measured by ELISA after 2 days of culture. Results represent the
average of duplicate cultures. These results are representative of at least three independent experiments. (b) The level of newly synthesized
Lck protein and Lck kinase activity following treatment with antisense-lck or sense-lck 15mer phosphorothioate oligodeoxynucleotide
sequences as in A, above. Newly synthesized Lck was assessed by specific immunoprecipitation using anti-Lck after metabolic labelling
with [35S]-labelled amino acids. The [35S]-labelled Lck was isolated by SDS-PAGE and the protein visualized by autofluorography. The
kinase activity of total cellular Lck was assessed by in vitro kinase assay using rabbit muscle enolase as an exogenous substrate (see
Methods). The percentage reduction in newly synthesized Lck protein and total cellular Lck kinase activity of the antisense compared to
the sense treated cells was determined after densitometry analysis of the autofluorograph and autoradiograph, respectively.
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Expression of a dominant-negative Lck results in markedly 
increased viral replication
To further support our antisense DNA experiments, we expressed
a dominant-negative Lck in Jurkat cells by transfecting into these
cells a mouse Lck that had been point mutated within its ATP
binding site resulting in an Lck that is kinase-inactive and has a
dominant-negative affect [24,47]. Transfected Jurkat cells were
shown to over-express this dominant-negative form of Lck
(Fig. 6a) and these cells were infected by HIV-1 to a >3-fold
higher level than were untransfected Jurkat cells or Jurkat trans-
fected to contain only the empty-vector (Fig. 6b).

IL-16 stimulation of Jurkat T cells results in an immediate and 
sustained increase in Lck kinase activity that correlates with a 
delay of HIV infection
Since decreasing the Lck kinase activity in Jurkat T cells results in
increased viral replication (Figs 5 and 6), it predicts that an
increase in the Lck kinase activity would have a negative affect on
viral replication. To test this, we stimulated the Jurkat T cells with
IL-16, a cytokine previously shown to associate with CD4 and
increase the kinase activity of Lck [48,49]. As shown in Fig. 7a,
incubation of Jurkat T cells with 5 ¥ 10-9M recombinant IL-16
results in an immediate (within 5 min) increase in Lck kinase
activity as indicated by the increased autophosphorylation of Lck

Fig. 6. Jurkat cells transfected to express a dominant-negative Lck show
facilitation of HIV-1 infection. (a) Jurkat cells (106/ml) transfected with
empty pcDNA3 vector (E) or vector containing Lck mutated at lysine 273
to arginine (K273R) were shown to over-express K273R mutant by West-
ern immunoblot. (b) Cells (5 ¥ 105, Jurkat (untransfected), or transfected
with empty vector (E) or mutant (K273R)) were infected with HIV-1IIIB

(moi, 0·3) and HIV replication measured by gag p24 ELISA after 2 days
of culture. Results represent the mean p24 antigen level ± SEM of tripli-
cate cultures. P-value was determined using a paired Student’s t-test.
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Fig. 7. IL-16 stimulation results in a sustained increase in Lck kinase
activity that correlates with inhibition of HIV-1 infection. (a) In vitro
kinase assay (I) and Western immunoblot (II) of Lck protein following
stimulation of Jurkat T cells (106/ml) with 5 ¥ 10-9 M human recombinant
IL-16 for 2–10 min Arrows indicate location of Lck and enolase. The
relative specific kinase activity of Lck (III) was determined as previously
described [14] as the ratio of the optical density of the enolase band
measured from the kinase experiment to the optical density of the Lck
protein band measured from the Western immunoblot. (b) In vitro kinase
assay (I) and Western immunoblot (II) of Lck protein following stimula-
tion of Jurkat T cells (106/ml) with 5 ¥ 10-9M human recombinant IL-16 for
1–24 h. Arrows indicate the position of Lck and enolase. The relative
specific kinase activity (III) of Lck was determined as described above.
These results are representative of at least three independent experiments.
C. HIV-1 viral replication as measured by gag p24 ELISA following IL-16
treatment of Jurkat T cells. Jurkat cells (106/ml) were untreated or pre-
treated with 5 ¥ 10-9M human recombinant IL-16 for the indicated times
prior to infection with HIV-1IIIB (moi 0·3). Results represent the mean p24
antigen level ± SEM of triplicate cultures. These results are representative
of at least three independent experiments.
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as well as the increased tyrosine phosphorylation of an exogenous
Lck substrate, rabbit muscle enolase (Fig. 7a,b). A single treat-
ment with the IL-16 also led to a slow but continual increase of
the Lck kinase activity over a period of at least 5 h (Fig. 7b). To
test whether IL-16 inhibition of HIV infection may, at least in
part, be mediated through its effect on Lck kinase activity, we
next treated the Jurkat cells with IL-16 for various times prior to
infection with HIV-1IIIB and monitored the virus production. Our
results (Fig. 7c) show that IL-16 can inhibit HIV-1 production in
Jurkat T cells up to 90% but only when the cells are exposed to
the cytokine 2–4 h prior to initiating the infection. After 6 h of
pretreatment with IL-16, the virus production is inhibited by
60%; however, if Jurkat cells were treated with IL-16 for 24 h
prior to infection, the virus replication was inhibited by only 20%.
These results suggest that the IL-16 inhibition of HIV infection is
dependent on the length of IL-16 stimulation of cells prior to
infection, and parallels the IL-16-mediated increase in the Lck
kinase activity in the cell. These data also confirm our previous
findings using a loss of function approach (Figs 5 and 6), that rel-
atively small changes in Lck kinase activity can have significant
affects on viral replication.

