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Although nucleotide analogs like bromodeoxyuridine have been extensively used to estimate cell proliferation
in vivo, precise dynamic parameters are scarce essentially because of the lack of adequate mathematical
models. Besides recent developments on T cell dynamics, the turnover rates of B lymphocytes are largely
unknown particularly in the context of a virally induced pathological disorder. Here, we aim to resolve this
issue by determining the rates of cell proliferation and death during the chronic stage of the bovine leukemia
virus (BLV) infection, called bovine persistent lymphocytosis (PL). Our methodology is based on direct
intravenous injection of bromodeoxyuridine in association with subsequent flow cytometry. By this in vivo
approach, we show that the death rate of PL B lymphocytes is significantly reduced (average death rate, 0.057
day™! versus 0.156 day™" in the asymptomatic controls). Concomitantly, proliferation of the PL cells is also
significantly restricted compared to the controls (average proliferation rate, 0.0046 day ™" versus 0.0085 day~").
We conclude that bovine PL is characterized by a decreased cell turnover resulting both from a reduction of
cell death and an overall impairment of proliferation. The cell dynamic parameters differ from those measured
in sheep, an experimental model for BLYV infection. Finally, cells expressing p24 major capsid protein ex vivo
were not BrdU positive, suggesting an immune selection against proliferating virus-positive lymphocytes.
Based on a comparative leukemia approach, these observations might help to understand cell dynamics during
other lymphoproliferative disease such as chronic lymphocytic leukemia or human T-cell lymphotropic virus-

induced adult T-cell leukemia in humans.

The protracted presence of B lymphocytes in the blood
might reflect either the onset of uncontrolled proliferation, the
accumulation of cells in which the apoptotic processes are
impaired, or a combination of these parameters. Indeed, lym-
phocyte homeostasis in vivo is the result of a critical balance
between cell division and apoptotic death and deregulation of
one of these factors (or both) can lead to leukemia. The goal
of this study is to precisely quantify the extent of cell prolifer-
ation and death during a natural disorder: bovine persistent
lymphocytosis (PL) (also called bovine chronic lymphocytic
leukemia in reference 23). This disease is induced at reduced
frequencies in heterogeneous cattle populations and, after ex-
tended and rather benign latency periods, evolves in a minority
of cases (about 15%) into more aggressive forms of leukemia
or lymphoma (4, 15, 45). The causative agent of these pathol-
ogies is bovine leukemia virus (BLV), a betaretrovirus which
belongs to a group of pathogens responsible for diverse hema-
tological or neurological disorders in primates and ruminants.
The closest relatives of BLV are the human and simian T-
lymphotropic viruses types 1 and 2, recently reclassified as
primate T-lymphotropic viruses. Based on the sequence ho-
mologies between the members of this group, we propose to
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use BLV as a study model of the related human T-cell lym-
photropic viruses.

In this viewpoint, we previously defined the rates of B-cell
proliferation and death in sheep infected by BLV (9) and
found that B lymphocytes in BLV-infected animals proliferate
significantly faster than in the controls. Since the rates of cell
death were not significantly different, we concluded that the
increase in the number of B lymphocytes during BLV-induced
lymphocytosis resulted from higher proliferation rates but was
not due to a significant decrease in apoptosis. Although BLV-
infected sheep might be a good model system to study a pro-
cess of leukemogenesis in vivo, this species is not a natural host
for BLV. In fact, natural transmission does not occur between
sheep and, in terms of pathology, the disease appears to be
particularly acute in this species. Indeed, the latency periods
preceding the onset of leukemia/lymphoma are significantly
shorter and the frequencies are much higher in sheep than in
cattle.

Based on ex vivo studies, PL was initially thought to be the
result of an increase in cell proliferation (24, 27). This assump-
tion was mainly based upon the increase in tritiated thymidine
incorporation observed during ex vivo cell cultures. However,
modification of the pool size of a given cell subpopulation
depends on the relative ratios at which the cells proliferate and
die. Furthermore, short-term cultures are only a faint reflec-
tion of the complex mechanisms occurring in vivo in the con-
text of a tightly regulated immune response. We therefore
aimed at determining the rates of proliferation and death via a
direct in vivo approach in cattle affected by persistent lympho-
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cytosis. Our observations led to the unexpected conclusion that
PL is in fact characterized by a decrease in the global B-cell
turnover.

MATERIALS AND METHODS

Experimental animals. All cows were kept under controlled conditions at the
National Veterinary Research Institute (Pulawy, Poland). At regular time inter-
vals, the total leukocyte counts were determined and the number of lymphocytes
was estimated after examination under the microscope (as described in reference
29). In parallel, the sera from each cow were analyzed for BLV seropositivity
with immunodiffusion and enzyme-linked immunosorbent assay.

