JOURNAL OF VIROLOGY, Feb. 2004, p. 1464-1472
0022-538X/04/$08.00+0 DOI: 10.1128/JV1.78.3.1464-1472.2004

Vol. 78, No. 3

Copyright © 2004, American Society for Microbiology. All Rights Reserved.

Dysregulation of the Polo-Like Kinase Pathway in CD4" T Cells Is

Characteristic of Pathogenic Simian Immunodeficiency
Virus Infection

Pavel Bostik,* Geraldine L. Dodd, Francois Villinger, Ann E. Mayne, and Aftab A. Ansari

Department of Pathology and Laboratory Medicine, Emory University
School of Medicine, Atlanta, Georgia 30322

Received 13 February 2003/Accepted 21 October 2003

CD4™" T-cell dysfunction highlighted by defects within the intracellular signaling cascade and cell cycle has
long been characterized as a direct and/or indirect consequence of human immunodeficiency virus (HIV)
infection in humans and simian immunodeficiency virus (SIV) infection in rhesus macaques (RM). Dysregu-
lation of the M phase of the cell cycle is a well-documented effect of HIV or SIV infection both in vivo and in
vitro. In this study the effect of SIV infection on the modulation of two important regulators of the M
phase—polo-like kinases Plk3 and Plkl—was investigated. We have previously shown that PIk3 is markedly
downregulated in CD4* T cells from SIV-infected disease-susceptible RM but not SIV-infected disease-
resistant sooty mangabeys (SM), denoting an association of downregulation with disease progression. Here we
show that, in addition to the downregulation, PIk3 exhibits aberrant activation patterns in the CD4* T cells
from SIV-infected RM following T-cell receptor stimulation. Interestingly, in vitro SIV infection of CD4* T
cells leads to the upregulation, rather than downregulation, of PIk3, suggesting that different mechanisms
operate in vitro and in vivo. In addition, CD4"* T cells from RM with high viral loads exhibited consistent and
significant upregulation of Plkl, concurrent with an aberrant activation-induced Pkl response, suggesting
complex mechanisms of SIV-induced M-phase abnormalities in vivo. Altogether this study presents a novel
mechanism underlying M-phase defects observed in CD4™ T cells from HIV or SIV-infected disease-susceptible

humans and RM which may contribute to aberrant T-cell responses and disease pathogenesis.

It is now generally accepted that it is not only the physical
depletion of the CD4™" T cells but also a dysfunction of both
infected and uninfected CD4™ T cells that contributes to dis-
ease progression in human immunodeficiency virus (HIV)-
infected humans and simian immunodeficiency virus (SIV)-
infected nonhuman primates (16, 39, 45). Both SIV and HIV
infection exhibits profound effects on CD4* T-cell signaling
that affect CD4 " T-cell function, leading to insufficient CD4™
T-helper-cell function and gradually generalized unresponsive-
ness of the immune system (4, 43, 47). The fact that highly
active antiretroviral therapy is not capable of completely erad-
icating the virus, accompanied by a failure to achieve full
immune reconstitution (20), clearly indicates the importance
of a search for new therapeutic approaches which would target
these dysregulatory viral effects (33). It has been previously
shown that both HIV and SIV are capable of inducing changes
in cellular signaling and the cell cycle. One of the important
effects that both HIV and SIV infection was shown to have on
cell cycle regulation is the ability of Vpr to cause cell cycle
arrest of the infected cells at the G,/M stage in vitro (15, 40).
This cell cycle arrest is potentially mediated by the cascade
initiated by the interaction of Vpr with the protein hVIP (32)
and characterized by accumulation of phosphorylated-inactive
Cdc2 (21, 24, 41). The extended G,/M block then allows for an
increased production and extended release of the virus from
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the infected cell (19). Interestingly, however, CD4" T cells
from HIV-infected patients ex vivo showed increased and pro-
longed activation of Cdc2 compared to that of uninfected con-
trols (7, 39). Activation of Cdc2 is an essential step for the
progression of the cell through the G,/M phase (reviewed in
reference 28) that is accomplished by the dephosphorylation of
Cdc2 by protein phosphatase Cdc25C at the late S/G, phase.
Interestingly, inhibition of Cdc25C-mediated activation of
Cdc2 was shown to be one of the mechanisms underlying the
Vpr-mediated G,/M arrest (1, 13). Cdc25C in turn is phospho-
rylated-activated by polo-like kinase 1 (Plk1), leading to G,/M
progression (42). Further phosphorylation of Cdc25C by polo-
related kinase (Prk)/fibroblast growth factor-inducible kinase
(Fnk)/polo-like kinase 3 (P1k3) during the M phase leads to the
nuclear export of Cdc25C that in turn leads to the phospho-
rylation-inactivation of Cdc2 by negative factors, which is nec-
essary for the cell to exit from the M phase (12, 36, 38). Plk1
and PIk3 belong to the family of polo-like kinases, which have
been previously shown to play an important role in the regu-
lation of the mitotic phase of the cell cycle in a number of cell
lineages (18, 35), and the expression and phosphorylation of
PIk1 and PIk3 periodically oscillate during the cell cycle (9, 22).
In contrast, data from a study conducted on monocytes seem to
suggest that in these cells the level of Plk3 remains constant
throughout the cell cycle and that it is cell adhesion that in-
duces PIk3 (23).