To insure that the IL-16 affect is on the Lck kinase, we used
S1T cells that do not express Lck (Fig. 3a). Figure 8 shows that
while HIV-1 infection of Jurkat cells expressing Lck can be sig-
nificantly inhibited with IL-16 after a 4-h pretreatment, infection
of S1T cells is unaffected. IL-16 also had no affect on the infection
of JCaM cells (data not shown). These results are entirely consis-
tent with an inverse relationship between the Lck kinase activity
and HIV replication in the cell and confirm previous work that
has shown IL-16 to inhibit HIV infection [50,51] in a manner that
requires CD4-mediated signalling [52].

DISCUSSION

It was suggested in previous studies that Lck can influence certain
outcomes of HIV-1 infection of T cells, including apoptosis [20],
syncytium formation [53], and productive infection [18,21]. How-
ever, these studies [18,20,21] did not examine the Lck enzyme but,
rather, utilized studies of mutant CD4 molecules that could not
associate with Lck to conclude their findings. To address the issue
of the role that Lck itself may play in the initial stages of HIV-1
infection, we used different cell lines, including a series derived
from the same Jurkat parent, that express varying levels of Lck
kinase activity. In addition, we utilized strategies to inhibit or acti-
vate Lck within the same cell line. This approach has allowed
for a direct assessment of the potential role of Lck in productive
HIV-1 infection.

We determined that the initial, constitutive level of Lck activ-
ity correlated with an ability to resist productive HIV-1 infection.
Indeed, the higher the enzyme activity of Lck, the greater the
affect on viral replication. This inverse affect on HIV infection
depending on the initial constitutive activity of Lck appears to
only delay productive infection. However, as viral replication
increased, this correlated with diminishing Lck kinase activity
(Fig. 1a), without any marked change in Lck protein levels
(Fig. 1b), suggesting that diminished Lck activity may be impor-
tant for optimal viral replication supporting the notion of Lck
kinase activity providing some resistance to viral replication [54].

It is known that when T cells are activated, their Lck kinase
activity increases [21] and that in order for primary cells to be
productively infected with HIV in vitro, there must be mitogenic

activation [55]. Based on the results reported herein, this would
predict some resistance to HIV infection; however, mitogenic
activated human primary T cells easily replicate virus [55]. To rec-
oncile this, previously our laboratory has reported that primary T
cells that are activated with PHA and IL-2 and express high Lck
kinase activity when treated with either gp120 or a gp120 ana-
logue, Peptide T, down-regulate Lck kinase activity to almost
undetectable levels while up-regulating the kinase activity of
other tyrosine kinases [12]. This is consistent with the idea that the

Fig. 8. Inhibition of HIV-1 infection by IL-16 requires Lck kinase. (a) S1T
cells (5 ¥ 105) were untreated or pretreated with 5 ¥ 10-9M human recom-
binant IL-16 for 4 h prior to infection with HIV-1IIIB (moi, 0·3). HIV-1
replication was measured by gag p24 ELISA after 2 days of culture.
Results represent the mean p24 antigen level ± SEM of triplicate cultures.
P = n.s. (b) In parallel with S1T cells above, Jurkat cells (5 ¥ 105) were
untreated or pretreated with 5 ¥ 10-9 M human recombinant IL-16 for 4 h
prior to infection with HIV-1IIIB (moi, 0·3). HIV-1 replication was mea-
sured by gag p24 ELISA after 2 days of culture. Results represent the
mean p24 antigen level ± SEM of triplicate cultures. P-value was deter-
mined using a paired Student’s t-test.
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virus requires a low or absent level of Lck kinase activity to opti-
mize its infection. Indeed, the HIV-1 Nef protein has been shown
to be a critical protein required for viral replication and data has
suggested that the association of Nef and Lck is central to the
enhancement of viral replication [56,57]. Nef binds Lck through
specific protein–protein interaction motifs and has been shown to
decrease its kinase activity causing impairment of both proximal
and distal Lck-mediated signalling events [39,40,57]. Thus, the
production of Nef protein may be a response by the virus to insure
that Lck kinase activity is down-regulated and remains low
[56,57]. This is the most intriguing explanation for the global
decrease in Lck kinase activity without a change in the level of
protein seen in our studies after 2 days of infection (Fig. 1a,b).
Our results may also apply to HIV infection in other physiological
situations. Indeed, it is well known that CD4-negative cells that
lack Lck can be infected by HIV [58,59]. This may indicate some
natural selection process resulting in the virus able to utilize cell
receptors other than CD4, such as the recently reported VPAC1
[25], to avoid activation of Lck.