Isolation of peripheral blood mononuclear cells and cell culture conditions.
Peripheral blood mononuclear cells (PBMCs) were isolated by centrifugation
over Histopaque 1077 (Sigma Aldrich) and washed three times with PBS (phos-
phate-buffered saline). After isolation, cell viability was estimated by trypan blue
dye exclusion. Four million cells were either directly stained with antibodies or
cultivated for 18 h at 37°C in a 5% CO,-air atmosphere in RPMI 1640 medium
supplemented with 10% fetal calf serum, 2 mM L-glutamine, 100 U of penicillin,
and 100 pg of streptomycin per ml (InVitrogen). Some samples were cultivated
with 200 nM phorbol myristate acetate (PMA) (Sigma Aldrich) and 565 nM
ionomycin isolated from Streptomyces conglobatus (Sigma Aldrich). These opti-
mal concentrations for culturing B lymphocytes were obtained by testing serial
dilutions.

Immunophenotyping of cows. PBMCs were labeled with monoclonal antibod-
ies directed against bovine antigens CD4 (CC8, mouse IgG2a), CD5 (CC17,
mouse IgG1), CD8 (CACTS80C, mouse IgG1), CD11b (CC125, mouse IgG1) and
CD14 (CAM36A, mouse IgG1) provided by C. Howard (Institute for Animal
Health, Compton, United Kingdom), and by I. Schwartz-Cornil (INRA, Jouy-
en-Josas, France) or obtained from VMRD Inc. (Pullman). Cells were then
labeled with a rat anti-mouse IgG1 phycoerythrin-antibody (Becton Dickinson
Immunocytometry Systems) or with a goat anti-mouse IgG2a fluorescein isothio-
cyanate conjugate (Caltag Laboratories). Finally, cells were analyzed by flow
cytometry on a Beckman Coulter EPICS XL-4C flow cytometer. Ten thousand
events were collected for each sample, and data were analyzed with the System
1I software (Beckman Coulter).

Ex vivo detection of cell apoptosis. After 18 h of culture, PBMCs were col-
lected, washed twice in PBS supplemented with 10% fetal bovine serum and
labeled with 1H4 antibody, which recognizes surface immunoglobulin (sIgM)
(26) (provided by K. Walravens, CODA/CERVA, Uccle, Belgium). Then cells
were washed twice and incubated with a fluorescein isothiocyanate-conjugated
F(ab"), fragments of rabbit anti-mouse immunoglobulins (Dako). Next, the la-
beled cells were fixed with 70% ethanol at —20°C. After two washes, PBMCs
were treated with RNase A (50 pg/ml) (Sigma Aldrich), incubated in 20 pg of
propidium iodide (Sigma Aldrich), and analyzed by flow cytometry as described
(11). The cell doublets were excluded by the FL2a-FL2w gating method. We
previously showed that this propidium iodide-labeling technique and the termi-
nal deoxynucleotidyltransferase-mediated dUTP-biotin nick end labeling
(TUNEL) methodology yield similar results (10).

Analysis of 5-bromo-2’-deoxyuridine in vivo. For each animal, three grams
(approximately 5 mg/kg of body weight) of 5-bromo-2'-deoxyuridine (BrdU)
(Sigma Aldrich) resuspended in physiologic solution (NaCl 0.9%) were injected
intravenously into 6 cows. At regular time intervals (1 to 3 days), 1 ml of blood
from each animal was treated with 1X FACS lysing solution (Becton Dickinson
Immunocytometry Systems), washed twice with PBS containing 0.5% bovine
serum albumin (Sigma Aldrich) and incubated in the presence of biotinylated
1H4 monoclonal antibody for 30 min at 4°C. After two washes, the cells were
labeled with streptavidin-phycoerythrin (Becton Dickinson Immunocytometry
Systems) and incubated with 1X FACS Permeabilizing Solution (Becton Dick-
inson Immunocytometry Systems). Finally, leukocytes were stained with 20 pl of
anti-BrdU fluorescein isothiocyanate antibody in the presence of DNase (Becton
Dickinson Immunocytometry Systems) during 30 min at room temperature and
analyzed by flow cytometry. When the experiment was duplicated for confirma-
tion, another uninfected control (no. 109322) was used because of the accidental
death of cow BK.