During the course of the studies aimed at characterization of
the potential targets of lentivirus-mediated CD4" T-cell dys-
function, we have utilized SIV-infected disease-susceptible
rhesus macaques (RM) and naturally SIV-infected disease-
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resistant sooty mangabeys (SM) with the rationale that we can
thus distinguish between disease-associated and nonassociated
biological events (3-5). It is important to note that disease
susceptibility and resistance in RM and SM, respectively, are
not associated with differences in viral loads (8). We have
previously identified several signaling molecules involved in
both T-cell receptor (TCR) signaling cascades and cell cycle
regulatory events that showed clear dysregulation in symptom-
atically SIV-infected RM but not in the asymptomatically in-
fected SM (5). The most marked downregulation was noted in
the levels of P1k3 in pathogenic SIV infection of RM but not in
apathogenic SIV infection of SM. We have shown that CD4™"
T cells from disease-susceptible SIV-infected RM harbor ~10-
to 100-fold-lower levels of PIk3 mRNA than do CD4" T cells
from SIV-infected disease-resistant SM or those from unin-
fected RM or SM controls. An interest in the potential role of
this kinase in the pathogenesis of disease was further sup-
ported by the finding that both HIV and SIV infection leads to
a profound dysregulation of the mitotic phase characterized by
the dysregulation of Cdc2 (7, 21, 39, 41), which is a down-
stream target of both P1k3 and Plk1 (36, 42). In this study we
show that PIk3 is indeed downregulated at the protein level in
CD4™ T cells from pathogenically infected RM and that this
downregulation is concurrent with the dysregulation of the
PIk3-Cdc25C-Cdc2 pathway. Furthermore we show that P1k3 is
most likely involved in CD4" T-cell cycle regulation and that
PIk1 is also dysregulated in pathogenic, but not apathogenic,
SIV infection. These data suggest that dysregulation of Plk1
and PIk3 is at least one of the mechanisms that contribute to
M-phase aberrations observed in CD4" T cells in both HIV
and SIV infection. Additional studies may yield important in-
sights into the pathogenesis of lentivirus-induced cell cycle
dysregulation and the identification of potential targets for
future therapies.

MATERIALS AND METHODS

Cells. The peripheral blood samples were obtained from healthy adult RM
(Macaca mulatta), STVmac251-infected RM later than 6 weeks postinfection, and
healthy adult SIV-seronegative and -seropositive SM (Cercocebus atys) housed at
the Yerkes Regional Primate Research Center of Emory University. All exper-
imental groups consisted of at least three animals, and n, where appropriate,
denotes the number of animals tested in each group. Viral loads were deter-
mined using quantitative competitive reverse transcription-PCR as previously
described (34). All animals were maintained according to the guidelines of the
Committee on the Care and Use of Laboratory Animals of the Institute of
Laboratory Animal Resources, National Research Council, and the U.S. Depart-
ment of Health and Human Services guidelines Guide for the Care and Use of
Laboratory Animals. CD4™ T cells were isolated from fresh or cryopreserved
peripheral blood mononuclear cells with Dynabeads M450 CD4 (Dynal, Lake
Success, N.Y.). The purity of the cell population was always >99.0% as deter-
mined by fluorescence-activated cell sorting (FACS) analysis.

Cell culture. Primary CD4™" T cells were cultured in RPMI 1640 supplemented
with 10% fetal calf serum, gentamicin (Gibco, Carlsbad, Calif.), and 10 U of
interleukin 2/ml. The HSRM1 transformed cell line was established by culturing
primary CD4™" T cells with herpesvirus saimiri as previously described (2). The
transformed cell line was expanded in medium prepared as described above
supplemented with 50 U of interleukin 2/ml. Where appropriate, cells were
incubated in medium alone (nonstimulated cells) or in medium containing anti-
CD3 alone (clone FN18; Biosource International, Camarillo, Calif.) or anti-
CD3-anti-CD28 (Becton Dickinson, San Jose, Calif.) antibody-conjugated im-
munobeads prepared as described elsewhere (6). In some experiments cells were
synchronized using 100 ng of nocodazole/ml or 0.25 ng of aphidicolin/ml (both
from Calbiochem, San Diego, Calif.) for 12 h. HOS-CD4-CCRS5 cells were
cultured in Dulbecco modified Eagle medium supplemented with 10% fetal calf
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serum and gentamicin (all from Life Technologies). In the in vitro SIV infection
experiments purified CD4* T cells were infected with SIVmac251 (0.1 50%
tissue culture infective dose/cell) or mock infected and cultured for 8 days, and
the infection-virus replication was verified using a p27 enzyme-linked immu-
nosorbent assay (Coulter, Miami, Fla.).

