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ABSTRACT
CD4- T cells are the principal target and host of the human imrnunodeficiency
v i n s (HIV). The virus enters both resting and activated CD4' T cells but integrates and

muhiplies only in activated cells. This is mainly due to the inability of HIV preintegration complex (PIC) to migrate from the cytoplasm into the nucleus of resting T
ceils, The nuclear import of PIC requires an activation signal through CD25, the a chah
of high affinity interleukin-2 (IL-?) receptor (1 L-Ra), or through the CD28. To further
define the reIationship between T ce11 activation and the nuclear import of PIC, this thesis
examines the role of topoisornerase II (topoII), and enzyme induced and involved in a
major remodeting of nucleus during T ce11 activation .The negatively selected highly
and
purified resting CD4' human T cells, free of monocytes, were infected with HNIllB
stimdated with a combination of anti-CD3 and anti-CD28 monoclonal antibodies (mAbs)

in the presence or absence of different topoII inhibitors (VM-26, mAMSA, novobiocin,
ICRF 187) that act through different mechanisms and block the activities of both topoIIa
and topoIIP isozymes. Specific mRNA expression was monitored by RT-PCR, IL-2

production by ELISA and the expression of IL-2Ru by flow cytometry. Fully reversetranscribed viral genome was monitored by PCR amplification and the nuclear migration
of PIC was monitored by semi-quantitative PCR assays of ZLTR circles. The entry of
celis into S-phase was rnonitored by '~-th~midine
incorporation.
T'he activation of CD4' T cells in the presence of each of the above topo II
inhibitors blocked the initiation of DNA replication as well as the nuclear import of H W ,
without affecthg the induction of IL,-2 or IL-2Raexpression or fiil1 length KiV provirus
synthesis. Interestingly, these topoiI inhibitors, but not aphidicolin (a potent inhibitor of

DNA polymerase a).specifically blocked the induction of topoII a mRNA with tittle or
no effect on the levels of mRNA for topoHP glyceddehydes phosphate dehydrogenase

(GAPDH)DNA polymerase or proliferating ce11 nuc1ear antigen (PCNA) mRNA.
However, once the T cells are activated, these topoII inhibitors blocked ceIl proIiferation
but had no effet on the nuclear migration of HIV,indicating that neither topoIIa nor
topoUp activity is directly involved in the latter process.
The results presented in this thesis demonstrate that the activation signd through

IL-2 receptor or CD28.aIthough essential, is not suscient for nuclear Mport of W .
The process is dependent on topoIIcr, but not topoII0, mRNA expression. The results

point IO a ro1e of ropoIIa-mediated changes in the nuclear architecture in the nuclear
migration of HIV in CD4' T cells.
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INTRODUCTION
Retroviruses are RNA viruses that replicate through integration of a DNA copy of
their genome into the host chromosorne (1-3). These viruses are rnembers of the
Retroviridae family. which require entry into the host ce11 nucleus not only to access
chromosomes, but also to utilize the celIuIar RNA polymerase and RNA
splicing/maturation machinery for completion of their replication cycles (4). However,
most retroviruses are unable to enter the host ceIl nucleus and therefore await dissolution
of the nuclear membrane dunng mitosis to access host chromosomes for integration (4.5).
The integrated viral genome is then encased in the nucleus of one or both daughter cells.
Therefore. the replication of these retrovinises is dependent on the mitotic division of the
host ce11 (5.6). However. retroviruses that belong to the lentivirus genus of the
Retroviridae family (lentiviruses) have evolved distinct mechanisms that ailow their entry
into the interphase nucleus of the host cells (7,8). Therefore, these lentiviruses do not
depend on mitosis of the host ceH for integration and reprication of their genorne (9), and
are considered ideai precursors for vectors for gene therapy in non-dividing celIs (10).

HIV, the causative agent of acquired immunodeficiency syndrome (AiûS), is a
lentivirus (1 1) that predominantly uses CD4 giycoprotein as receptor (l2,13), in
conjunction with chemokine receptors such as CXCR4 or CKRS (14-16) to enter the cell.
Since CDJ* T cells express high levels of CD4 giycoprotein and CXCR4, these are the
primary targets of HIV and site of HN replication (12-17). However, the replication of

HIV in CD4&T cells is Iinked with the state of activation of the T ceIl (18,19). HIV enters
resting and activated CD4' T cells with similar eficiencies but it integrates and

multiplies only in activated T cells (16-18,76). The relationship between HIV replication
and T cell activation has been the subject of several studies (18-22,30,76).
Activation of CD4' T cells proceeds through two successive receptor-ligand
interactions. The first interaction. between CD3R ce11 receptor ( K R ) cornplex and the
antigen peptide clasped in a class II major histocompatibility complex (MHC) moiecule,
triggers a series of biochemical changes that lead to induction of L - 2 and CD25 (139).
CD25, the a chah of the IL-? receptor, associates with pre-existing B and y chains to

-give rise to high affinity IL-2 receptor on T ce11 surface (135). The second receptorligand interaction between IL-2 and high a f f i t y IL-2 receptors on the T ce11 induces a
series of IL-Mependent change, that lead to induction of key enzymes and proteins of

DNA replication (22-26), a major remodeling of nuclear structure (66) and initiation of
DNA replication (26,27).

Previous studies have shown that upon entry into the resting CD4' T ceIl
cytoplasm. HIV converts into a large nucleocapsid structure that initiates and carries
through the reverse transcription of extended segments of viral genome in the absence of
any T ceIl activation signal (28,29.76). However, the completion of reverse transcription
into a full-iength double-stranded HTV provirai DNA requires a cyclosporin-A-sensitive
activation signal through the TCRICD3 cornplex (30,3 1). This requirernent is attributed
to the presence of limited deoxynucleotide triphosphate (ciNP) pools in resting T cells

(32.33). Once synthesized, the proviral DNA is associated with specific EaV proteins to
form the PIC, which then migrates into the nucleus (34,35,3 8,8 1,118). The nuclear
migration of PIC depends on an activation signal through CD25 or CD28 (22,30), but not
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expression of IL2 and CD25 genes in a manner insensitive to cyclosporin-A (37,39).
These findings point to a control of nuclear import of HIV in C D ~ T+ cells by one or
more IL-2dependent T ce11 activation events prior to the induction of DNA replication.
The nature of this control is unknown and the subject of this thesis.
The key proteins of DNA replication induced during T ce11 activation include
topo11 (41,LW) and a group of proteins whose gene expression is dependent on
transcription factor E2F (referred to as E2F-dependent genes) such as DNA polymerase cr
(42) and proliferating ce11 nuclear antigen (PCNA) (43). Human cells contain two

isozyrnes of topoII. topoIIa and topoIIP (45-5 1,148,150). Most inhibitors of topoII block
the activities of both isozymes (46,48.150). Resting T cells exhibit barely detectable to

very low levels of topo11 activity but the activity increases dramatically during T ce11
activation coincident with initiation of DNA replication (4 1,44,50). This increase is
attributed largely to the induction of topoIIa (44,50). TopoiIP is expressed constitutively

in the resting T ceII and its levels increase marginally upon activation (50,s 1). A
relationship between topoII a gene expression and the expression of E2F - dependent
genes is unknown. Inhibition of topoII activity during T ce11 activation by m-AMSA,
novobiocin or VM-26 interferes with the remodeling of nuclear structure and prevents the
induction of DNA replication (52-54). These inhibitors are known to produce DNA
strand breaks in the ce11 (55-57). A new class of h g , ICRF-187, inhibits topoII without
causing DNA strand breaks (58,59). The effect of topoiI inhibitors on expression of E2Fdependent genes during T ce11 activation is unknown. Further, a relationship between any
of these changes and the nuclear import of HN in CD4" T cells is not known.

Considering the cntical importance of nuclear irnport of HIV in HTV replication
and pathogenesis, this study was undertaken to W e r define the relationship between

activation of C D ~ T+ cells and nuclear migration of HIV. The thesis specifically studies
the rok of topo11 in the pathway of C D ~ 'T ce11 activation leading to the nuclear import

of HIV, with the aim to understand the principles that govern the cellular controI of
nuclear migration of lentivimes.

REVIEW OF LITERATURE
1.1 The need for viruses to enter the nucleus

Many viruses rely on the host ce11 nucleus for cornpletion of their replication
cycle (6 1). The principal reasons for this dependence are that (a) a large number of
viruses utiIize one or more nuclear enzymes and factors for replication or transcription of
their genome (62,63), (b) most viruses depend on the cellular RNA splicing and
maturation machinery for processing of their transccipts (64,65), and (c) al1 retroviruses
need access to chromosomes for integration of a DNA copy of their genome (1 -5).

Human pathogenic viruses such as HIV, herpesviruses, papillomaviruses, adenoviruses
and influenza viruses are no exception since ail require one or more nuclear enzymes and

RNA splicing and maturation machinery for replication (67-70). Viruses access the above
nuclear entities by transporting their genomes into the host nucleus. Since most viral
replication is inseparably linked to pathogenesis. the mechanism and control of nuclear
import of viral genome are increasingly recognized as critical factors in understandimg the
mechankm of pathogenesis (6O,7l J2). Since DNA is generally not transported into or
out of the nucleus for normal ce11 functions, the machinery for nucIear import of Wal
DNA represents a promising target for therapeutic intervention of viral repiication
(10,73). A few human pathogenic viruses, such as poxviruses, complete their replication

in the cytoplasm without requiring entry into the nucleus (74).
1.2 Mechanisms by which retroviruses access host chromosomes

Since retroviruses replicate through integration of a DNA copy of their genome
into the host chromosome, these viruses require access to chromosomes for replication.
However, a majonty of retrovimes, inciuding many oncogenic retrovinises, are unabie

to enter the nucleus and have to wait for dissohtion of the nuclear membrane during
mitosis to access chromosomes (5-7). Therefore, the replication of these viruses is
dependent on the mitotic division of the host cell. However, the retrovinses that belong
to the genus lentivirus are major exceptions. These vinises have evolved mechanisms to
transport double-stranded DNA copies of their genomes into interphase nuclei, thereby
avoiding the need of host ceII division for their replication (7-10). HIV, being a
lentivirus, transports the DNA copy of its genorne into the nucleus of non-dividing cells
such as replication-arrested C D ~ 'activated T cells and cell lines (S), and monocytes (75).
However. the virus completely faiIs to transport the DNA copy of its genome into the
nucleus of resting CD4' T cells (30,38,118.145). The reason for this failure has been the
subject of several recent studies (77,78,14j).