Detection of the BrdU-positive cells expressing viral protein. After 18 h of
culture, PBMCs were collected and washed once with PBS-0.5% bovine serum
albumin. The cells were fixed and permeabilized with the IntraStain Reagent
(DAKO). Internal detection of the p24 viral protein was performed by sequential
incubation with 4’'G9 monoclonal antibody and a rat anti-mouse IgG1 phyco-
erythrin-conjugate (Becton Dickinson Immunocytometry Systems). The cells
were permeabilized with 1X FACS Permeabilizing Solution, labeled with anti-
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BrdU fluorescein isothiocyanate in the presence of DNase (Becton Dickinson
Immunocytometry Systems) and analyzed by flow cytometry.

Mathematical modeling. The calculation of the cell dynamic parameters was
performed as described previously (9). Briefly, the rates of proliferation and
death within the B-cell population were estimated by fitting the following model
to the BrdU incorporation data obtained experimentally: dl/dt = 2opu + pl — dl,
where u denotes the proportion of unlabeled B cells and / the proportion of
labeled B cells, p is the average proliferation rate of B cells, and d represents the
average death rate of labeled B cells. o is the probability that a proliferating B
cell becomes labeled. The probability that a proliferating B cell becomes labeled
is assumed to be an exponentially decreasing function of time, o = e |,
reflecting the loss of unincorporated BrdU from the cytoplasm of B cells (i.e., as
the time, since the BrdU injection increases the probability of a dividing cell
being labeled decreases dramatically because unincorporated BrdU is rapidly
cleared). The rate of loss of BrdU was assumed to be the same in all animals, as
there is no physiological reason for it to vary and with the same rate improves
comparability between the animals. The formula was fitted to the data by non-
linear least squares regression with the program ScoP; standard deviations of the
parameters were estimated by calculating the asymptotic covariance matrix.

A number of other plausible models were also developed and fit to the data in
order to check that our parameter estimates were robust to changes in the model.
In particular, we checked (i) the effect of a time lag between cells dividing and
incorporating label in lymphoid organs and their detection in the peripheral
blood; (ii) the effect of incomplete distribution of BrdU throughout the body;
(iii) the effect of BrdU label dilution; and (iv) the effect of subpopulations of
labeled B cells with different kinetics. In every case, these models either failed to
fit the data or gave very similar parameters. This indicated that our parameter
estimates were robust to the above model changes. Additional details concerning
the mathematical model were discussed in a specific paper (2).

RESULTS

Apoptosis and proliferation in ex vivo short-term cultures.
Bovine persistent lymphocytosis naturally occurs in about one
third of BLV-infected cattle (4, 15). Besides the presence of
antiviral neutralizing antibodies, the disease is diagnosed by
high levels of circulating CD5-positive B lymphocytes express-
ing surface immunoglobulin. Immunophenotyping of two se-
lected animals (BKL-2 and Stara) fit these criteria: 36.4 and
28.2 X 10° leukocytes per ml of blood, respectively, the great
majority of which were sIgM and CDS5 positive (Fig. 1A). In
contrast, asymptomatic but BLV-infected cows (BKL, Wysoka)
were in the normal range of the seronegative controls (PBK,
BK, 109322). These cows isolated from the field are thus rep-
resentative of well-defined stages of BLV-associated disorders.
In particular, two of them (BKL-2 and Stara) remained chron-
ically lymphocytotic over extended periods of time and were
therefore considered typical bovine PL cases.

We first aimed to determine the extent of apoptosis as well
as the proliferative capacity of lymphocytes isolated from these
animals. To this end, purified PBMCs were transiently culti-
vated, labeled with anti-immunoglobulin M antibody, stained
with propidium iodide (propidium iodide) after ethanol fixa-
tion and analyzed by two-color flow cytometry to evaluate the
proportion of the B cells in the different phases of the cell cycle
(illustrated in Fig. 1B: x axis = propidium iodide; y axis =
B-cell labeling). Under these culture conditions, apoptotic B
lymphocytes staining in sub-G,/G, represented for example
14% of the total PBMC population of PL cow BKL-2 (Fig. 1B,
left region). The majority of the lymphocytes were resting in
Gy/G, (68%, middle region) and some initiated the S phase of
the cell cycle (5%, right region). The distribution of the cells
throughout the cycle was measured for each animal yielding
very reproducible and consistent results.

Levels of spontaneous apoptosis were low (between 1 and
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A.