Western blotting. Cell lysates (30 pg of total cellular protein/sample) were
separated using sodium dodecyl sulfate-polyacrylamide gel electrophoresis and
transferred to an Immuno-Blot polyvinylidene difluoride membrane (Bio-Rad,
Hercules, Calif.), and the membranes were blocked for 1 h with Tris-buffered
saline-Tween 20 containing 5% milk. The membranes were probed with either
anti-Fnk monoclonal antibody (MADb) (clone 53; BD Transduction Laboratories,
San Diego, Calif.), anti-Cdc25C MAD (clone C2-2; BD PharMingen, San Diego,
Calif.), anti-phospho-Cdc2 (Tyr15) rabbit polyclonal antibody (Cell Signaling
Technology, Beverly, Mass.), anti-Plkl (Upstate Biotechnology, Lake Placid,
N.Y.), or B-actin MAb (clone AC-15; Sigma, St. Louis, Mo.). Following the
addition of goat anti-mouse or goat anti-rabbit immunoglobulin-alkaline phos-
phatase conjugate (Biosource), the blots were developed using Lumi-Phos WB
(Pierce).

Cell cycle gene expression array analysis. RNA (1 pg/sample) was isolated
from cells by using the RNAid reagent (Ambion, Austin, Tex.). The gene ex-
pression array analysis was performed using the nonradioactive cell cycle GE-
Array Q series kit (SuperArray Inc., Bethesda, Md.) according to the manufac-
turer’s instructions. CD4" T cells from four SIV-negative RM and two
independent preparations of HSRM1 cells were cultured in medium or stimu-
lated with anti-CD3 antibody-coated beads for 16 h. The level of gene transcrip-
tion in each sample was quantitated by densitometry and normalized to the
expression of the glyceraldehyde-3-phosphate dehydrogenase (GAPDH) gene.
Mean values for the primary CD4" T cells and HSRM1 cell line were derived
(standard deviations [SD] for each set were always <50% of the mean). Data are
expressed as fold difference between gene expression observed in primary CD4"
T cells and that in the HSRM1 cell line.

Real-time PCR quantification. cDNA samples were subjected to real-time
PCR in an iCycler (Bio-Rad) and SYBR Green fluorescence quantification (PE
Applied Biosystems, Foster City, Calif.) utilizing primers for Plk1 (5'-AGG
CAAGAGGAGGCTGAGGA-3" and 5'-GCACCCCCACGCTGTTATC-3") or
PIk3 (5'-TCACTGGGCTGTGTCATGTA-3" and 5'-GTGAACCTGCTTGAT
GCAG-3'). Parameters of the cycle were 95°C for 15 min and 60°C for 1 min. As
a control, an amplification of the GAPDH fragment was performed using the
primers 5'-ACCACCATGGAGAAGGCTGG-3' and 5'-CAGTTGGTGGTGC
AGGAGGC-3'. The target cDNA quantitation in different samples was then
performed according to the directions of the manufacturer (SYBR Green kit; PE
Applied Biosystems) by first normalizing the threshold cycle number of the target
gene to that of GAPDH. The copy numbers of the target gene were then
expressed relative to the calibrator sample. Each target sequence and the
GAPDH control were quantitated from two independent cDNA preparations
from each sample and/or animal, and the resulting relative quantitation is ex-
pressed as an average of two measurements.

Statistical analysis. The data were analyzed using the ¢ test, and the differ-
ences marked by an asterisk represent P values of <0.001. Error bars represent
SD for averages obtained from samples from different animals.

RESULTS

PIk3 is downregulated in CD4™ T cells in pathogenic SIV
infection. In our previous studies we found a ~10- to 100-fold
downregulation of PIk3 mRNA in CD4™" T cells obtained from
disease-susceptible SIV-infected RM compared to uninfected
controls. However, there was no difference in P1k3 levels be-
tween CD4" T cells from the disease-resistant SIV-infected
SM and those from uninfected SM (5). To further define the
potential difference in Plk3 expression in RM, we performed
Western blot analysis of lysates from CD4" T cells from both
SIV-naive and -infected RM (Fig. 1). As can be seen, the levels
of expression of PIk3 are indeed substantially lower in CD4* T
cells isolated from the peripheral blood mononuclear cells of
SIV-infected RM with both low (+; <10° copies/ml) and high
(++; >107 copies/ml) values compared to the noninfected
controls. These cells also—similarly to the CD4" T cells from
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FIG. 1. Effect of in vivo and in vitro SIV infection on expression
of PIk3. Lysates from CD4" T cells obtained from SIV-negative
(SIV —) or SIV-positive (SIV+) RM with viral loads of <10° (+) or
>107 (++) copies/ml and from in vitro mock-infected (mock) and
SIVmac251-infected CD4™ T cells (+) were assayed for the expression
of PIk3 by Western blotting. p-Plk3 denotes a slower-migrating species
of PIk3, presumably the phosphorylated form. Representative data
from two animals from each group (consisting of at least three ani-
mals) are shown. Results of Western blot analysis of P1k3 and cyclin B
expression were quantified by densitometry, normalized to the levels of
B-actin, and expressed as average integrated density (ID). Error bars
represent SD of values obtained from each experimental group con-
taining samples from »n animals, and an asterisk denotes a statistically
significant difference (P < 0.001) from the SIV-negative samples.