1.3 Nuclear import: an essential step in the rcpIication cycle of HIV
The replication cycle of HiV in CD4' T cells progresses through cytoplasmic,
nuclear and then cytopiasmic compartments. M e r entry into the cell, the virion is
delivered into the cytoplasm as a partidiily uncoated, large nucleoprotein complex that
initiates reverse transcription of viral RNA by the RNA-dependent DNA polymerase
activity of HIV reverse uanscriptase (RT), using ceIlular ~RNA'"as a primer (79). The
newIy reverse-transcribed DNA strand then serves as tempiate for the synthesis of
second, complementary strand DNA by the DNA-dependent DNA polymerase activity of

RT to produce a linear double-stranded HIV proWal DNA molecule that contains a long
terminal repeat (LTR) sequence at each end (80).The doubIe-stranded provirai DNA in
the cytopIasrn is associated with six specific EiIV proteins; narnely nucieocapsid protein

(NC!, RT- p6, viral protein R ( V D ~i .n t e p s e (IN) and matrix protein (MA) to form the

PIC (81). The PIC is transported into the nucleus where HIV Di catalyzes integration of
proviral DNA by (a) removal of two bases from 3' ends of the double-stranded proviral

DNA leaving 3'OH recessed ends, (b) cleavage of a double-stranded host "target" DNA
sequence to produce staggered five base overhangs with 5'p ends, and (c) strand transfer
in which recessed 3' ends of proviral DNA is joined with overhanging 5'p ends of the host
DNA (82.83). Due to presence of DNA ligase activity in the nucleus, the LTR sequences
located at each end of the proviral DNA are frequently subjected to end-to-end ligation to
give rise to 2-LTR circles (Fig. 1) (84,118). These HIV DNA circles are unable to

integrate or serve as template for viral replication, and are relatively unstable (85,86).
However, inhibition of integration leads to accumulation of these circles in ceils (86,87).
Because of exclusive nuclear localization of DNA ligase activity, these circles
nevertheless provide an unrnistakable proof of nuclear migration of PIC in the ceIl
(88,118). The integrated HIV proviral DNA is transcribed by the nuclear RNA
polymerase II and a portion of viral transcripts are spliced, capped and polyadenytated by
nuclear RNA splicing and maturation machinery to produce mature viral mRNAs (89).
Both unspliced HIV RNA and HIV mRNA are exported fiom the nudeus to the
cytoplasm where mRNAs are translated into proteins and, with an orderly association of
many of these proteins, the unspliced RNA is packaged into virions ready for budding
fiom the ce11 (90). The transportation of PIC and other HN nucleoprotein complexes
across the nuclear membrane occurs through the nuclear pore complex W C ) (91). The
subsequent review focuses only on the nuclear import of PIC.As discussed below, HIV
fortifies the cellular nuclear import machinery to transport its PIC into the nucleus.
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1.4 The cellular nuclear import machinery
Unlike in prokaryotes. the translation and post-translation steps of gene
expression in eukaryotic cells are separated fiom transcription, post-transcriptional
maturation of RNA and DNA replication by the nuclear membrane. Therefore, enzymes
and proteins required for al1 nuclear processes are imported into the nucleus after their

synthesis in the cytoplasm. Most of these proteins contain a nuclear localization signal
(NLS) that consists of one or more clusters of basic amino acids that give a net positive

charge crucial for the nuclear targeting property (92). In addition. ribosome assernbly
requires the importation of ribosomal proteins into the nucleus for association with
ribosomal RNAs (93). Although DNA is not transported into or out of the nucleus for
cellular hctions, certain specialized RNA molecules, such as uridine-rich small nuclear

RNA. are imported From the cytoplasm into the nucleus (94). The cellular nuciear irnport
machinery is used largely for importing NLS-carrying proteins, ribosomal proteins, and
specialized RNA molecules into the nucleus. These molecules are imported into the
nucleus through NPCs with the aid of specific accessory proteins (95). However, some

srnall proteins can migrate to the nucleus by diffision through the NPC (96).
1.4.1 Organization of NPC

The cytoplasmic and nuclear compartments of eukaryotic cells are separated by a
double membrane nuclear envelope. The two nuclear envelope membranes, the inner and
outer membranes, and the space between them are part of the endoplasmic reticdum

(97).The imer and outer membranes fuse at the NPC (98) which are about 9 nm wide
aqueous channels made up of multiple copies of 50 to 100 proteins, called nucleoporins
(99). The combined mass of nucleoporins in each NPC is about 125 MDa, and each

nucleoporin contains multiple copies of shoa degenerate repeat sequences xxFG which
interact with specific cellular proteins that mediate transportation of proteins across the
nuclear membrane (100). NPCs constitute the major route of nucleocytoplasmic transport
of proteins in the cell. Unlike protein migration across membranes of organelles, the

transportation of proteins into the nucleus through the NPC occurs in native form with the
aid of a series of nuclear transport proteins (10 1).
1.4.2 Functions of cellular proteins that mediate nuclear import through NPC

(a) Karyoplterins a and p.- Two types of cellular proteins karyopherin a and
karyopherin P, are intirnately involved in the nuclea. import of proteins that contain

NLS (100-103). Karyopherin a, known as NL3 receptor, has hydrophilic N and C
terminal domains and a hydrophobic middle part, and distinct binding sites for
karyopherin P and NLS in the N and C termina domains, respectively (102,103). At
least four distinct karyopherin a molecules with overlapping NLS recognition
properties have been identified (103). Karyopherin P enhances the binding of
karyopherin a to NLS and mediates docking of karyopherin a-NLS protein
complexes to NPC. There are four known karyopherin P molecules that mediate
distinct nuclear import pathways (104). Karyopherin P 1 intetacts with karyopherin
al and karyopherin a 2 and is involved in nuclear irnport of NLS carrying proteins.

Karyopherin P2 mediates nuclear impoa of mRNA binding proteins whereas
karyopherin B3 and B4 mediate nucIear import of ribosomd proteins by directiy
binding to them. In addition to karyopherin a binding sites, karyopherin P molecules
contain recognition sites for xxFG peptide repeats present in nucleoporins as weli as
for Ran-GTP. (105).

(b)RaflC4: R W C 4 is a G ï P binding protein that binds to karyopherin B and

regulates the direction of nuciear transport by catalyzing conversion of Ran-GDP to
Ran-GTP. The cytoplasmic Ran-GDP is required at an early stage of nuclear irnport
of NLS- proteins whereas nuclear Ran-GTP is implicated in termination of such
transport (105).
(c) Ran-Gapl: A GTPase-activating protein that converts Ran-GP into Ran-GDP (106).
(d) RanBPI: Binds to Ran-GTP and facilitates activation of GTPase by Ran-Gap1 (107).
(e) NTF2

(imporifactorpl0): Promotes interaction between cytoplasmic Ran-GDP,

karyopherin-protein complexes and a subset of nucleoporins (108).
1.4.3 Mechanism of nuciear import of NLS-carrying proteins

Karyopherin a and karyopherin P I form a stable heterodimer in the cytopiasm
where, in the presence of Ran-GDP, the NLS-carrying protein to be transported into the
nucleus binds to the NLS binding site on karyophenn a (10 1). The karyopherin P 1 docks
the resulting trimeric complex on to the NPC in a two step process. The trandocation of
this complex inside the nucleus requires cytoplasrnic Ran-GDP, NTF2, hydrolysis of

GTP by Ran, and perhaps additional energy (103-106). The nuclear translocation is
terminated after binding of nuclear Ran-GTP to the trirneric compiex. causing separation
of karyopherin a-NLS-carrying protein complex from karyopherin B 1-Ran-GTP
complex. in the absence of karyopherin P 1, the association between karyopherin a and

the NLS-carrying protein is weakened, the results in dissociation of karyopherin a-MScarrying protein complex and release of fiee NLS-carrying protein into the nucleus. The
karyopherin a and karyopherin P I are re-cycied back into the cytoplasm by separate,

unknown rnechanisms (105). In the cytoplasm, the Ran-GAP1 and RadPlmediate the
conversion of Ran-GTP into Ran-GDP for use the next time around.
1.5 Role of HIV proteins in the nuclear import of PIC

After its formation, the PIC is targeted and tramported into the host nucieus
through NPC in an energy-dependent manner (109). The HIV proteins within the PIC

WC,RT, P6, MA. Vpr and IN)play critical rotes in this process since, in case of
mutations in some of these proteins, the ceIlular nucIear import machinery with all its
protein components present fails to transport HIV proviral DNA Uito the nucleus (1 10).

The role of individuai PIC proteins in this process has been studied by identifying
cIassical NLS sequences and analyzing the effect of specific mutations in these proteins.
Such studies have reveaIed major roles of MA (1 1 1.1 14), Vpr (1 12) and M (1 13) in the

nuciear import of PIC. Oniy MA (I 14,133) and l
N(1 13) have been found to contain the
classical NLS sequences, Although Vpr does not contain a canonical NLS (1 15), it pIays

a pivotai roIe in transportation of the PIC through the NPC (1 16,l I7).
HIV MA contains two basic-type NLSs at the N (MA-MSI: aa 25-33) and C
(MA-NLS'L: aa 118-1 19) terminal ends. While mutations in MA-NLS 1 Ieads to 50 to
80% loss of nuctear translocation of PIC, mutations in both MA-NLSs completely

abrogate nuclear translocation despite the presence of wild type Vpr and M proteins
(120). The two MA NLSs, although weak individually, together play an essentiai roIe in

nuciear import of PIC. These NLSs are Iocated in dose proximity in the MA crystai
structure and are believed to h c t i o n as a bi-partite NLS (1 16). Like MA, the IN has aIso
been found to contain two W S s (NLSp and NLSD)which are located 22 aa apart near the
C terminai end and which are believed to function as a bi-partite NLS. in contrast to MA-

ANLS 1AVpr mutants of HN,the MA-ANLS 1AVprAIN mutants fail in nuclear
translocation of PIC, indicating a role of IN-NLSs in this process (1 13). However, the
MA-ANLS IANLS2 mutants of HIV also fail in nuclear translocation of PIC despite the
presence of wild type IN, indicating that IN-NLSs without MA-NLSs are insufEcient in
canying out this function (1 16). In contrast, the nuclear import of PIC in A N mutants of

HIV that contained wild type MA and Vpr was not affected (113). This indicates that INNLSs are not essential but can compensate for blA-NLS 1 in MA-ANLS 1 mutants in the
nuclear import of PIC. The nucIear locaiizing function of Vpr, a multifhnctional HIV
protein. becarne evident fiom its ability to partially rescue nuclear import of MA-NLS 1
mutants and the fact that Vpr mutants of HIV are seriously deficient in nuclear migration
(1 16). The nuclear targeting determinant of Vpr appears to lie within its a helicai region

that directly interacts with karyopherin a in a manner independent of NLS binding sites.
Vpr does not cornpete with MA or iN for binding to karyopherin a and, in fact, Vpr,
karyopherin a and MA can assemble as a trimer. The mutations in the a helix domain of
Vpr that abolish its interaction with karyopherin a aiso diminish its nuclear locaiization
activity. The binding of Vpr to karyopherin a increases the affinity of interaction
between an NLS and the karyopherin a by approximately IO-fold (121).