B-LYMPHOCYTE DYNAMICS IN BLV-INFECTED CATTLE

p Percentages of PBMCs expressing
Status Cow Leucocytes * 10" /ml
sIgM CDS

PBK 9,30 £ 1,58 1430+ 2.70 70.05 + 3.61
NI BK 9,80 £ 2,61 1492 + 3.37 66.63 + 2.18
109322 4,10+ 0,99 1631+ 1.76 52.55+0.92
BKL 9,05+ 1,96 1747+ 6.13 64.00 £ 2.12

AS
Wysoka 9,25 +2,89 28.28+3.74 71.50 £ 3.96
‘BKI-2 36,50+ 2,17 86.98 +£ 1.27 96.30 + 0.42

PL
Stara 26,10 = 2,23 85.32+1.98 90.35+0.21

B.
No Chemical PMA + Ionomycin

>
7

B labeling (FITC)

3 B B

Propidiun iodide (PT)

FIG. 1. Primary PBMCs undergo apoptosis in short-term cultures. (A) Clinical status of cattle and cell phenotype of their PBMCs. Peripheral
blood mononuclear cells were isolated from cows with PL (BKL-2, Stara) and asymptomatic (AS) BLV-infected cattle (BKL, Wysoka), as well as
from three seronegative controls (uninfected: NI) (PBK, BK, 109322). The total leukocyte counts were determined and the number of lymphocytes
was estimated after examination under the microscope. PBMCs were labeled with monoclonal antibodies directed against sigM or CDS5 and
analyzed by flow cytometry. Numbers (* standard deviations), which were deduced from three independent experiments, represent the percent-
ages of positive cells within the total PBMC population. (B) PBMCs were cultivated for 18 h in the absence (no chemical) or in the presence of
PMA and ionomycin and labeled with anti-IgM monoclonal antibody 1H4 and a fluorescein isothiocyanate conjugate. After ethanol fixation, the
cells were stained with propidium iodide and, after exclusion of the doublets, analyzed by two-color flow cytometry. Results from a representative
experiment (10,000 events) are shown as dot plots (x axis: propidium iodide; y axis: B-lymphocyte labeling). Numbers within the plots represent
the percentages of positively stained B cells in the PBMC population within each region.
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14%) and very few cells underwent proliferation (less than
5%), the highest ratios being observed in the PL samples (14/5
and 5/4, respectively, for BKL-2 and Stara, Fig. 1B; No chem-
ical). With the aim of further enhancing cell viability and trig-
gering proliferation, two chemicals (PMA, a PKC activator and
ionomycin, a calcium ionophore) were added to the culture
medium. Under these optimized conditions for B-lymphocyte
cultivation, apoptosis was only marginally affected in the con-
trols and reduced in the PL samples, whereas proliferation
could not be further stimulated (Fig. 1B; PMA + ionomycin).

We conclude that the number of apoptotic B cells within the
total PBMC population as well as the ability of B lymphocytes
to proliferate are increased in the PL cases. In a quadruplicate
experiment, however, the relative percentages of B cells in
sub-G,, Gy/G, and S/G,/M were similar in all three categories
of samples, i.e., in uninfected, asymptomatic and PL cells (Fig.
2A and B, no chemical). Proportionally, the relative rates of
apoptosis and proliferation within the B-lymphocyte pool were
thus not significantly altered under spontaneous conditions.
However, it appeared that the PMA and ionomycin activators
were more efficient at rescuing PL B lymphocytes from apo-
ptosis (7.25% versus 21.76 and 21.26% in the uninfected and
asymptomatic controls; P < 0.001 according to the Student ¢
test), the majority of cells being in the G,/G, phase of the cell
cycle (87.2%, Fig. 2A and B). Importantly, the PL cells were
less prone to enter the S/G,/M phase (5.55% versus 11.36/
8.83% in the uninfected/asymptomatic controls), the relative
decrease in cell proliferation being highly statistically signifi-
cant (***, P < 0.001 according to the Student ¢ test).

We conclude that, under optimized (but not spontaneous)
ex vivo cell culture conditions, the relative proportions of apo-
ptosis as well as the levels of proliferation are significantly
reduced in PL cows (schematized in Fig. 2C).

BrdU incorporation into B lymphocytes in vivo. To unravel
the biological relevance of these ex vivo studies, we next aimed
to analyze cell proliferation and renewal in vivo. To this end,
we used a very direct approach based on intravenous injection
of BrdU, which permits, after its incorporation into DNA,
identification by flow cytometry of cells that have proliferated.
A single dose of 3 g of BrdU was injected into six cows: two
with PL (BKL-2, Stara), two aleukemic BLV-infected animals
(BKL, Wysoka), and two seronegative controls (PBK, BK). In
order to evaluate the kinetics of BrdU incorporation, an ali-
quot of blood from each cow was collected at regular time
intervals after injection. After lysis of the red blood cells, the
leukocytes were labeled with a mixture of biotinylated anti-
IgM 1H4 monoclonal antibody and a streptavidin-phyco-
erythrin (PE) conjugate. The cells were then permeabilized,
stained with anti-BrdU/fluorescein isothiocyanate in the pres-
ence of DNase, and analyzed by two-color flow cytometry.