HIV-infected patients—expressed higher levels of cyclin B,
suggesting a dysregulation of the M phase in these cells.

It was of interest to establish whether the downregulation of
P1k3 expression was due to the direct effect of SIV infection or
due rather to the indirect effect of the infection on the CD4™
T-cell compartment. As can be seen in Fig. 1 SIVmac251
infection of SIV-naive CD4™ T cells in vitro led to a significant
increase of Plk3 expression 10 days postinfection. Interestingly,
in the cells from SIV-naive animals and in in vitro-infected
cells there was a prominent band representing slower-migrat-
ing species of PIk3 (p-Plk3, presumably corresponding to the
phosphorylated form of Plk3). This species was present also in
the CD4" T cells from SIV-infected RM ex vivo; however, it
constituted only a minor fraction of Plk3-specific signal. A
similar upregulatory effect of in vitro SIV infection on Plk3
expression was observed when HOS-CD4-CCRS cells were
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infected with various HIV and SIV isolates and levels of Plk3
were assessed by real-time PCR (Fig. 2). Interestingly, the
magnitude of upregulation varied with the virus isolate used,
ranging from no or only a minimal effect of tested HIV iso-
lates or SIVmac251 to an ~10-fold increase observed with
SIVsmAB670 or highly pathogenic SIVsmPbj14.

These data therefore indicate that the downregulatory effect
of in vivo SIV infection on Plk3 expression is not a direct effect
of the virus on PIk3 transcription-translation but rather an
indirect effect of infection on the regulation and homeostasis
within the CD4™ T-cell compartment.

PIK3 levels reflect the cell cycle progression of CD4™* T cells.
To further characterize the role of Plk3 in the development of
CD4™" T-cell dysfunction characteristic of AIDS, it was neces-
sary to establish what role PIk3 plays in CD4" T cells. It has
been previously reported that this kinase is associated with the
regulation of proliferation and cell cycle progression in some
cell lineages, e.g., fibroblasts (9, 18, 22, 35). However, in other
cell lineages, such as macrophages or neural cells, Plk3 was
shown to be associated with adhesion or synaptic plasticity,
respectively (23, 26).

To gain further insight into the role of PIk3 in CD4™ T cells
and circumvent the necessity for large numbers of primary T
cells necessary for extended cell cycle studies, we have estab-
lished a herpesvirus saimiri-transformed CD4" T-cell line
from RM CD4™" T cells termed HSRM1. When characterized
by FACS (Fig. 3), the cells were found to be CD3 and CD4
positive, with approximately one-third of cells being CD4-CDS§
double positive. The cells do not express B-cell marker CD20
and are CD16 (NK marker) and CD45RA (memory cells;
there is no reagent for nonhuman primate CD45RO staining)
negative. Cells were positive for the activation markers CD69
(80%) and CD25 (93%), and ~10% of the cells were also
positive for HLA-DR. Prior to use of the HSRM1 cell line it
was important to establish whether these cells are comparable
to primary CD4" T cells in the parameters of cell activation-
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FIG. 2. Invitro SIV-HIV infection upregulates Plk3 in HOS-CD4-
CCRS cells. HOS-CD4-CCRS cells were infected with indicated HIV
and SIV isolates, and the transcription levels of Plk3 at day 10 postin-
fection were assessed by real-time PCR, normalized to GAPDH, and
expressed as copy numbers relative to the uninfected sample (ctrl).
Average values of two independent experiments are shown.
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FIG. 3. Phenotypic characterization of HSRM1 cell line. The her-
pesvirus saimiri-transformed CD4" T-cell line HSRM1 was character-
ized for the expression of indicated surface markers by FACS.
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cell cycle. Therefore, a comparative protein kinase differential
display analysis of the HSRM1 cells and primary CD4™ T cells
was performed (5). Analysis of both nonstimulated and TCR-
stimulated cells did not show any major differences in protein
kinase patterns between primary cells and this transformed
CD4™" T-cell line (data not shown). Furthermore, to charac-
terize the cell cycle parameters of the transformed cell lineage,
cell cycle-specific gene expression array analysis was performed
(Fig. 4). Densitometric analysis of the data obtained from both
the nonstimulated and anti-CD3-stimulated cells showed dif-
ferences in the levels of transcription in only a few out of the
96 cell cycle-related factors included in the array. Interestingly,
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for all but two factors (Cks2 and Skp2), higher levels were
always detected in primary CD4™" T cells. Most notably there
was a ~10-fold-higher expression of cullin in the nonstimu-
lated primary cells. There was also fivefold-higher expression
of cyclin C, cyclin G, p27Kipl, and RADS50 specific signal in
resting primary cells, but this difference was unremarkable
following TCR stimulation. There was also an approximately
four- to fivefold-higher expression of cyclin G2 in TCR-stim-
ulated primary cells. Overall, this analysis found the HSRM1
cell line to exhibit parameters similar to those of the parental
primary CD4 T cells and established the validity for its use in
further assays.