HN PIC. with a >9,700 bp DNA copy of virai genome, is a large nucleoprotein
complex relative to other proteins and nucleoprotein complexes nomaily imported into
the nucleus through the NPC. The cellular nuclear import machinery, without the aid of

Pic proteuis, is cIearly unable to accomplish the nuclear migration of PIC. While the
nuclear localizing property of an individual PIC protein {Le. MA, Di or Vpr} is sufEcient
to mediate the nuclear translocation of peptides (1 15-1 ln, individuaily these proteins are

weak and insufficient for the nuclear üanslocation of the PIC (122). The latter requires
the collective participation of MA and iN NLSs and the Vpr. Together these proteins
appear to fortiQ the cellular nuclear import machinery to achieve the nuclear
translocation of a large, buky PIC through the WC. A role of HIV proviral DNA in this
process has not been tested.
1.6 Relationship between T ceIl activation and HIV replication

The replication cycle of HIV in most CD4' human ceIl Iines and in activated

CD4'T cells progresses with little or no restriction, and large quantities of infectious HIV
particles can easily be harvested from cultures of these cells (123,124). The virus
replication in these ceIls occurs independent of cellular DNA replication (125). However,

HIV is unable to replicate in CD4' resting T ceIls (16). The vims readily enters and
initiates the reverse transcription of its genome in resting cells and ofien reverse
transcribes extended portions of its genome. However, the incoming virus fails to
complete the synthesis of double-stranded proviral DNA (1 6,17) and fails to transport the
proviral DNA From the cytoplasm into the nucleus (30).The former is due to the presence
of limited concentrations of M P s in resting T cells (32,3 3). The reatization that
reduction in dNTP pools can restrict HIV replication led to application of hydroxyurea,
an inhibitor of ribonucleotide reductase, to reduce the levels of clNTPs in cells and

thereby suppress H N rephcation in cell cultures as well as patients (126). The
completion of HIV reverse transcription into double-stranded proviral DNA in CD4"
resting T cells requires a cyclosporin A-sensitive activation signai through the CD3iTCR
complex (30). Cyclosporin A blocks the completion of reverse transcription in CD4' T
cells activated by TCR ligation but aot in those activated bv TCR and CD28 li~ation.

However, the resting C D ~ T+ cells fiom HW-infected patients have been frequentiy
shown to contain full-length unintegrated double-stranded provird DNA (127). This
discrepancy can be explained by the fact that infectious HIV particles, generated in vivo
or in vitro, often contain partiaily or, sometimes, even fully reverse-transcribed HIV

-genome rather than strict RNA versions of the viral genome (128). This is due to an
intravirion 'naturd endogenous reverse transcription' (NERT) which is triggered by low
quantities of ciNTPs either packaged in the virion from the virus-producing ce11 or taken
up by virions fiom the physiological microenvironment (129). The in vivo occurrence of
infectious HIV particles that contain partially or fully reverse transcribed virai genome
rnay well explain observations of large quantities of unintegrated provirai DNA in resting

CD4' T ceils of patients undergohg a highly active anti-retrovirai therapy (HAART)
(130). The above findings indicate that the completion of reverse transcription may not be
a critical rate-limiting step in the HIV replication cycle in resting CD4' T ceils in vivo. In
contrast. the nuclear migration of HIV proviral DNA is strictty controlled by T ceIl
activation (30,145) and represents a major regulatory step that controls HiV replication in

CD4' T ceIIs and patients. For reasons described above, HIV replication is intimately
linked to and controlled by the pathway of T ceIl activation as summarized in Fig. 2. As
in resting C D ~ T+ cells, HIV fails to complete the reverse transcription of its genome in
fresh peripheral blood monocytes (13 1). However, after as Little as one day of incubation
in culture, these cells ailow completion of reverse transcnption, nuclear migration and
integration of HiV (13 1,132). It is conceivable that monocytes are stirnulated by one or
more factors present in the senun used in the culture medium and undergo some of the
changes akin to

NOI133dNI AIH

those occurring during C D ~ T
* ceIl activation, which permits HIV nuclear migration and
replication in these cells.
1.7 Control of nuclear import of HIV

Regardless of whether the double-stranded provirai DNA is pre-formed or
synthesized in the newly infected T ceIl cytoplasm, its nuclear migration is strictly
dependent on T ceIl activation (3OJ 33). After the synthesis of double-stranded proviral
DNA and formation of the PIC. the nudear migration of PIC in CD4+T cells requires yet
another activation signal through CD28 or CD25 (30).The T ce11 activation signal
through CD28, unlike through the CD3/TCR complex. induces expression of CD25 and

IL-2 genes through cyclosporin-A insensitive pathways (30,37,39). Once induced, CD25
is associated with pre-existing P and y chahs of the IL2-receptor to produce high affinity

IL-2 receptor (l35), which upon interaction with IL-2 transmits an activation signai in the
T ce11 (23.25). The reason for dependence of nuclear migration of the PIC on this
activation signal is unknown but accounts for the accumulation of unintegrated HIV
provira1 DNA in resting CD4' T cells of patients (1361,md represents a major regdatory
step that controls HIV replication in patients.

1.8 The pathway of activation of CD4' T cells
Irnrnunocompetent mature CD4' T cells are developed and released fiom the
thymus into the peripheral comparunent in a quiescent resting state (1 37). These ceIls do
not proliferate and exhibit very little transcription unless stirnulated by a specific
CD3/TCR ligand in the presence of appropriate "accessory" celIs or a CO-stimdating
ligand of CD28 (133,136,139). The physiological ligand for the CD3/TCR complex is a
cnecifir anrioen-peptide
cnmplexed with h4HC class IT on an antigen-presenting ceil such
-=----*.-a--.

as monocyte and B cell, whereas such ligand for CD28 is CD86 or B7.2 that is expressed
on monocytes, dendritic cells and activated B cells (138). Due to recognition of the
CD3/TCR ligand by K R , stimdation of T cells with these ligands leads to a monoclonal
proliferative response (139). However, resting CD4' T cells can also be polyclonally
stirnulated experirnenrally by a combination of rnAbs to CD3 and CD28 (140), or
mitogenic lectins such as phytohemagglutinin (PHA)and concanavaiin-A plus
monocytes (141), or TCR VP-interacting superantigens (such as staphylococcal
enterotoxin B) bound to MHC class II on antigen-presenting cells (142). In each case, an
activation signal is transrnitted through the CD3tTCR complex in the T cells, h-iggering a
series of biochemical changes that include an increase in ~a'lK* uptake within minutes
of stirnuiation, increase in Ca* uptake. ADP-ribosyl transferase-dependent repair of preexisting DNA-strand breaks (143), and induction of expression of several T ce11
activation genes such as proto-oncogenes c-fos (144) and c-myc (145), IL-2 and CD25 or
IL-2a. These changes occur without requinng IL-2 and hence are referred to as "IL-2independent changes". Inhibition of any of these changes prevents the T ce11 proliferative
response (146), indicating their importance in the T ceIl activation pathway. 0 2 5 , the a
chah of the IL-? receptor, when alone, weakly binds to the IL-2. However, upon
association with both B and y chains that are constitutively expressed in resting T cells,
the trirneric receptor gives rise ta high affinity I L 2 receptors on the T ce11 surface
(135,147). The interaction between iL-2 and high affinity iL-2 receptors on the T ce11
induces a series of IL-2-dependent changes that lead to induction of key enzymes and
proteins of DNA replication, a major remodeling of nuclear structure and initiation of
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include topo11 (148) and a group of proteins whose gene expression is dependent on
transcription factor E2F (referred to as E2F-dependent genes) such as DNA polymerase

a,dihydrofolate reductase (DHFR) and proliferating ce11 nuclear antigen (PCNA) (149).
1.9 Regulation and function of Topo lI isozymes

DNA topoisomerase II is an essential nuclear enzyme for the survival of al1 eukaryotic
cells. Topo II is involved in a number of ceilular processes such as chromosome
segregation, DNA replication, transcription, recornbination and chromatin organization
(1 50). This enzyme is essential for the segregation of daughter chromosomes at the end

of DNA replication. The expression of topo II is ceil cycle-dependent being highest in
G2/M phase due to increases in both a and P isofoms. Topo II a and P isoforms, which

share -70% arnino sequence identity, have molecdar weights of 170 and 180 kDa
respectively, and are coded by two different genes (45,46,150). Resting T cells exhibit
barely detectable to very low levels of topo11 activity but the activity increases
drarnaticaily during T cell activation coincident with initiation of DN.4 replication. This
increase is attributed largely to the induction of topoiIa (44-48). TopolIP is expressed
constitutively in the resting T ceil and its levels increase marginally upon activation (50).
DNA topo II is a target of several antitumor dmgs and most inhibitors of topo11
block the activities of both isozymes. Essentially two types of approaches have been
employed for inhibition of topo11 acuvity. These are dmg-inhibition of the enzyme
activity (1 52) and antisense oiigonucleotided*iected inhibition of specific gene
expression (153).
Inhibition of topo11 activity during T ceU activation by m-AMSA, novobiocin or
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induction of DNA replication (52-54). However, since these inhibitors also produce DNA
strand breaks in the ceIl (551, it is unclear whether these effects are results of inhibitor

induced DNA strand breaks or inhibition of topo11 activity. Another known inhibitor of
topoII, demzoxane (ICRF-187) (1 54), does not produce DNA strand breaks (154,179).
Further, the effect of topof1 inhibitors an expression of specific genes crucial for T ce11

activation is unknown.
1.10 Regulation and function of transcription factor E2F:

Transcription factor E2F regdates the expression of genes involved in the progression

fiom G1 to the S phase and DNA replication (155). In quiescent or differentiated celIs the
underphosphoryalted active form of retinoblastoma (Rb) tumor suppressor protein binds
to the activation domain of E2F and inhibits trans-activation activity of E2F. When cells

are stimulated to enter S phase, Rb proteins become phosphorylated by cyclin-dependent
kinases and there is accumulation of fiet E2F (1 56). In addition, new synthesis of
specific E2Fs also contribute to appearance of fret E2F. The resuIting fiee E2F activates
the transcription of E7F-regulated genes (157). Free E2F binds to the promoters of
various growth-promoting genes such as DNA pol a,DHFR and PCNA. which resdts in
ceII proMeration (149, 157).

MATERIALS AND METHODS
2.1 Reagents

Mouse hybridomas L243,OKT8, OKtMT and 3G8 were obtained fiom the
Arnerican Type Culture Corporation (ATCC). The anti-CD3 monoclonal antibody (mAb)
was bought from Calbiochem. The anti-CD28 mAb 9.3 was a gift fiom Dr. Car1 June,

Naval Medical Research Institute, Bethesda, Maryland, USA. The chromophoreconjugated mAbs CDCfiourescein (FITC), CD8-phycoerythrin (PE), CD25-FITC and
matched isotype control mAbs were obtained from Becton-Dickinson, and CD3-PEcyanin 5 (PC5) \vas obtained from Beckrnan Coulter. Sheep anti mouse IgG antibodyconjuated magnetic beads, called Dynabeads, were purchased from Dynal Inc.
Ficoll-Hypaque was purchased from Pharmacia Biotech. RPMI 1640 culture
medium, fetal calf serurn (FCS), phytohemagglutinin (PHA), TcizoI reagent, and dNTPs
were obtained fiom Life Technologies. Penicillin, gentarnycin, novobiocin, and
aphidicolin were purchased fiom Sigma Chemical Company. '~-th~midine
(60 to 100
Ci/mrnole) was bought fiom ICN Pharmaceuticals Inc, VM-26 was a gift from BristoIMyers Squibb Canada Inc. rn-AMSA and O-AMSA were obtained from National Cancer
Institute at National Institutes of Health Bethesda, Maryland. ICRF-187 (dexrazoxane)
was kindly provided by Dr. Brian Hasinoff of the Department of Pharmacy at the
University of Manitoba. The L-2 ELISA kit was purchased 6om Genzyrne. The
enzymes for polyrnerase chah reaction (PCR),Amplitaq goId and EZ rtTh, were
purchased from Perkin-Eimer. The GAPDH primer set was bought fiom Maxim-Biotech.
A11 other pnmers and probes were synthesizeci by Üniversity COR ÜNA services,

University of Calgary. Digoxigenin (5ig)-1 1-dUTP and PCR-ELISA kit were fiom
Roche-Diagnostics.
2.2 CeU and Virus
SupTl cells were obtained fiom the ATCC and the cells were maintained in
medium (RPMI 1640 containing IO0 pg penicillinlml and 50 pg gentarnycin/ml)
virus was obtained fiom the NiH AiDS
containing 10% 56'C-inactivated FCS. HNrrre

Reagent program. The virus was propagated and titrated in SupTl cells and stored at 70°C.