Based on their size and granularity, the lymphocyte and
monocyte populations were selected in order to exclude the
granulocytes from the analysis. An example of IgM + BrdU
dual flow cytometry analysis performed at day 6 postinjection
is illustrated in Fig. 3. It appeared that more B BrdU double
positive cells (arrows) were stained in samples from the cows
with PL (absolute cell counts of 132 and 95 among 10,000
events in BKL-2 and Stara) compared to the aleukemic (n = 13
and 18) and to the controls (» = 12 and 13). The background
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levels (corresponding to the samples preceding injection of
BrdU) were below the limit of detection (data not shown).

At first glance, one might conclude that PL cows have pro-
portionally more B lymphocytes in the blood that underwent
proliferation after BrdU injection. However, since PL cows
have more B cells, we calculated the percentage of BrdU-
positive cells within the sIgM-positive cell population. Further-
more, to evaluate the reproducibility of the data, the experi-
ment was duplicated two months later with the same animals
(except for a noninfected control BK that died accidentally and
was replaced by 109322). The mean values of BrdU incorpo-
ration rates into the B-cell population were determined exper-
imentally at regular intervals of time after the BrdU pulse (Fig.
4). The data corresponding to the measured incorporation
rates (triangles, squares, and lozenges for PLs, asymptomatic,
and uninfected animals, respectively) were fitted to a mathe-
matical model that includes (i) the rate of cell proliferation and
the death of labeled lymphocytes, (ii) the probability for a cell
to become labeled, which declines exponentially with time re-
flecting the loss of unincorporated label after a single injection,
(iii) the dilution of the BrdU label upon division (see Materials
and Methods and reference 2 for details on the methodology).
The model assumes that the duration of the S phase was
constant and that the size of the global B-cell population re-
mained stable throughout the experiment. With these criteria
and parameters, the theoretical model fit the experimental
data well (curves in Fig. 4), further supporting the validity of
our approach.

Fitting the model (dl/dt = 2opu+ pl — dl) to the data
enables the estimation of the minimal average proliferation
rate of B lymphocytes (p) and average death rate of labeled B
lymphocytes (d). It appears that the mean death rate in PL (d
= (.057 day ') is decreased compared to the controls (unin-
fected and asymptomatic; d = 0.156 day ') (Table 1 and Fig.
5). In other words, bovine PL is characterized by a significant
reduction in B-cell death in vivo. In terms of B-cell dynamics,
these rates imply that 5.73% of BrdU-labeled B cells die every
day in animals with PL whereas the normal level in the controls
is 15.63%. Concomitantly, the minimal proliferation rate (p =
0.0046 day* in PL versus 0.0085 day ' in controls) is also
significantly decreased during PL, allowing the maintenance of
a constant number of B lymphocytes in the blood. This rate p
relates to the proportion of new cells that are produced by
proliferation every day. A proliferation rate of 0.0046 day ' in
PLs thus corresponds to 0.46% of peripheral blood B cells
proliferating daily (Table 1). Statistical analysis revealed that
both the proliferation and death rates were significantly re-
duced in PL cows compared to uninfected and asymptomatic
(*, ** measured by two-tailed Student ¢ test, 90% and 95%
confidence levels, respectively), no difference being observed
in the other categories of animals. Finally, as clearly illustrated
on Fig. 5, overlapping of the calculated death and proliferation
parameters supported the reproducibility of the experiment,
even in the noninfected controls where two different animals
had to be used (BK and 109322).

Together, these data demonstrate that the in vivo B-cell
turnover is decreased in cows with PL.

Proliferation and viral expression. With the aim of corre-
lating cell turnover and viral infection, cells from six animals
involved in the study were isolated at three days post-BrdU
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A.
% B cells at different stages of the cell cycle (mean + SD)
No chemical PMA + Ionomycin
Cows Apoptotic B GO0/G1 B S/G2/M B Apoptotic B G0/G1B S/G2/IM B
NI 13.89£4.69  80.47x545 5.63+1.93 21.76 £ 4.95 66.89 + 6.48 11.36 291
AS 21.56+3.10  71.33+3.50 7.11+2.14 21.26+3.14  69.91+3.95 8.83 + 1.67
PL 1404+ 841  80.09+8.11 587+1.13 7.25+3.98 87.2+5.24 5.55+2.76
B. No chemical PMA + Ionomycin
100 100
2 A ENI
E e
@ o HAS
2 X oPL
Apoptotic G0/G1 S/G2/M Apoptotic GO0/G1 S/G2/M
C.
Kok