To investigate the role of PIk3 in CD4™ T cells, it was
important to establish the correlation of Plk3 expression with
the cell cycle progression. Therefore, the HSRM1 cell line was
synchronized with aphidicolin (G,/S) or nocodazole (G,/M
blocker) and the levels of Plk3 were measured by Western
blotting after the release of the block (Fig. 5). While the
aphidicolin treatment led to P1k3 levels indistinguishable from
those of the nonsynchronized cells, there was a clear increase
in the PIk3 levels in the nocodazole-synchronized cells. These
levels remained slightly increased 2 h following the release of
the block as cells were progressing through mitosis. The im-
mediate downstream target of Plk3 is Cdc25C (36). Cdc25C
analysis in the synchronized cells showed that nocodazole syn-
chronization led to the disappearance of the nonphosphory-
lated-inactive form (band c, Fig. 5) and an increase in the
hyperphosporylated-active form (band a) of Cdc25C (27).
With elapsed time following block release, the hyperphosphor-
ylated form started to disappear concurrently with an increase
in the phosphorylated-inactive form (band b)—presumably as
an effect of Plk3-mediated phosphorylation on Ser216. As ex-
pected the proportion of this form further increased in G,/S-
blocked cells. Furthermore the levels of Plk3 and the phos-
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FIG. 4. Cell cycle-related gene expression analysis of primary CD4" T cells and the HSRM1 cell line. Primary CD4" T cells from four
SIV-negative RM and two independent preparations of HSRM1 cells were cultured in medium (nonstimulated; white bars) or stimulated with
anti-CD3 antibody-coated beads for 16 h (black bars), and transcription of cell cycle-related factors was determined using the Cell Cycle GEArray
Q series kit (SuperArray). The levels of gene transcription in each sample were normalized to the expression of the GAPDH gene, and mean values
for the primary CD4™ T cells and HSRM1 cell line were derived. Data are expressed as fold difference of gene expression between the primary
CD4™" T cells and the HSRM1 cell line, and only those genes showing more than a threefold difference in the expression (out of 96 genes tested) are

shown.
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FIG. 5. Expression of PIk3 correlates with the cell cycle progression
in CD4" T cells. Lysates from the HSRM1 cell line were assayed for
the expression of Plk3, Cdc25C, and cyclin B at various stages of the
cell cycle. Cells were either nonsynchronized (ctrl), synchronized at
G,/S phase with aphidicolin (G1/S) or at G,/M phase with nocodazole
(M), or assayed 2 h after the release of the nocodazole block (M+2).
Cdc25C analysis shows the nonphosphorylated-inactive form (c), the
single-phosphorylated—inactive form (b), and the double-phosphory-
lated-active form (a). B-Actin expression was used as a control for the
equivalent loading.

phorylation status of Cdc25C correlated with mitotic cyclin B
levels, and together these data suggest that Plk3 expression is
probably associated with the regulation of cell cycle progression.

PIk3 exhibits aberrant TCR activation response in CD4™ T
cells from SIV-infected RM. Since cell cycle progression of
CD4" T cells is a consequence of cell activation, it was impor-
tant to determine whether T-cell activation has any detectable
effect on PIk3 levels. The HSRM1 cells were activated by
anti-CD3-CD28 stimulation for various times, and PIk3 levels
were measured by Western blotting. As can be seen in Fig. 6,
stimulation of these cells led to the gradual increase of Plk3
detectable as early as 4 h with a peak at 24 h and subsequent
decline to baseline levels at 48 h. These levels presumably
reflected progression through the cell cycle since they were
followed by a gradual increase of mitotic cyclin B levels peak-
ing at 24 h, suggesting the passage of the cells through the
M phase. Similar data (~24-h cyclic increase) were obtained
when primary CD4 ™" T cells from uninfected RM were stim-
ulated as described above (data not shown). This activation-
induced cycle peaking at ~24 h was similar to the activation-
induced cycle previously reported in CD4% T cells from
HIV-negative human volunteers (7). Interestingly, however,
similar stimulation of CD4™" T cells from SIV-infected RM led
to a rapid increase of PIk3 peaking at 4 h and to an aberrant
cyclic pattern thereafter, e.g., a decrease to baseline levels at
24 h followed by another increase at 48 h. At the same time
these rapid cyclic changes in Plk3 were not followed by an
increase in cyclin B, levels of which peaked at 48 h, indicating
an aberrant cell cycle. These data suggested that the P1k3 levels
are indeed associated with activation in CD4" T cells and that
the SIV infection—besides its effect on the baseline levels of
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Plk3—Ileads to the aberrant kinetics of activation-induced P1k3
response and cell cycle.