2.3 Blood Collection
Blood was collected by venipuncture in heparinized tubes (green top) from
healthy, HIV-seronegative volunteer donors after receivùig informed consent to
participate in this study. The blood was processed soon after collection. A brief overview
of the blood processing and the typical experiment is shown in Fig 3.

2.4 Isolation of peripheral blood mononuclear cells (PBMC)

PBMC were isolated From fresh blood by density gradient centrifugation on
Ficoll-Hypaque. The biood was diluted with an equal volume of medium, slowly layered
ont0 Ficoll-Hypaque (35 ml diluted blood on 15 ml FicoI1-Hypaque), and centrifùged at
400 x g for 40 min at room temperature. The PBMC layer was collected and washed 3
times with 2% FCS by centrifugation at 400 x g to remove the platelets and other
contaminants.

20 to 60 ml EEPARINIZED BLOOD

PBMC isolation

1

PBMC
Negative selection of
resting C D ~ 'T cells

Removal of DR', CDS',
CD I 1b' and CD 16' cells

PURiF'IED RESTING CDJ' T CELLS
(Assessrnent of purity by FACS analysis and PHA-responsiveness)

Infection of CD4'
T cells with HIVII~B
HIVIIIB-INFECTED
C D ~ ''T CELLS
Stimulation of C D ~T+
cells with anti-CD3 plus
anti-CD38 d b s

Cultured in the absence or presence
of a specified topo II or DNA pol a
inhibitor

ANALYSIS OF T CELL ACTIVATION

T ce11 gene expressions
determined at 40 hours
by RT-PCR assays

T ce11 proliferation by
3~-thymidmepuise
during 40 to 48 hours

iL-2 (ELISA) and IL-2Ra
(FACS analysis) assays
at 46 hours

ANALYSES OF SYNTHESIS AND NUCLEAR iMPORT OF EIiV PROVIRUS
HIV provirus and 2-LTR circles were monitored by PCR at 48 hours after stimulation of
CD4+T cells by anti-CD3 plus anti-CD28 rnAbs. Al1 HIV PCR products were confirmed
by PCR-ELISA hybridization with specific probes.
Fig 3: A typical experimenta1 outline

2.5 Purification of resting CD4" T Cells

The CD4+ T cells were purified Eiom PBMC by negative selection. PBMC were
incubated on ice for 30 min with rnouse mAbs agakt HLA DR (L243), CD8 (OKT8),
CD1 lb (OKMI) and CD16 (3G8) (158-161). Cells were washed twice with cold medium
that contained 2% FCS to rernove unbound antibodies. The antibody-bound cells were
incubated for 40 min at 4°C with sheep-anti mouse IgG conjugated Dynabeads (4 beads
Itarget cell) on a rocker. The magnetic beads with or without target cells attached were
removed by keeping the tube on a magnetic partide concentrator (MPC) (Dynal Inc.) for
5 min. The rernaining ce11 suspension containing resting CD4* T ceils was collected.

CD4' T cells were counted and resuspended in medium that contained 10% FCS.
Viability of CD4' T cells was checked by trypan blue exclusion.
2.6 Assessrnent of ce11 purity
The purity of C D ~ 'T cells was assessed by fiow cytomeq and PHAresponsiveness.

2.6.1 Flow cytometric analysis
Purified CD4' T cells (1 to 2 X 10') were stained for 30 min at 4OC with CD3-

PC5 (Coulter), CD4-FITC and CD8-PE (BD) mAbs or with rnatched chromophoreconjugated isotype control mAbs in a 5 ml fdcon tube. Cells were washed once with
FACS b&er (0.1% BSA, 0.02% NaN3 in PBS) and k e d with 2% paraf'ormaidehyde
(PFA) overnight. Cells were anaiyzed on a Coulter EPlC 753 flow cytometer.
2.6.2 PHA responsiveness:
Three replicates of PBMC or purified CD4' T cells (1 X 10') were cultured with
or without PHA in a 96-well plate. The cells were pulsed with 3~-thymid'i(TdR) for 8

hrs and then harvested with a ce11 harvestor. The incorporation of radioactivity was
determined by liquid scintillation counting. The replicates of C D ~ 'T cells were activated
with anti-CD3 and anti-CD28 as described in section 2.8.

2.7 HIV-Infection of CD# T Cells

cD4' T cells (2x10') were incubated in lm1 medium with HIVrrrB
at 0.5 to 1 MOI
per ce11 for 2 hours at 37OC. The celIs were washed once with 37°C medium that
contained 10% FCS to remove the Eree virus and cultured in the same medium that
contained 10% FCS at 2-3 X 106cells per well in a Wwell plate.

2.8 Stimulation of CDJ' T celh with cross-linking anti-CD3 plus anti-CD28 mAbs
Purified CD4' T cells were stimulated by a mixture of anti-CD3 and anti-CD28
d b s attached to sheep-anti mouse IgG antibody-coated Dynabeads, as described
previously (140). For this purpose, beads were washed twice using MPC with cold
medium that contained 2% FCS,resuspended in 50 pl of medium that contained 10%
FCS and incubated on ice for 20-30 min with 6 pg of anti-CD3 and 6 pg of anti-CD28
per 4 X 10' beads. Beads were washed three times with coId medium that contained 2%
FCS to remove the fiee unbound mAbs. The mAb-coated Dynabeads were resuspended,
at 4 X 10' beads per ml of medium that contained 10% FCS and used to activate purifieci
CD4' T cells at 4 beads per cell. Cells were cultured in the presence or absence of various

dmgs that inhibited topoisornerase II or DNA polyrnerase a activity.
2.9 Ceii proliferation assay
Ce11 proliferation was monitored by 3~-thymidineincorporation. Triplicate
cultures of cells were pulsed for 8 h o m with 1pCi '~-th~rnidine
in a 96-well plate. CeUs

were harvested with a ce11 harvestor and the incorporation of radioactivity was
determined by liquid scintiiiation counting.
2.10 RNA isolation

Total RNA was isolated from 1 X 10~cellswith Trizol(162). Briefly, ceils were
pelleted at 735 X g for 6 min in DEPC-treated siliconized tubes, The supernatant was
removed and the cells were resuspended in 250 pl Trizol. M e r 5 min incubation at room
temperature 50 pl chloroform was added. M e r 2-3 min incubation at room temperature,
the sample was centrifuged at 1 1,750 X g for 15 min at 4OC. Mer centrifugation, the

m i m e separated into two phases, the lower red phase (phenol chloroform phase) and
the colourless upper aqueous phase that contained RNA. The upper aqueous phase was
carefully collected into another DEPC-treated siliconized tube and RNA was precipitated
by addition of 125 pl isopropanol foilowed by 10 min incubation at room temperature.

The RNA precipitate was coIIected by centrifugation at 8,000 X g for 10 min at 4OC and
was washed once with 75 % Ethanol. The RNA precipitate was dissolved in 25 p1of
DEPC-ddH20 and stored at -70°C.
2.11 Quantification of specific mRNA by RT-PCR
Specific gene expression was monitored by one-step RT-PCR with EZ rtTh DNA
polymerase enzyme. Specific sets of primers used for amplification in this study are Iisted
in Table 1. Al1 PCR reactions were carried out in 25 pi volumes that contained 1 X Ez
buffer (50 mM Bicine, 115 m M potassium acetate, 6% glycerol, pH 8.21, 2.5 m M Mn
( O A C )200
~ pM dNTPs, 0.4 pM of each primer and 2.5 units of enzyme.

Names of
primers

5' primer (5'-3')
3' primer (3-3')

GAPDH 5'

GAAGGTGAAGGTCGGAGTC

GAE'DH 3'

CAAAGTTGTCATGGATGACC

Size of
PCR
product

GAPDH
C A T T G C A C T A A G T ~ G C A ~ G T C305 bp
(504A
CGTTGATATTGCTGATTAAGTCCm 808 bp)
G
GAATITATCATTTCGTGGTGGGGCA 398 bp
(4138 10 bp)

DTUB-I

Pol a 5'

Pol a 3'
PCNA 5'

PCNA 3'

TabIe 1: RT-PCR primers

182 bp
(244425 bpl

2.11.1 Topo II and topo II mEWA were assayed as a pair in a duplex PCR using the

following conditions of temperature:
Reverse-transcription: 94OCI2 min, 52°C/30 min, 94OC/I min;
ArnpLification: 94OC/30sec, 60°C/30 sec for 20 cycles with O.j°C decrease in
annealing/extension temperature per cycle; 94OC130 sec, 50°C/30 sec for 20 cycles;
7Z0C/7minutes, J°C/a.
2.11.2 IL-2 and IL2R rnRNA were also CO-arnplifiedin a duplex RT-PCR using the

following conditions of temperature:
Reverse-transcription: 94OC12 min. 60°C/30 min, 94OCI1 min;
Amplification: 94°C/30sec. 6j°C/30 sec for 20 cycles with OS°C decrease in
annealinglextension temperature per cycle; 94OCI30 sec, 5j°C/30 sec for 20 cycles;
72OCI7 minutes. 4°C/œ.

2.1 1.3 GAPDH and PCNA mRNA were arnplified individually using the same PCR
program as used for iL-2/IL-2R.
2.11.4 DNA Polymerase a rnRNA was amplified using the following cycling conditions,

Reverse-uanscription: 94OC12 min, 60°C/30 min, 94OC/1 min;
Amplification: 9LC°C/30 sec, 6S°C/30 sec for 30 cycles with OS°C decrease in
annealing/extension temperature per cycle; 94OC/30 sec, 50°C/30 sec for 3 cycles; 72*C/7
min, Cc/œ.