% B cells

140

120

100 7

E apoptotic B
HGO/1B
O0S/G2/M B

NI

AS PL

FIG. 2. Relative rates of apoptosis as well as the levels of proliferation depend on the culture conditions. (A) PBMCs were isolated from PL,
asymptomatic (AS) or noninfected animals (NI) and cultivated ex vivo under spontaneous (no chemical) or optimized conditions (in the presence
of PMA and ionomycin). Cells were then labeled with anti-IgM monoclonal antibody and stained with propidium iodide (as described for Fig. 1B).
Mean percentages (*+ standard deviations) of B lymphocytes at different stages of the cell cycle (sub-G,/apoptotic, Go/G;, S and G,/M) were
calculated from four independent experiments. (B) Graphic representation of the mean values and standard deviations from panel A. (C) Relative
proportions of the B lymphocytes at various stages of the cell cycle under optimized conditions (in the presence of PMA and ionomycin). ***,
highly statistically significant, P < 0.001 according to the Student ¢ test.

injection. This time point is close to the maximal level of BrdU expression, labeled with anti-capsid (p24) and BrdU antibodies
incorporation (see Fig. 4). Since the virus is apparently silent in and analyzed by flow cytometry. In the asymptomatic samples
the vast majority of circulating lymphocytes, peripheral blood (BKL and Wysoka), a very small but distinct population of
mononuclear cells were transiently cultivated to trigger viral p24-positive cells (0.45% and 0.60%, respectively) could
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Status

Cow

10

NI

PBK

457

107

10%

10!

12

B labeling (PE)

486

AS

BKL

10%

581

13

813

BrdU labeling (FITC)

PL
BKL-2

10*

6227

132

5308
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o*

FIG. 3. Bromodeoxyuridine incorporates into B lymphocytes in vivo. Two PL (BKL-2, Stara) and aleukemic (BKL, Wysoka) BLV-infected
cattle and three controls (PBK, BK, 109322) (PBK and 109322 are represented) were injected intravenously with 3 g of BrdU, and an aliquot of
blood (1 ml) was collected 6 days later. After lysis of the red blood cells, B cells were labeled with biotinylated 1H4 monoclonal antibody and
streptavidin-phycoerythrin (PE) conjugate. Then, the cells were stained with anti-BrdU fluorescein isothiocyanate antibody in the presence of
DNase and analyzed by two-color flow cytometry (x axis = BrdU; y axis = B lymphocytes). Ten thousand cells (lymphocytes, monocytes, and
granulocytes) were acquired and PBMCs were selected by the forward/side scatter gating method. The total numbers of B cells are indicated in
the upper quadrants.

clearly be seen above the background (Fig. 6). In contrast, as
expected, the short-term cultures from the PL cows contained
a large proportion of p24-positive lymphocytes (42.2 and
29.4% in BKL-2 and Stara, respectively). Besides the confir-

4%

3% A

2%

Proportion of labeled B cells

1% -

0%

¢ NI
theoretical fit

= AS
****** theoretical fit

4 PL

................ theoretical fit

10 15

Time (days)

mation of the clinical status of the PL cows (i.e., many virus-
positive cells in the blood), dual flow cytometry also revealed
an interesting observation after staining for p24 expression and
BrdU incorporation. Indeed, very few cells, if any (<0.16% for

FIG. 4. Altered kinetics of BrdU incorporation in PL cows. Blood samples from cows (see Fig. 3) were collected at different days after a single
pulse of BrdU injection. The percentage of BrdU-positive cells within the total B-lymphocyte population was determined and the data corre-
sponding to the measured incorporation rates were fitted to a mathematical model, yielding theoretical fit curves (see Materials and Methods).
Figure shows the average data for three groups of cows within two experiments. PL, AS, and NI are, respectively, persistently lymphocytic
(triangles), asymptomatic (squares), and noninfected (lozenges) animals.
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TABLE 1. Proliferation and death rates”

Expt. Status Cow ( dla);ffh ir dg)) Plal;?r,dt;mslr)a)te
1 NI PBK 0.163 = 0.055 0.0096 = 0.0013
BK 0.175 = 0.064 0.0078 = 0.0012