PIKk1 is upregulated by high levels of SIV infection. P1k3 has
been shown to phosphorylate Cdc25C on Ser216, leading to its
inactivation and nuclear export. However, Plk1, another polo-
like kinase, has been shown to activate Cdc25C by phosphor-
ylation on Thr198, leading to its nuclear import and initiation
of the M phase (48). At the same time, Plkl also has been
shown to phosphorylate cyclin B, leading similarly to its acti-
vation and nuclear import (49).

To further investigate other potential mechanisms by which
chronic SIV infection can affect the Cdc25C pathway-mediated
regulation of the M phase, a real-time PCR analysis of Plkl
levels in CD4™ T cells from SIV-infected and noninfected RM
and SM was performed (Fig. 7). It can be seen that in RM high
viral loads (viremia of >107 copies/ml) of SIV with concurrent
AIDS symptomatology led to a four- to fivefold increase in the
levels of Plkl (P < 0.001). Interestingly, CD4™ T cells from
SIV-positive but disease-resistant SM and CD4™ T cells from
asymptomatically SIV-infected RM with low viremia (<10°
copies/ml) did not lead to any significant changes in P1k1 levels.
The moderate but significant increases in the levels of Plkl
message in symptomatically SIV-infected RM were also re-
flected at the protein level (Fig. 8A). It was of further interest
to investigate whether symptomatic SIV infection exhibits a
dysregulatory effect on Plk1 expression similar to the effect
observed with Plk3. Cell cycle analysis of HSRM1 cells showed
that, similarly to P1k3, the level of Plk1 expression is associated
with the cell cycle progression (peaking in the M phase; Fig.
8B) and that CD3-CD28 stimulation of these cells leads to a
gradual increase in Plk1 expression, peaking at the 24-h time

stimulation (hr)
'0'1'4'24%48"

Plk3

CD4

p-actin

FIG. 6. PIK3 expression in CD4" T cells from SIV-infected RM
exhibits aberrant kinetics after stimulation. HSRM1 cells and CD4" T
cells from SIV-infected RM were stimulated with anti-CD3-anti-CD28
antibody-coated beads for the indicated time intervals and assayed for
the expression of Plk3 and cyclin B; B-actin expression was used as a
control for the equivalent loading. For primary CD4™ T cells repre-
sentative data from a group of three animals are shown.
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FIG. 7. SIV-induced upregulation of Plk1 correlates with viral load
in RM. CD4" T cells from SIV-seronegative SM (SM—), SIV-sero-
positive SM (SM+), SIV-negative RM (RM—), SIV-infected RM with
a viral load of <10° vRNA copies/ml (RM+), and SIV-infected RM
with a viral load of >107 vRNA copies/ml (RM++) were analyzed for
the transcription of Plk1 by real-time PCR, and data were normalized
to GAPDH and expressed as copy numbers relative to the calibrator
sample. Error bars represent SD of values obtained from samples from
different animals, and n denotes numbers of animals tested in each
group. Statistically significant differences (asterisk; P < 0.001) were
detected in RM++ samples compared to both RM+ samples and
RM— samples.

point. Interestingly, similar stimulation of CD4™" T cells from
SIV-infected RM led to a much slower increase in Plk1 levels
that peaked at 48 h poststimulation. This slower response cor-
responded to the slow induction of cyclin B expression ob-
served in these cells (Fig. 6). These data seem to suggest that,
in the later symptomatic stage, pathogenic SIV infection has
yet another effect on the polo-like kinase pathway manifested
by an increase in baseline levels of Plkl and an aberrant Plk1
response induced by cell stimulation.