2.1 1.5 The RT-PCR products were resoived by electrophoresis in 2%agarose gels that

contained 0.2 pglrnl ethidium bromide. The gels were cast and electraphoresed in TBE
b d e r (45 m M 'l'ns-borate and 10 mki W'TA, pH 8-01at a constant voitage of do

voltslcm. The PCR products were visuaiized and photographed on an ultraviolet
transillurninator.
2.12 IL-2 Assay

IL-2 was assayed in culture supernatant collected at specified tirnes using a
commercial IL-2 ELISA kit. Briefly, 50 to 100 jd aiiquots of culture supernatant were
added to the test wells and incubated at 37OC for 60 min. The supernatants were then
aspirated and the wells were washed 4 times with the wash reagent. To each well, 100 pl
of anti-IL-2 biotinylated antibody was added and incubated at 37OC for 60 min. The welIs
were washed 4 times with wash reagent. After addition of 100 pl of strepavidin reagent,
the wells were incubated at 37'C for 15 min. To each well 100 pl of working substrate
solution was added, the wells were incubated at room temp for 10 min, after which 100
pl of stop solution was added. The absorbance at 450 nm was measured with reference
filter 620 using an LP 400 ELISA reader (Pasteur Diagnostics).

2.13 Determination of IL-2Ra (CD23expression

IL-2Raexpression was monitored by flow cytometry afler cells were stained with
anti-CD25 FITC mAb. C D ~ 'T cells (1-2 X 10') were washed once with FACS buffer
and incubated on ice for 30 min in a 5 ml falcon tube with 5 pg of anti-CD25-FITC or
isotype control mAb. Celts were washed once with cold FACS b a e r to remove unbound
mAb, fixed with 2% PFA and anaiyzed by flow cytometry.
2.14 Preparation of DNA template for HIV and 9-globin PCR

About 1 X 106cells were washed once with phosphate buffered saline (PBS) and
lysed by a quick lysis method (169). The cells were first resuspended in 25 pi of solution
A (IOrnM Tris-HC1 [pH 8.31 and IOOmM KC1) and lysed in 25 pl of solution B (IO m M

DNA
Target

1Vames of
I.rimers &
Iprobes
(

P-globin

1

Size o f
PCR
product

5'-Biotinylated probe
GAAGAGCCAACGACAGGTAC
AACCITGATACCAACCTGCC

302 bp
[- t 95-

i
l
I

107 bp)

-

ATAATCCACCTATCCCAGTAGG
AGAAAT

Hlv
proviral

5' primer (5'-3')
3' primer (5'-3')

(

DNA

TITGGTCCXTGTCTTTATGTCCAG

II5 bp

AATGC

(1544-

1659 bp)
ATCCfGGGATTAAATAAAATAG
TAAGAATGTATAGCCCTAC
Complete

l

CCTGCGTCGAGAGAGCTCmm

i

GG
GGCTAACTAGGGAACCCAmG

HW
provinrs
4

2-LTR
circIes
Nesced PCR
(I* PCR)
(ZndK R )
GCTAGAGA-CC

2-LTR
circIes

ACACTGA

TAACTAGAGATCCCTCAGAC
TCAGGGMGTAGCCITGTGT

u
Table II: DNA PCR primers

Ref.

Tris-HC1[ pH 8.31, 1% Tween-20, and 1% Nonidet P-40) that contained 25 pg of
proteinase-K. The lysate was incubated at 60°C for 60 min and then boiled for 30 min to
inactivate the proteinase-K. The template preparations were stored at 4OC.
2.15 HIV PCR

HIV replication intermediates were detected by semi-quantitative PCR using Arnplitaq
gold enzyme. The sequences of al1 p h e r s and probes used for this purpose are listed in
Table II.
2.15.1 Praviral DNA

Proviral DNA was amplihed using HIV-1 gag (SK38/SK39) and P-globin gene
(GH20lPC05). The PCR reaction were canied out in 50 pl volume that contained 1 X
PCR buffer [10 mM Trio-HC1 (pH 8.3), 50 m M KCI, 1.5 mM MgClz and 0.001% gelatin
buffer], 2.5 mM MgCI2, 200 pM of dATP, dCTP, dGTP, 190 pM of dTTP, 10 pM of
Dig-Il-dUTP, 0.4 pM of SK381SK39, 50 nM of GH20PC05 and 5 units of enzyme
using the following conditions of temperature:
95OC /12 min; 94OCJ30 sec, 65OC130 sec for 20 cycles with a decrease ofO.j°C per cycle;
94OC/30 sec, 5j°C/30 sec for 20 cycles; 72OC17 min, 4'C/ot.
2.15.2 Cornpiete provirus

Complete proviral DNA was ampIified by 3' LTR and SLTR (M661lM667)P-globin
gene (GH20PC05) primers using the same reaction conditions and the PCR program
used for above in section 2.15.1.
2.15.3

2-LTRcircles
Nuclear import of HIV was monitored by semiquantitative assays of 2-LTR

circles using either nested or direct PCR.

2.153.1 Nested PCR

First PCR was carried out in 25 pl reactions that contained 1 X PCR buffer, 2.5

mM MgC12, 200 phi dNTPs, lpM M66l N 3 2 primers and 2.5

units of amplitaq gold

enzyme using the following conditions of temperature:
94OCII 2 min: 94OC/1 min. 6j°C/45 sec, 7-Cl 1 min for 20 cycles with a decrease of
0S0C per cycle in annealing/extension temperature; 94°C/1 min,4j°C/45 sec, 72OCI1
min for 10 cycles; 72OCI7 min. 4°C/œ.
Second PCR was carried out in 50 pl reactions using 4p1 of the first PCR product
as the template. The PCR was carried out with lpM each of U3-2LTR and U5-2LTR

prîmers and Dig-11-dUTP using the following program: 94OCI12 min; 94*C/1 min,
45OC145 sec, 7S°C/1 min for 25 cycles; 7S°C/7 min, 4OClo~.
2.15.3.2 Direct PCR

Direct 2-LTR circle PCR was carried out in 50 pl reactions under conditions
described for proviral DNA PCR (2.15.1), except that the reaction contained 1pM U3N5
primers and 10 units of amplitaq gold enzyme and was run using the following program:
94OC II2 min; 94°C/30sec, 60°C/30sec for 40 cycIes with a decrease in OS°C per cycle in
annealinglextension temperature; 94°C/30 sec, 40°C/30sec for 10 cycles; 72OCI7 min,
4OC/cc
2.16 ANALYSIS OF HIV PCR PROVIRUS
2.46.1 Gel electrophoresis

Ai1 PCR products were eIectrophoresed in 2% agarose geIs as described in section
2.1 1.5.

2.16.2 PCR ELISA

The PCR products were hybridized with specific 5' biotinylated oligoprobes and the
hybrids were captured in strepavidin-coated microwells as per manufacturer's
instructions. The sequences of biotinylated labeled probes are given in Table 2. Briefly,
20 pl of denaturation solution was added to IO pl of 1 2 0 diiuted PCR product, After 10
min incubation at room temperature. 220 pl of hybridization solution with 6 nM of
specific 5' biotinylated probe was added. Aliquots of 200 pl were ûansferred into the
wells and the wells were incubated for 3 hrs at 37OC on an MT? shaker. The wells were
washed five tirnes with wash solution and 200 pl of conjugate solution with anti-DIG
antibody was added. M e r 30 min incubation the welIs were washed five tirnes and 200
pl of substrate solution was added. The absorbance was measured at different intervals at
405 nm (with a 492 nM reference fiiter).

RESULTS
3.1 Purification and accessory ceU-independent activation of C D ~ T
+ cells

To avoid interference by monocytes, which are known hosts of HIV both in vivo
and in vitro (75,132), or by other cell types in the investigation of requirements of T cell
activation in the nuclear import of HIV. resting CD4' T cells were purified from PBMC.
To eliminate possible delivery of activation signals through ce11 surface molecules during
the purification process, C D ~ 'T celIs were purified by negative selection. This approach
allowed removal of pre-activated DR'CD~*T cells fiom the pucified resting C D ~ T
' ceII
population. As revealed by flow-cytometry, the resting CD4' T cells thus obtained were

98% CD3'CD4' (Fig 4A). Since traces of contaminating monocytes, not detectable by
flow-cytornetry, can support activation of cD4' T cells by PHA (141), the absence of
PHA-responsiveness of purified CD4' T cells was used to assess the removai of
monocytes. As s h o w in Fig. 4B,purified CD4' T cells, unlike PBMC, failed to proliferate

in response to PHA. However, when stimulated through ligation of cell-surface TCR and
CO-stimulatorymolecules by a combination of cross-linking anti-CD3 and anti-CD28
d b s , these cells exhibited high IeveIs of proliferation, indicating effective removal of
monocytes from T cell preparations. Previous studies have shown that nuclear migration of

HIV in CD4' T cells is dependent on T ce11 activation but independent of DNA replication
and cell proliferation (7,I 18,f 33), indicating that events in T cell activation pathway prior
to induction of DNA replication are essentiai for this process. To fuaher examine the
relationship between T ce11 activation, especially events prior to DNA replication and HIV
nuclear import, the time course of activation of purified resting CD4" T cells d e r

Fig 4: Purification of resting C D ~ T
' cells: Resting CD4' T cells were purified from
PBMC by negative selection and the ce11 purity was assessed (A) by three colour flow
cytometry after staining with CD3-PC5, CD4-FITC and CDS-PE mAbs as well as by (B)
PHA-responsiveness, as described in material and methods.
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stimulation with a combination of anti-CD3 and anti-CD28 mAbs was defined by
monitoring induction of DNA replication. As s h o w in Fig 5A, no detectable DNA
replication was observed in resting and most 74 hour-stimulated T ce11 cultures. in
contrast. significant levels of DNA replication were detectable at 48 hours, reaching a peak
at 72 hours post-stimulation. As already known from several independent studies (51-43).
the onset of DNA replication observed at 48 hours in stimulated CD4' T cells was
preceded or accompanied by induction of a number of landmark T cell activation as well as
cell-cycle genes that normally do not express in resting T cells. Results in Fig 5B show
expression of mRNAs for IL-?Ral IL-2, topoIIcl, PCNA and DNA polymerase a in 48
hour anti-CD3 and anti-CD28-stimulated, but not in resting, CD4' T cells. FIow cytometric
analyses of CD4' T cells at 48-hours d e r stimulation with anti-CD3 plus anti-CD28 mAbs
revealed induction of cell-surface IL2Ra (CD25) expression in about one-half of the total
T cells in culture (Fig Ka). Further, the stimulated, but not resting, CD4" T ce11 cultures
also exhibited high Ievels of IL-2 production (Fig 5Cb).
3.2 HIV entry and replication in CD4' T celIs
To study the control ofnuclear import of H N by T ceIl activation, the C D ~ T
'
cells were infected with H[VirrBand HIV replication intenediates were monitored by
PCR with and without stimulation with anti-CD3 plus anti-CD28 mAbs. At 48 hours.
total DNA was extracted and subjected to semi-quantitative PCR followed by PCRELISA to determine Ievels of total proviral DNA, full-length double-stranded proWaI
DNA and 2-LTR circles. The srntegy for PCR detection of HIV replication intemediates
is outlined in Fig 6A. The molecular characterization of the HTVIIIBpreparation used in
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Fig 5: induction of T ceIl activation genes and proliferation in CD4+T cells: Purified
resting CD4+ T cells (2 X 106) were cultured in a 24-well piate in the absence or presence
of anti-CD3 and anti-CD28 mAbs-coated Dynabeads. (A) Tripiicates of 1 X 10' celk
at the indicated times and the
were pulsed for 8 hrs with 1 pCi of3~-th~midine

thymidine incorporation was deterrnined by scintillometry. (B) Total cellular RNA was
isolated at 40 hours and RNA hom 1 X 10' cells was subjected to each of the five
different semi-quantitative RT-PCR for monitoring one or a pair of specific mRNA. (C)
At 46 hours (a) 2 X IO' cells were stained with anti-CD25-FITC antibody (lower panel)
or an isotype control antibody (upper panel) and analyzed by flow cytometry; and (b) 50
pl of culture supernatant was assayed for IL-2 by ELISA,
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Fig 6: Synthesis and nuclear import of HIV provirus in C D ~ T+ ceh: (A) Steps in
HIV replication cycle pnor to integration and primer pairs for PCR-detection of total
double-stranded proviral DNA, full-length double-stranded provinrs and 2-LTR circles.