AS BKL 0.161 = 0.057 0.0085 = 0.0013

Wysoka 0.125 = 0.048 0.0065 = 0.0011

PL BKL2 0.076 = 0.034 0.0052 = 0.0010

Stara 0.037 = 0.032 0.0031 = 0.0008

2 NI PBK 0.169 = 0.028 0.0103 = 0.0006
109322 0.186 = 0.031 0.0099 = 0.0006

AS BKL 0.146 = 0.025 0.0081 = 0.0006

Wysoka 0.125 = 0.023 0.0070 = 0.0006

PL BKL2 0.070 = 0.016 0.0056 = 0.0005

Stara 0.046 = 0.015 0.0043 = 0.0004

Means NI + AS 0.1563 = 0.0224  0.0085 = 0.0014
PL 0.0573 = 0.0187  0.0046 = 0.0011

“ The minimal B-lymphocyte proliferation and death rates (+ standard devi-
ations) were estimated from fitting the model to the data deduced from two
independent experiments. PL, AS, and NI are, respectively, persistently lympho-
cytic, asymptomatic, and noninfected animals.

BKL-2 and < 0.1% for Stara), stained as double positives
reaching the background levels set by the negative controls.
We conclude that BrdU-labeled PBMCs that were circulating
3 days after a pulse of BrdU included almost no cells that
spontaneously expressed p24 capsid protein ex vivo. Thus,
transient virus expression ex vivo and proliferation 3 days ear-
lier in vivo are mutually exclusive.

DISCUSSION

The goal of this study was to precisely quantify the extent of
cell proliferation and death in the context of a natural hema-
tological disorder called bovine PL. Paradoxically, PL has been
qualified as a lymphoproliferative disease based on short-term
cultures (4, 10, 15, 40, 42) and we demonstrate here that the
main parameter that accounts for the high levels of peripheral
B lymphocytes is a reduction in cell death (0.057 day ! versus
0.156 day ") associated with a decreased proliferation (0.0046
day ! versus 0.0085 day ). In fact, a main contribution of this
report is to show that conclusions drawn from ex vivo cultures
are greatly dependent on the experimental conditions used.
Indeed, the reduced ability of PL. B lymphocytes to proliferate
or undergo apoptosis is revealed only in the presence of suit-
able polyclonal activators (PMA and ionomycin) in the culture
medium (as illustrated in Fig. 2). Under spontaneous condi-
tions (RPMI medium containing 10% of fetal calf serum), no
effect is observed, the relative proportion of cells undergoing
either apoptosis or proliferation being preserved in PL cul-
tures. Importantly, in the absence of short-term culture, all (or
almost all) peripheral blood lymphocytes are resting in the
G,/G, phase of the cell cycle (data not shown), indicating that
proliferation occurs in other sites (bone marrow, lymph nodes
or Peyer’s patches).

Another reassessment that should be mentioned in this work
concerns the link between viral expression and inhibition of
apoptosis. We and others have previously reported that ex vivo,
cells in which the virus is expressed are not prone to undergo
apoptosis (10, 11, 38). This conclusion was based on flow cy-
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tometric analyses of labeled B lymphocytes double-stained for
viral protein synthesis as well as for apoptotic markers. Since
all BLV-expressing cells were nonapoptotic, the most straight-
forward interpretation was that the virus efficiently inhibits cell
death. An alternate explanation, which we initially considered
to be less likely, is that the virus-positive cells were already
eliminated in vivo and, therefore, cannot be detected as apo-
ptotic ex vivo. Indeed, dual flow cytometry (Fig. 6) demon-
strates an almost complete absence of p24 and BrdU double
positive cells, revealing the mutually exclusive presence of both
markers. In other words, among all infected cells proliferating
in vivo as measured by BrdU uptake, none of them was found
to express viral proteins ex vivo, a phenotype that was also
observed in BLV-infected sheep (9).

Since most p24-positive cells are spared from apoptosis ex
vivo, p24 and BrdU and double positives were not lost during
the culture but were rather eliminated in vivo. If we postulate
that viral expression and cell activation are closely linked, as
largely illustrated in the literature (6, 7, 22), the lack of p24 and
BrdU and double positive cells reveals a very efficient negative
selection taking place in vivo. Another nonexclusive interpre-
tation would be that only a subpopulation of cells harboring an
integrated provirus is allowed to proliferate (i.e., incorporate
BrdU), provided that no viral proteins are expressed. In any
case, our direct in vivo approach casts some light onto a very
active process of selection against infected cells.