DISCUSSION

Previous work from several laboratories has documented the
ability of HIV and SIV infection in vitro to induce G,/M cell
cycle arrest. It was subsequently shown that it is both HIV- and
SIV-derived Vpr, possibly acting through its interaction with
the protein hVIP, that causes this arrest, which is characterized
by the accumulation of hyperphosphorylated-inactive Cdc2 (1,
24, 32). It was also suggested that the underlying mechanism
involves the inhibition of Cdc25C that subsequently fails to
dephosphorylate-activate Cdc2. In contrast, studies with CD4™
T cells ex vivo—primary targets of lentivirus—collected from
HIV-infected humans or SIV-infected nonhuman primates
showed hyperactivation of Cdc2 with aberrant M-phase pro-
gression (7, 37, 39; B. Cervasi, M. Paiardini, B. Sumpter, G.
Constantino, M. Magnani, G. Piedimonte, and G. Silvestri,
20th Annu. Symp. Nonhuman Primate Models AIDS, abstr.
75, 2002). It is important to note that results of recent in vitro
studies suggest that the apoptosis following the G,/M arrest
induced in vitro by Vpr is characterized by an increase of
dephosphorylated-active Cdc2 caused by the depletion of Wee,
a protein kinase that phosphorylates-inactivates Cdc2 (53).
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Regulation of the G,/M and M-phase transition is a complex
process involving activation of the cyclin B/Cdc2 complex (met-
aphase-promoting factor [MPF] complex) associated with
G,/M progression, onset of mitosis, and subsequent degrada-
tion-inactivation of the MPF complex necessary for mitotic exit
(reviewed in reference 28). The activation of Cdc2 is brought
about by its dephosphorylation, which is regulated by phospha-
tase Cdc25C. The activation of Cdc25C is in turn regulated by,
among others, the polo-like kinases Plk1l and PIk3 (36, 42).
Plk1-mediated phosphorylation of Cdc25C on Ser198 leads to
its nuclear translocation and activation while Plk3-mediated
phosphorylation of Cdc25C on Ser216 leads to its inactivation-
nuclear export. When inactivated, Cdc25C can no longer de-
phosphorylate-activate Cdc2, leading to the cell cycle progres-
sion from the M phase. Both Plk1 and PIk3 kinases provide
other complex regulatory functions associated with mitosis (re-
viewed in reference 18). We showed previously and in the
present study that Plk3 is markedly downregulated within
CD4™" T cells from SIV-infected RM (Fig. 1). Similar down-
regulation of Plk3 was previously observed in various types of
human malignant tumors, such as head, neck, and lung cancer
cells (10, 11, 30). Downregulation of Plk3, therefore, clearly
seems to be a marker of dysregulated cell proliferation under
various pathogenic conditions, highlighted herein by its poten-
tial role in inducing the M-phase abnormalities observed in

SIV-

stimulation (hr)
L0 14 24 48

FIG. 8. Dysregulation of basal and stimulation-induced levels of
Plk1 expression in CD4" T cells from SIV-infected RM. (A) Lysates
from CD4" T cells purified from SIV-negative (SIV—) or SIV-positive
(SIV+) RM were assayed for the expression of Plkl by Western
blotting; ID, integrated density. (B) HSRM1 cells synchronized at
various stages of the cell cycle (Fig. 5) were assayed for the expression
of Plk1 by Western blotting. Cells were either nonsynchronized (ctrl),
synchronized at G,/S phase with aphidicolin (G1/S) or at G,/M phase
with nocodazole (M), or assayed 2 h after the release of the nocodazole
block (M+2). (C) HSRM1 cells and CD4" T cells from SIV-infected
RM were stimulated with anti-CD3-anti-CD28 antibody-coated beads
for indicated time intervals and assayed for the expression of Plkl by
Western blotting. For primary CD4* T cells representative data from
a group of three animals are shown.
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FIG. 9. Effect of in vivo SIV infection on polo-like kinase pathway-mediated regulation of M phase. (A) Plk1- and Plk3-mediated regulation
of M phase. (B) Proposed model of SIV infection-induced dysregulation of Plk pathway in vivo. APC, anaphase-promoting complex. Open shapes

indicate active factors, and shaded shapes indicate inactive factors.

lentivirus infection. Interestingly, SIV infection of both CD4™
T cells and HOS-CD4-CCRS cells in vitro showed a marked
increase, rather than a decrease, in PIk3 levels. Surprisingly,
while STVmac251-infected CD4™ T cells showed a marked
increase in PIk3 (Fig. 1), it was only the infection with either
SIVsmAB670 or highly pathogenic SIVsmPbj14 that led to the
marked upregulation of P1k3 in HOS-CD4-CCRS cells (Fig. 2).
This would suggest that isolate-specific properties play an im-
portant role in each experimental setting-cell lineage. Taken
together it is possible that during in vitro infection (with a high
frequency of infected cells) a direct effect of virus replication
or the expression of a particular viral protein, such as Vpr,
without the influence of complex in vivo regulatory mecha-
nisms of the immune system leads to the overexpression of
PIk3. This in turn may lead to the inactivation of Cdc25C, its
inability to activate Cdc2, and cell cycle arrest as observed with
Vpr treatment in vitro (24, 40, 46). In addition it has been
shown previously that Plk3 upregulation is characteristic of
pS3-induced cell cycle arrest as a response to DNA or chemical
damage leading to the phosphorylation of p53 mediated by
PIk3 (51, 52). Similarly, increased expression of Plk3 following
in vitro infection could reflect an increase of apoptosis via the
p53 pathway. On the other hand, Plk3 downregulation ob-
served in lentivirus infection in vivo may be a consequence of
the dysregulation of the CD4 T-cell compartment induced
primarily by an indirect effect of infection on T-cell homeosta-
sis (similar to the downregulation of Plk3 observed in some
human tumors with complex cell cycle dysregulation).