(B) 100 pl aliquots of HIVIllBwas subjected to proteinase K digestion at 6 0 ' ~for 60
minutes and the diegest was boiled for 30 minutes to inactivate proteinase K activity. The
resulting viral genome was amplified by RT-PCR and direct PCR (without pnor reverse
transcription) using SK38lSK.39 or M661M667 primer pair. The direct PCR product
indicates the presence of partially or hily (with M66 lM667) reverse-transcribed HIV.
(C) Resting CD4' T cells were infected with HIVrIisand cultured for 48 hours in the
absence or presence of anti-CD3 and anti-CD28 mAb-coated Dynabeads. DNA lysate
fiom 1 X 106ceIIs was subjected to a semi-quantitative HIV PCR in the presence of dig11-dUTP and the PCR product was quantitated by hybiidization with a specific probe in a
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species (Fig 68), presumably due to NERT (128,129). Such viral particles could be
arnplified by PCR without pnor reverse transcription (direct PCR).Results in Fig 6C
show that the HIVII1B used in this study enters and completes the reverse transcription of
its genome into the full-length double-stranded proviral DNA in resting CD4+ T cells
(upper 2 panels in Fig 6C) but fails to enter the nucleus in these cells (bonom panel in Fig
6C). When the C D ~ 'T cells were activated, the proviral DNA migrated into the nucleus

as evidenced by the appearance of HIV-2LTR circles.
3.3 Topo II inhibitors specifically block induction of Topo na mRNA in HIVinfected CDJ' T cells
As shown in previous studies, expression of topo II enzyme is increased upon
activation of the cells and E2F dependent genes regulate the gene expression during DNA
replication. As discussed earlier four topo II inhibitors with different mechanisms of
action (Table III) were used in studying the roIes of topo II in CD4' T ceil activation and
nuclear import of HIV.Three of these (VM-26, m-AMSA and novobiocin) inhibit topo 11
activity and causes DNA strand breaks and cytotoxicity in cells that contain high levds of
topo 11activity (55-57). However, one (ICRF-187) blocks topo II activity without
producing DNA strand breaks (5859). To test the cytotoxicity in short tenn resting
lymphocyte cultures, the PBMC were infected with HN and cultured with PHA in the
absence or presence of different concentrations of VM-26, m-AMSA or novobiocin. At
48 hours, numbers of viable cells were determined by trypan blue excIusiort As shown in

Fig 7, the ce11 viability was greater than 80% at every concentration of each topo II
inhibitor, These results show a lack of characteristic cytotoxicity of topo II inhibitors in
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TabIe III: Topoisornerase II and DNA polyrnerase a inhibiton
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Fig 7: Cytotoxicity by topo II inhibitors durhg T ceU activation: PBMC (1 X 1 0 ~ )
were infected with HNrirBand then cultured with PHA in the absence or presence of
indicated concentrations of a specified topo II inhibitor. The number oFviable cells was
determined at 48 hours by trypan blue exclusion. The resuIts are expressed as percent
viable cells in total cells counted.
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Fig 8: Specific inhibition of induction of topo II a mRNA in CD4+T c e k by topon
inhibitors: Purified resting CD4' T cens (3 X 106) were cultured in a 24-well plate

without (unstimulated) or with anti-CD3 and anti-CD28-coated Dynabeads and different
concentrations of VM-26, novobiocin, m-AMSA or O-AMSA. At 40 hours, total cellular
RNA was isofated fiom 1 X 1o6 cefls and RNA fiom I X IO' cells was subjected to each

of the five different RT-PCEb for monitoring specified mRNA or a pair of rnRNAs.
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As shown in Fig 8, resting C D ~ T" cells exhibited no detectable mRNA for IL-2, a chah
of IL-2R topo II a,low to moderate levels of topo II P mRNA and high levels of

GAPDH mRNA. Stimulation of CD4' T cells with anti-CD3 plus anti-CD28 mAbs led to
induction of high levels of mRNAs for IL-2, the a chah of IL-2R and topo Ha. The
presence of topo II inhibitors had no significant effect on induction of mRNAs for IL-2 or
the a chah of IL-2R except: in cases of W - 2 6 and novobiocin, a partial inhibition
occured only at the highest concentration of inhibitor used. In contrast, the same topo II
inhibitors blocked induction of topo II a mRNA in a concentration-dependent manner
with a complete inhibition at 7.5 pM VM-26 or 100 pg/ml novobiocin, without affecthg

topo IIP. GAPDH,DNA pol cc, and PCNA rnRNA. Further, o-AMSA. an isomer of mAMSA that does not inhibit topo 11activity, failed to inhibit induction of topo IIa mRNA
in CD4' T cells, indicating that inhibition of topo IIa mRNA by topo II inhibitors was a
specific effect of inhibition of topo II activity in T cells. Similar observations of a specific
inhibition of topo IIa mRNA were obtained with ICRF-187, a topo II inhibitor that does
not produce DNA strand breaks (Fig 9). This suggested that inhibition of topo IIa mRNA
was not a result of inhibitor-induced DNA strand breaks inside the T cell. Uniike the
inhibition of topo IIa mRNA, topo II inhibition had no significant effect on DNA
polymerase a and PCNA mRNA (Fig 8). Therefore, this suggests that the induction of
topo IIa and EZF-dependent gene expression in CD4+T ceUs are independent events.

Fig 9: Inhibition of topo II a mRNA in CD4' T ceUs by ICRF-187 but not
aphidicolin: Purified resting C D ~ 'T cells (3 X 103 were cultured in a 24-well plate in

the absence (unstimulated) or presence of anti-CD3 and anti-CD28-coated Dynabeads
with the indicated concentrations of ICRF-187 or aphidicolin. At 40 hours, total celIular
RNA was isolated fiom 1 X 106cells and RNA from 1 X 10' cells was subjected ta each
of the five different RT-PCRs for monitoring one specified or a pair of specified rnRNAs.
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Fig 10: Effect of topo 11 inhibitors and aphidicolin on the induction of IL-2mL-2R

expression and DNA replication: Purified resting CD4" T cells were cultured in the
absence or presence of anti-CD3 and anti-CD28-coated Dynabeads with different
concentrations of the indicated inhibitors, as in Figs 8 and 9. At 46 hours, 1X 10' cells
were stained with CD25-FITC mAb and analyzed by flow cytometry. The results are
expressed as percent CD2S' cells in total cells analyzed. 100 PL of ce11 culture
supernatant collected at 46 hours was assayed for IL-2 using m IL-2 ELISA kit. At 48
hours, three replicates of 1 X IO' cells were pulsed for 8 hrs with 1 pCi of 3~-thymidine
and the thymidine incorporation was determined by scintillometry.

3.4 Aphidicolin does not block induction of mRNA for IL2Ra, IL2, TOPO LI a or
E2F-dependent genes in CD4' T ce&
Previous studies have shown that aphidicolin, a DNA polymerase a inhibitor, arrests
cells at the Gi/S stage of the ce11 cycle (180). For cornparison and control, the activity of
DNA polymerase a was blocked with aphidicolin in parallel experiments. The structure
and h c t i o n of aphidicolin is descnbed in Table [II. As shown in Fig 9, unlike topo II
inhibitors. presence of different concentrations of aphidicolin had no effect on induction
of topo IIa rnRNA. or expression of IL-?, a chah OCIL-2R and topo II a mRNA.
Aphidicolin also did not inhibit the expression of DNA polymerase a and PCNA
rnRNAs.

3.5 Topo II and DNA pol a inhibitors inhibit entry of CD4' T cells into S-phase
without blocking IL-2and I L 3 R a expression
The effects of the presence of topo iI or DNA polymerase inhibitors during T-ce11
activation on IL-2 and IL-2Ra protein expressions were measured. Entry of CD4' T celIs
into the S-phase after stimulation with anti-CD3 plus anti-CD28 mAbs was monitored by
34-thymidine incorporation. DNA synthesis was also measured in the cultures that had
and VI
different concentrations of topo II and DNA polymerase a inhibitors. At 5.0 @
higher concentration of VM-26,DNA synthesis was compIeteIy inhibited while IL2 and
CD25 protein expression were unaltered as shown in Fig 10. In the presence of 50 pg/ml
novobiocin, DNA synthesis was partially inhibited. At higher concentrations of
novobiocin DNA synthesis was completely inhibited without ctffecting IL.-2 and CD25
expression. In the presence of 0.25 @ml m-AMSA, DNA synthesis was inhibited
without affecthg IL,-2 and CD25 protein expression. ICRF-187 did not inhibit IL.-2 and

Fig 11: Inhibition of topo iI during activation of CD4' T c e h blocks nuclear import
of HIV: Purified resting C D ~ 'T cells were infected with HIVrrrB
and then cultured in the

absence (unstirnulated) or presence of anti-CD3 and anti-CD28-coated Dynabeads with
indicated concentrations of VM-26, novobiocin and aphidicolin. At 48 hours, the DNA
lysate from 1 X 106 cells was prepared and subjected to semi-quantutative HIV PCR in

the presence of dig-1 1-dUTP. The PCR products were quantitated after hybridization
with a specific probe in a PCR ELISA.
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Fig 12: Effect of topo iI inhibitors on HIV provirus synthesis and nuclear migration:
HNrirsinfected resting C D ~ T
" cels were cuitured with indicated concentrations of topo

IIa or DNA polymerase a inhibitors, as descnbed in Fig 11. At 48 hours, the DNA
lysates were prepared and analyzed semi-quantitatively for full-length double-stranded
HIV provirus and 2-LTR circles, as descnbed in Fig 11 except that, in the case of ICRF-

187, LLTR circles were measured by using a direct PCR as descnbed in Material and
Methods. The results are expressed as OD obtained from PCR-ELISA.