Our studies support the previous conclusions of Tremblay
et al. [21] who showed that CD4 constructs either lacking a cyto-
plasmic domain or mutated to not allow association of Lck to the
cytoplasmic domain resulted in facilitation of viral replication.
However, in contrast, Benikrane et al. [18], using a similar
approach, showed the opposite result on viral replication. These
two opposing studies are difficult to reconcile, however, Tremblay
et al. showed similar results with two different virus strains, HIV-
1IIIB and HIV-1SF, using two different cell line targets (A2·01 and
HSB-2); whereas, Benikrane et al. [18] used only the A2·01 cell
line and a single virus strain, HIV-1LAI. Our studies that support
the work of Tremblay et al. [21] used the same IIIB virus but dif-
ferent cells (Jurkat). It is possible that the LAI virus envelope is
substantially different from IIIB and SF and that it would induce
different signalling in the target cells. For example, perhaps the
LAI virus activates other src-family tyrosine kinases, or signalling
pathways, that are redundant for the Lck signal.

In our studies, the initial level of kinase activity of Lck
appears to be the single factor responsible for differences in the
early stages of viral replication. This is most evident when using
Jurkat cells where the constitutive activity of Lck is modulated up
or down resulting in, respectively, decreased or increased viral
replication. Differences in viral replication was independent of
viral entry and was not attributed to a differential HIV reverse
transcription or migration of proviral DNA into nuclei (Table 1
and Fig. 4). The loss of 2-LTR circles after 24 h of infection and
subsequent virus production indicates successful proviral integra-
tion in each cell line. Furthermore, the lowest ratio of 2-LTR cir-
cles to proviral DNA observed in J45 cells, a dividing cell line
showing the highest Lck kinase activity, is indicative of a lack of
inhibition of proviral integration relative to the other cell lines.
This suggests that the lowest viral replication found in these cells
could not be due to reduced proviral integration. Taken together,
these data indicate that Lck kinase activity delays HIV viral rep-
lication by affecting the virus life cycle at a postintegration step.
This is also a proposed mechanism to explain the IL-16 effect on
HIV replication [52].

We used IL-16 to increase the Lck kinase activity [48,49]
because we wanted to sustain an increase in enzymatic activity as
opposed to a rapid, but transient, increase in Lck such as occurs
with normal T cell activation [7,8] or crosslinking of the CD4 [21].
Indeed, our results with J45 cells and the IL-16 experiments may

indicate that the Lck kinase activity need be raised and sustained
for a period of time prior to infection for maximal delay in HIV
infection. This suggests that some downstream event tied to the
Lck kinase activation [60–62] or the induction of another cellular
factor, previously suggested [50] for the mechanism of the IL-16
affect on HIV-1 infection, is responsible for the inhibitory effects
on viral replication. Preliminary results in our laboratory indicate
that IL-16 may affect the association between Lck and the
SHP-1 protein tyrosine phosphatase (data not shown). Results
obtained from experiments in the motheaten mouse that lacks
functional SHP-1 showed a sustained increase in Lck kinase activ-
ity and that one function of SHP-1 is to negatively regulate the
activity of Lck [62]]. Our unpublished results show that following
IL-16 treatment, we observe a dissociation of SHP-1 from Lck
and this loss of negative regulation by SHP-1 may be the mecha-
nism by which IL-16 results in its sustained increase in Lck kinase
activity.

Identification of host genetic factors that may provide resis-
tance to infection with HIV is critically important [63] to defining
potentially novel targets for therapeutic intervention that may
influence the infectivity of this virus. In the work reported herein,
we have identified the tyrosine kinase, p56lck (Lck), as a poten-
tially important cellular protein that can provide some resistance
to productive HIV-1 infection. A high initial Lck kinase activity
prior to infection with HIV-1, or a sustained elevation of its kinase
activity, was found to inversely correlate with productive HIV-1
infection. Thus, our work demonstrates that Lck kinase plays an
important role in regulating productive infection with HIV-1, as
previously suggested by other workers [18–21]. Our results also
support the previous conclusions of Tremblay et al. [21] of a facil-
itating effect on HIV replication when Lck is decreased or absent.
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