The present study also shows that the levels of P1k3 in CD4™
T cells correlate with cell cycle progression and therefore are
likely to be critical components of cell cycle regulation, rather
than of other cell functions, such as adhesion or synaptic for-
mation, described in other highly specialized cell lineages, e.g.,
macrophages and neural cells, respectively (23, 26). However,
SIV infection, besides its ability to severely downregulate the
basal expression of Plk3, also causes significant aberration in
the kinetics of Plk3 regulation induced by TCR-mediated cell

activation. A slower gradual increase of P1k3 peaking at 24 h in
uninfected cells elicited by TCR stimulation is in contrast with
a faster complex pattern of Plk3 induction, downregulation,
and repeated induction observed in CD4 T cells from infected
animals. This finding, together with the lack of its correlation
with cyclin B expression, may provide an explanation for Cdc2
and Cdc25C activation abnormalities previously observed in
CD4 T cells from HIV-infected individuals (7).

We have established a herpesvirus saimiri-transformed
CD4™" T-cell line that has proven to be a very good resource
especially in cell cycle analysis experiments. Characterization
by protein kinase differential display and cell cycle gene ex-
pression array analysis showed that both baseline and activa-
tion-induced responses in these cells were similar to those seen
in the parental CD4" T-cell lineage. A time course of gradual
increase of cyclin B expression following TCR and CD28 stim-
ulation with a peak at 24 h reflecting the progression through
the cell cycle was similar to the time course observed ex vivo in
primary human CD4" T cells from HIV-negative human vol-
unteers (7). This cell line therefore closely mirrors events
within primary cells and can serve as a valuable resource for
future studies, alleviating the constraint associated with the
limited supply of primary cells.

Finally, in addition to the downregulation of Plk3, patho-
genic SIV infection seems to upregulate Plkl. Plk1 regulates
the initiation of the M phase by phosphorylation of Cdc25C on
Ser198 and cyclin B, leading to their activation and nuclear
import (25, 48, 49). During the late M phase Plk1 activates the
anaphase-promoting complex, which targets cyclin B to ubig-
uitination (29). During this step, Plk1 seems to be an essential
regulatory element since the cells experimentally depleted of
PIk1 have normal or hyperactivated MPF with a concurrent
block in cyclin B degradation and separation of chromatids
(31). PIk1 levels also oscillate during the cell cycle (14, 50), and
downregulation of Plk1 leads to the loss of proliferative capac-
ity in some cell lines (17) and G, arrest (44). Our study shows
that CD4™" T cells from RM that harbor high SIV viral loads
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(>107 copies/ml) and exhibit AIDS symptoms also show a
moderate but consistent increase in baseline Plk1 levels, com-
pared to those of both uninfected RM and SM and seroposi-
tive SM ex vivo. It is, however, difficult to distinguish whether
this upregulation is induced by high virus replication or is a
consequence of developing AIDS symptomatology or both.
From this perspective there are also limitations in the compar-
ison between the high-SIV-load-harboring RM and seroposi-
tive SM that, in general, harbor SIV viral loads within the
range of 10* to 107 copies/ml (8; data not shown). However, in
addition to the increased baseline levels of Plk1, the data also
showed an aberrant activation pattern of Plkl induction fol-
lowing TCR activation in the CD4™ T cells from symptomat-
ically SIV-infected RM. A much slower activation-induced re-
sponse in these cells correlates with the observed delay in the
induction of cyclin B (Fig. 6 and 8). Therefore, this finding
suggests yet another mechanism involved in the observed SIV-
induced M-phase dysregulation in addition to P1k3.

Based on the presented data, it seems feasible to propose
the following model of the dysregulation leading to the M-
phase irregularities in CD4™ T cells observed in chronic HIV
and SIV infection (Fig. 9). G,/M-phase transition in CD4" T
cells is dependent on dephosphorylation-activation of Cdc2
and its association with cyclin B. In vivo chronic infection by
SIV (and possibly HIV) leads to both marked downregulation
of Plk3 and an aberrant PIk3 response after stimulation, which,
in turn, leads to improper inactivation-degradation of Cdc25C
and therefore increased and unscheduled activation of Cdc2.
Furthermore, especially at later stages of SIV infection, dis-
ease-induced upregulation of Plk1 and aberrant Plk1 response
lead to further dysregulation of activation of the MPF and the
anaphase-promoting complex, leading to aberrations of both
early and late M phase.

The mechanism of HIV-SIV-induced aberrations of M
phase in vivo and in vitro is clearly a controversial issue that
requires further studies. This study presents a novel mecha-
nism of lentivirus-induced dysregulation in in vivo functioning
upstream of those studied so far. In addition it also provides
some insights into the pathogenesis of HIV- and SIV-induced
defects within the CD4 ™" T-cell compartment. However, these
mechanisms are complex and further studies are necessary to
bring a detailed understanding of these complex regulatory
effects.
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