CD25 while DNA synthesis was inhibited at 150 FM and higher concentrations as
shown in Fig 10. The presence of aphidicolin also inhibited entry of CD4" T cells into
S-phase but did not inhibit IL-2 and CD25 protein expression. Thus, despite the
appearance of functional IL-2 and IL-2R, both topo II and DNA polymerase a
inhibitors blocked induction of DNA replication in C D ~ 'T cells.
3.6 Topoisomerase II inhibitors block nuclear import of FiIV without affecting

synthesis of HIV provirus
As shown in previous studies, HIV can enter and reverse-transcribe in resting

CD4" T cells but the LTR circle formation and viral RNA transcription occurs only after
activation of T cells through CD3/TCR, CD28 or IL2 receptors (21,22,30,145). Several
other observations suggest that LTR circle formation and integration of HIV into the
cellular DNA is blocked at GdG1transition (22,38). In order to study the role of toto II in
the process, a possible relationship between toto IIa mRNA induction and nuclear import
of HIV was examined. For this purpose, HIVnm-infectedresting CD4' T cells were
treated with topo II inhibitors during activation with anti-CD3 and anti-CD28 coated
Dynabeads. Total provirai DNA and hlly reverse-transcribed proviral DNA were
measured to see if the presence of these dmgs affects the completion of viral reversetranscription. ZLTR circles were measured in the absence or presence of different
concentrations of inhibitors to examine the impact of topo II inhibition on the nuclear

import of HIV.

In the presence of 7.5 pM and higher concentration of VM-26, 2-LTR circle formation
was inhibited as shown in Fig I l , at which concentration expression of topo

expression is inhibited as already shown in Fig 8. In the presence of 0.25 pg/d

II a gene

Fig 13: Effect of novobiocin on nuclear import of HIV in already activated CD4+T
cells: (A) 1.2 X 10' PBMC were first activated with PHA for 42 hours, and 1 X 10' cells

hom the culture were infected with HIVIIIBand then cultured with IL-2 in the presence of
indicated concentrations of novobiocin. At 21 and 30 hours, 2-LTR cücles and total
provirai DNA were assayed by PCR-ELISA, and DNA synthesis by 3~-thymidine
incorporation. (B) 3 X 106Sup-Tl cells were infected and cultured in the presence of
indicated concentrations of novobiocin. ZLTR-circles, total proviral DNA and DNA
synthesis were assayed at 24 hours afler infection.
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rnAMSA, where topo II a gene expression was partially inhibited, ZLTR circle
formation was completely blocked as s h o w in Fig 12. in the presence of 150 pg/mi of
novobiocin, where topo 11 cc gene expression was completely inhibited, the formation of
2-LTR c i d e s was also completely blocked as shown in Fig 1 1. At a concentration of 150

pM CEW-187 partialIy inhbited topo iI a gene expression, and completely inhibited 2LTR circle formation without affecting other gene expression or the formation of full

length HIV provirus. Presence of aphidicolin did not inhibit topo IIa mRNA expression
or the nuclear irnport of HTV despite the fact that entry of the C D ~ 'T cells into S-phase
was completely blocked.

3.7 Topoisornerase II inhibitors block neither Topo II a mRNA nor nuclear import
of HIV in activated CD4+ cells
As shown earlier, both topo II cr mRNA expression and the nuclear import of HIV

c m be blocked by the presence of topo II inhibitors during C D ~ ' ce11 activation. To
examine the effect of topo II inhibitors on activated T cells that already contain topo II,
the nuclear import of HIV was monitored in already activated T cells and the SupTl
cells. a CD4' cell Iine . For this purpose, activated PBMC were cuitured in the presence
of different concentrations of novobiocin, As shown in Fig 13, 2-LTR circles were
present at 21 hours after infection. It is interesting to see that 2-LTR circles were present
at a concentration of 200 pg/ml novobiocin that inhibited > 90% cellular DNA synthesis.

Sup TI ceils also showed similar results. in the presence of 200 pg/mI novobiocin, > 80%
DNA synthesis was inhibited without affëcting the nuclear import of HIV DNA.
To examine the effect of topoisornerase inhibitors on topo iI m RNA expression in
already activated T cells, SupTl cells were cultured in the absence or presence of

Fig 14: Novobiocin and VM-26 fail to inhibit topoïIa mRMA and 2-LTRcircles in

Sup-TI celis: 2 X 10' Sup-Tl cells were infected with HIVIIIBand cultured in the
absence or presence of novobiocin or VM-26.At 24 hours, both total RNA and DNA
lysates were prepared fiom 1 X 106cells and assayed for topoIIa /P mRNAs and 2-LTR
circles respectively.

TREATMENT TO HIV-INFECTED SUP-Tl CELLS
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novobiocin or VM-26. As s h o w in Fig 14, presence of these dnigs partially inhibited
topo II a@ gene expression but had Little eEect on nuclear import of HIV even at the
highest dnig concentration.

DISCUSSION
4.1 Cellular control of nuciear import of HIV

HIV enters the resting as well as activated CD4' T celIs and reverse-transcribes in
the cytoplasm. Previous studies have s h o w that virus enters and initiates reverse

transcription of its genome in resting cells but fails to compIete the synthesis of doublestranded provird DNA (19,76). This failure is due to the presence of lhited nucleotide
pools in the resting ceils, which restricts the reverse-transcription(32). However, other
studies have shown the presence of full-length unintegrated double-stranded provirai
DNA in resting celIs (1 2 7). This discrepancy has been explained by the fact that

infectious HIV particles contain partiaily, or sometimes even fully, reverse-transcribed

HIV genome rather than strict RNA versions of the viral genome (128,129). These
findings indicate that the completion of reverse transcription may not be a critical ratelirniting step in the HiV tephcation cycle in resting CD4+T celis. In contrast to its
synthesis, the nuciear migration of HIV proviral DNA represents a major regulatory step
that controls HN replication in CD4' T cells and patients (1 18,127). Nuclear migration
of HIV proviral DNA is controlled by T ce11 activation (22,30). CD4" T cells proliferate
afler the stimdation by a specific CD3lTCR ligand in the presence of appropriate
accessory celis or CO-stimulatingligand of CD28 (139). Su far it has been well
established that HN enters into the nucleus of activ~tedcetls and teminaily
differentiated cells cg, macrophages, but not in resting ceiis. The activation of monocytederived macrophages with LPS causes resistance in human macrophages to HiV-1
infection in vitro (18 1). Addition of LPS to the macrophages during section with HIV-1
Ieads to the accumulation of earIy products of HlV replication but inhibits the synthesis

of late products of reverse transcriptase and nuclear import of virai DNA (181). As
shown in Fig 4, resting CD4' T cells were purified iÏom PBMC to avoid any interference
fiom monocytes/macrophages Ur the study of nucIear import of W.These purified
resting C D ~ 'T cells couId be activated with a combination of cross-linking anti-CD3 and
anti-CD28 mAbs but not with PHA. This confirmed the removal of

rnonocytes/macrophages since traces of these cells are sufficient for supporting T ce11
activation with PHA (141).

The activation of purified resting CD4' T cells is accompanied by the induction of

IL-ZRa protdn expression and IL-2 production (Fig 58,C). As shown in Fig 6, HIV
entes into the nucleus of activated C D ~ 'T ceIls but not in resting CD4' T ceIls as

revealed by the presence of 2-LTRcircles, despite the fact that virus reverse-transcribed
compfeteiy in resting as wdt as activated cells. Et has been s h o w in vitro that activation
of HIV-infected resting CD4' T celis leads to the appearance of 2-LTR circles after 40
hours in culture (30). As discussed earlier, 2-LTR circles are produced by end-to-end

Ligaiton of the LTR-sequences by DNA ligase activity. Because of exclusive nuclear
localization of DNA ligase activity, presence of these circles in the ce11 is used as a
marker of nuclear migration of PIC and hence the infection in vivo (88). The PIC is
transported into the host nucleus through W C . The HIV proteins interacts with the
cel1ula.r nuclear import machinery and facilitate the m p o a of HIV PIC uito the host
ce11 nucIeus (1 10-1 17). This may be because HIV PIC is a large nucleoprotein cornplex
ris

compared to other proteins and nudeoprotein complexes normally importeci in the

nucleus through W C . Et has been suggested that the nuciear import of PIC in resting
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energy necessary for transport of the large complex through the nuclear pores (28).
Several in vivo shidies have provided evidence for the existence of resting C D ~ 'T ceils
with integrated HIV provim. This has been explained by the fact that during the course

of infection, HIV productively infects and integrates in activated C D ~ 'T cells, and these
infected cells survive both the cytopathic effects of the virus and the cytolytic host
effector mechanism for long enough so that celts enter into a resting memory state

(1 36.182). C D ~ T
" cells with integrated provinis are present only in low numbers and late
in infection when the ability of the host to eliminate productively infected celIs declines.
In contrast to the labile nature of the unintegrated provinis, the integrated provirus is
stable and persists for the lifetirne of the T celIs.

4.2 inhibition of Topo iIa mRNA expression by topo II inhibitors
Topo fI is ATP-dependent enzyme that catalyses DNA topology during a number

of cellular processes such as chromosome segregation, DNA replication, transcription,
recombination and chromatin organization (148,150). Topo II is a nuclear enzyme
present at barely detectabie amounts in the resting T cells. Its activity increases upon T
ceil activation particulady because of a Iarge increase in the topo Ua isoform (44,50).
Topo iIP is present in both resting as weII as activated T cells. It is well established that

DNA topo IIa is predominantiy found in proIiferatUig cells, although some celIs in
differentiated tissue also has been found positive (46,50), in contrast, topo iIP is more
widespread and is present in al1 tissues. In proliferatiag ceils, 75% of the total topo II is

DNA topo IIa and rest of the 25% is topo IIP, whereas in ceils h m confluent cultures,
just over half of the topo II is topo IIB (46,50). OvedI, it is the topo Ha whose levels
fluctuate widely in cycling ceIls. The exact amount oEDNA topo iI a and 13 depends on

the stage of the ce11 cycle and of course ceIl type. It has been shown that hamster cells are
viable in culture despite the lack of DNA Topo IIB. This suggests that DNA Topo IIa
alone is suffïcient for mitosis (150). As s h o m in Fig 5, the topo IIB gene is expressed in
both resting and activated C D ~ T
' ce& while the topo iIa gene is expressed only in the
activated cells.
Topo II is clinically important. and is targeted by a number of anticancer dnigs
(48,148,150). These drugs inhibit Topo II activity and act by interfering with ceIl
division. These drugs also effect normal celk which divide to replace those lost through
Wear and tear. Arnong anti-topo II drugs, many interact with DNA by an intercalative
mode and induces the formation of Topo II - linked DNA strand breaks. Novobiocin and
m-AMSA both are intercaiating drugs (55,56). Novobiocin inhibits ATPase activity of
Topo 11, while m-AMSA stimuIates the formation of cleavable topo II-DNA complexes,

and the cellular processes such as replication convert the drug-stabilized complexes into
double-stranded DNA breaks that are toxic to the cell. ICRF-187 stabilizes the circular
clamp conformation of Topo 11and thus prevents strand passage and the appearance of
DNA strand breaks (150). ICRF-187 is clinically used to reduce doxorubicin- induced
cardiotoxicity. Since the former topo II inhibitors are known to be toxic, the viability of
the cells treated with these drugs was checked. The ce11 viability was greater than 80% in
the presence of different concentrations of VM-26, m-AMSA and novobiocin as shown
in Fig 7. The ce11 viability was checked in PBMC rather than purified CD4- T cells.
Purified CD4' T cells are stimulated by c r o s s - I i i g anti-CD3 and anti-CD28 mAbs to
the Dynabeads. Therefore, it is d i c u l t to count the cells under the microscope in the
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unstirnulated as well as stimulated C D ~ 'T cells. In contrast, topo iIa is absent in
unstimulated cells and its presence is associated with proliferating T cells. Presence of
topo II inhibitors specifically blocked the induction of topo IIa mRNA in a
concentration-dependent manner without inhibiting topo IIB rnRNA. The enzyme activity
of topo IIa and topo IIB has been cornpared in the presence of VM-26 in vitro. It has
been shown that topo IIP is three to four fold less sensitive yp omjonoyopm nu VM-26
than topo IIa. The haif-life of topo IIp is more than 40 hours and is stable during M
phase ti G1 phase transition. In contrast, one third of topo [Ta is degraded within 4 hours
during this transition (150).
As shown in Fig 2. C D ~ 'T cells are activated through two successive receptorligand interactions. The first interaction between CD31TCR cornplex and the antigen
peptide clasped in a class Ii MHC rnokcule induces IL-2and high affinity IL-2 receptors
(139). The second receptor-ligand interaction between IL-2 and high affinity IL-2
receptors on the T ce11 induces induction of DNA synthesis (25). Expression of IL-2and
high afinity IL-2R are used as markers of T ceIl activation. The presence of topo II

inhibitors had no significant effect on induction of mRNAs for IL2 or IL2Ra. Topo II
inhibitors blocked topo I I a mRNA in a concentration-dependent manner without
afîecting topo IIB, GAPDH, DNA pol cc, and PCNA mRNA (Fig 8 and Fig 9). At a
specific concentration of different topo II inhibitor, DNA synthesis was completely
inhibited without affecting IL-2 and CD25 protein expression (Fig IO). Topo II inhibitors
blocked the induction of DNA replication in CD4' T celis despite the appearance of
t'unctional IL-2 and IL-2R

As discussed earlier various inhibitors of topoisornerase II (VM-26, m-AMSA
and novobiocin). which act through independent mechanisms, cause DNA strand breaks.
However this does not seem to be the reason of topo II a mRNA inhibition. This can be
explained by two facts. Firstly, several other genes e.g. IL-2, IL-2Ra, DNA pol a and
PCNA are expressed without any inhibition despite the inhibition of topo Ha mRNA (Fig

8). Secondly, another topoisornerase II inhibitor (ICRF-187), which does not cause DNA
strand breaks. also inhibited topo IIa mRNA expression (Fig 9). This unexpected
observation suggests a role of topo IIP activity in the induction of topo IIa mRNA
expression during T ce11 activation. It is conceivable that the inhibition of topo II activity
during activation of CD4' T cells blocks topo IIP activity, which in turn inhibits topo IIa
mRNA expression and hence topo IIa activity. Thus, the regdation of topo IIa mRNA
expression may be unique md distinct from those of E2f-dependent genes. The fact that a
non-inhibitory analog of m-AMSA, O-AMSA, and potent inhibitor of DNA polymerase a
(aphidicolin) had no effect on induction of topo 11 a mRNA supports the notion that the
obsewed inhibitor of topo IIa mRNA is actually rnediated by topo IIP activity. Results in

Fig 8 and 9 show that the augmented expression of ESF-dependent genes, namely DNA
polymerase a and PCNA, in stirnulated C D ~ 'T cells occur independently of topo iiu
gene expression, Therefore, the pathways that Iead to the induction of topo IIa and ESFdependent genes in CD4+ T cells are independent.

4.3 T ce11 activation signal and nuclear import of HiV

The T ce11 activation signa1 through CD28,unlike through the CD3TTCR
cornplex, induces expression of CD25 and IL-2 genes (39,139,140). Interaction of high

d h i t y IL-2 receptor with IL2 transmits an activation signal in the T ceii (25). Absence

of this signal leads to the accumulation of unintegrated HN proviral DNA in resting

CD4' T cells in patients, and represents a major regdatory step that controis HIV
replication in patients (1 27). Intermittent administration of IL-2 dong with continuous
HAART in HIV-infected patients reduces the pool of resting C D ~ 'T cells that contain

replication-competent HIV as cornpared to patients who were on HAART treatrnent only
(183). Intermittent administration of IL-2 activates CD4' T ceils to express HIV and

promotes differentiation of CD8' T ceiis, whereas HAART would prevent new rounds of
infection mediated by the virions produced during activation of latent reservoir (1 83).
Intermittent IL-2 administration in the absence of W

T can result in the transient

induction of virus replication. This is because IL-2activates resting CDJ* T cells and in

turn induces the expression of the high-afinity IL-2 receptor and cellular proliferation.
Cytokine signals are known to be sufficient for HIV-1infection of resting human T
lymphocytes (1 84). It has been reported that kinases phosphorylate the components of the
viral PIC and this appears to enable efficient transport of the vira1 PIC to the nucleus

(185). Thus, signals produced Erom the cytokine ceceptors may activate host factors that
are required for the translocation of the preintigration complexes into the nucleus. This
view might facilitate the delivery of lentiviral vectors and stable expression of foreign
genes in nondividing primary cells. This system provides an o p p o r t ~ ~tot ytùrther
explore the cellular requirements for the completion of HIV-1life cycle, especially
nuclear migration, integration and transcription of HIV, in primary T celIs. Cytokine
mediated signais do not necessarily change the differentiation state of the cells. This may
have applications in clhical gene therapy to introduce exogenous genes into purified
resting T cells where activation of the T cells through the TCR is not desired.

4.4 Correlation between topo iIa mRNA expression and nuclear import of HIV

Treaûnent of C D ~ T+ cells during the course of activation with topoisomerase
inhibitors blocked the entry of the CD4' T ceUs into the S-phase without inhibiting IL-2
and IL-2Ra gene expression, showing that IL-2 and IL-2R mediated activation signalling
to be unaffected. However, the presence of topoisomerase II inhibitors during CD4' T
ce11 activation blocked the nuclear irnport of HIV despite the formation of fully reversetranscribed proviral DNA (Fig 1 1,12). The nuclear migration of HIV seems to be
corrdated with the expression of topo IIa, but not topo IIB, gene expression. These
resdts suggest that an activation signai through CD25 is necessary but not sufficient for
the nuclear import of HIV provirus in CD4' T cells. The transcription factor E2F binds to
various promoters involved in DNA replication such as DNA pol cr and PCNA. This in
turn regulates the gene expression involved in the progression of ceIIs tiom G1 to the S
phase (149). As shown in Fig 8 and 9, presence of topo II inhibitors at concentrations that
block nuclear import of EiiV did not affect DNA pol a and PCNA gene expression. This
shows ùiat expression of these E2f-dependent genes does not affect HIV nuclear import.
Cyclosporin A has been shown to inhibit nuclear migration of HIV as well as the
expression of c-myc protein, which is normaily induced in CD4'

T cells f i e r stimulation

by ligation of T ce11 antigen receptor and CD28. Specific c-myc antisense oligonucleotide

is shown to inhibit W-1infection without affecthg ceii cycle entry or proliferation
(145). ï h i s suggests that c-myc regulates HIV-1 DNA nuclear irnport via a mechanisrn
distinct fiom that which controls the entry of cells into the ce11 cycle (145). Tt has been
shown that an HIV-infected T ce11 line arrested in the Gl/S phase with aphidicolh stiil
formed HIV LTR circles, showing that enûy into the ceii cycie is not necessaty for L I K

circle formation (38). This is confkned by results shown in Figure 12, which shows that
the presence of aphidicolin duruig the activation of CD4' T cells fails to block nuclear
migration of HIV while completely abolishing cellular DNA synthesis (Fig 10). This
shows that the events pnor to the entry of the cells into S-phase are important for the
nuclear irnport of the virus.
Once the T celIs are activated and express topo IIa rnRNA, topoisornerase II
inhibitors fail to block the nuclear migration of HIV. even at concentrations that aboiish
greater than 90% DNA synthesis in the cells (Fig 13). Topoisornerase II inhibitors
inhibited DNA synthesis in both PHA-activated T celIs and SupT1 cells without
inhibiting the nuclear import of HIV. In SupTl cells, these inhibitors led to a partial

a mRNA expression (Fig 14). This shows that topo II activity is not
inhibitor of topo H
directly involved in nuclear import of HIV, and DNA strand breaks praduced by topo II
inhibitors also have no effect on nuclear import of W .Taken togethei the results
described here point to a possible role of topo IIa-mediated dteration in the nuclear
structure of CD4' T cells during T ce11 activation in the nucIear migration of HIV, and
suggest these alterations are relatively stable since inhibition of topo II activity in
activated CD4' T cells fails to prevent HIV nuclear import. Thus, the induction of topo
IIa gene expression in CD4" T cells is a crucial IL-2R-dependent event that triggers a
topo Ha-mediated major re-stnicturing of the nucleus. Such re-mcturirig is essentid for
the transition of lymphocytes from Goto S phase of the ce11 cycle as well as for
permissiveness to the nuclear migration of H I V .
4.5 Future directions
This study has led to the fo1Iowing major fïndings:

(i) Inhibition of topo11 activity specifically blocks induction of topo IIa mRNA in
CD4' T cells;
(ii) The expression of topo IIa rnRNA is associated with nuclear import of HIV in
C D ~ 'T cells; and

(iii) independent regdation of mRNA for topo IIa and E2f-dependent genes DNA
pol u and PCNA in C D ~ 'T cells.
It is very important to determine the mechanism of inhibition of topo IIa mRNA
expression by topo II inhibitors. What is the correlation between topo IIa mRNA gene
expression and the nuclear import of lentiviruses and lentiviral vectors. It will be very
interesting to know is it topo IIu mediated nuclear structure re-modeling or some other
activation criteria which blocks the nuclear import of the virus. It will be very interesting
to see the role of topo Ila expression in nuclear import of HIV in monocytes. How does
topo IIa expression and nuclear structure affect the nuclear irnport of other human
pathogenic viruses in T ceIIs and other non-dividing cells? It is important to find out if
inhibition of other E2F-dependent genes inhibits nuclear irnport of HIV.

4.6 ImpIications:
4.6.1 Therapy

The results presented in this thesis point to nuclear irnport of HIV as a potentially
important step for therapeutic intervention of the replication cycle of HIV.Some of the
topo II inhibitors used in this study are known anti-cancer drugs in hurnans and excellent
candidates for the thereapeutic intervention of nuclear import of HIV in C D ~ "T cells.
Since nuciear migration of HIV precedes virus integration and replication, the drugs

targeting this step would be much less prone to tesistance deveIopment.

4.6.2 Gene therapy
Contrary to published reports (10,73), the lentivirus-based vectors rnay not be applicable
for delivery of therapeutic genes in resting T cells and perhaps other non-dividing ceils
that lack topo IIa gene expression. Further studies are required to understand the contrd
of nuclear migration of lentiviral vectors for gene therapy.
4.6.3 üIV pathogenesis

Since the nuclear migration and integration of HIV is resûicted to activated C D ~ 'T cells,
the HIV-specific CD4' T cells will predictably become preferred targets of HIV
integration and productive Section. This is because during the course of HiV infection
these cells will be a predominant population of activated CD4' T cells in vivo. Such a
possibility may steadily eliminate HIV-specifrc T cells and anti-HIV imrnunity.
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