As mentioned previously, PL in cattle is a naturally occur-
ring disorder induced by a retrovirus called BLV. Experimen-
tally, however, this virus can also be transmitted to sheep in
which it induces leukemia after shorter latency periods (45). In
other words, BLV-associated pathogenesis in sheep is more
acute than in cattle. We have recently demonstrated that pro-
gressive lymphocytosis and subsequent leukemia in sheep re-
sult from an increased cell proliferation rather than a defect in
apoptosis (9). The net increase in proliferation in the absence
of compensating cell death creates an imbalance in the num-
bers of lymphocytes that can largely account for the occurrence
of leukemia. Interestingly, BLV-infected sheep do not develop
a stable and chronic lymphocytosis that arises promptly after
an asymptomatic phase, as observed in a fraction of BLV-
infected cows (i.e., PL), but rather harbor gradually increasing
numbers of neoplastic cells. However, it remains possible that
the short transition period preceding the onset of bovine PL or
even the occurrence of the leukemic stage is associated with an
increase of the proliferation rates. Since eradication programs
have drastically diminished the incidence of naturally occur-
ring BLV-associated leukemia cases, this question is however
very difficult to address.

In terms of pathology and in the context of a comparative
approach, bovine PL (or bovine chronic lymphocytic leukemia)
(23) shares similarities with chronic lymphocytic leukemia in
humans. Human chronic lymphocytic leukemia is the most
frequent form of leukemia in Western countries to occur in
middle-aged and elderly individuals (reviewed in references 1,
13, 17, 30, 31, 35-37, 43, and 44). The hallmark of this leuke-
mia is an increase in the absolute number of peripheral blood
mononuclear cells (above 10,000 per mm?), most of which are
small and mature B lymphocytes. Phenotypically, these cells
are CDS5-positive B lymphocytes (so-called B-1A cells) express-
ing relatively low levels of surface membrane immunoglobulins
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FIG. 5. Proliferation and death rates are reduced in PL cows. The minimal proliferation (panel A) and death (panel B) rates were estimated
from fitting the model to the data deduced from two independent experiments. PL, AS, and NI are, respectively, persistently lymphocytic,
asymptomatic, and noninfected animals. Statistical analysis reveals that the proliferation and death rates are significantly reduced in PL cows
compared to uninfected and asymptomatic in both experiments: average proliferation rates of B cells in PL cows lower than in uninfected and
asymptomatic, confidence level: 90% in experiment 1 (*), 95% in experiment 2 (**). Average death rates of labeled B cells in PL cows were lower
than in uninfected and asymptomatic, confidence level: 95% in experiment 1 (**), 95% in experiment 2 (**) (two-tailed Student ¢ test in each case).

(mostly IgM and IgD) as well as the typical pan-B markers
(CD19 and CD20).

Another characteristic of chronic lymphocytic leukemia is
the membrane instability of CD23 (or FceRII, the low affinity
receptor for immunoglobulin E), which is rapidly cleaved from
the cell surface and overexpressed as a soluble form. The
metabolic processes leading to the onset of chronic lympho-
cytic leukemia are presently unknown. The most commonly
agreed mechanism postulates that neoplastic CD5 and lym-
phocytes accumulate because of the inhibition of apoptosis (3,

5, 8, 34). A series of reports have indeed extensively docu-
mented the relative resistance of chronic lymphocytic leukemia
cells to undergo spontaneous programmed cell death upon
long-term ex vivo cultivation. Simultaneously, the cells are also
refractory to activation and proliferation, even in the presence
of efficient polyclonal activators such as phytohemagglutinin
(39). However, these conclusions obtained from ex vivo cul-
tures are in conflict with indicators of cell proliferation in vivo:
induction of Myc synthesis, expression of proliferating cell
nuclear antigen, presence of the Ki67-specific epitope, and
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FIG. 6. Cell proliferation and viral expression appear mutually exclusive. Three days post-BrdU injection, PBMCs from noninfected (PBK,
109322), aleukemic (BKL, Wysoka), and PL (BKL-2, Stara) cows were isolated and cultivated for 18 h. The cells were then fixed and incubated
with anti-p24 antibody 4’ G9, which recognizes the viral capsid protein, and with a phycoerythrin-conjugated secondary antibody. Finally, cells were
stained with anti-BrdU fluorescein isothiocyanate conjugate containing DNase and analyzed by flow cytometry. A representative experiment (out
of three) is represented as dot plots (10,000 gated events). Numbers represent the percentages of positively stained cells in each quadrant.

release of high doses of soluble CD23 possibly indicative of
cellular activation (14, 19, 20, 25, 46).

In fact, experiments based on ex vivo cultivation are highly
dependent on the culture conditions (cell concentration, type
of medium, amount of serum) and might lead to misinterpre-
tations. Although bovine PL is clearly a distinct clinical entity,
the similarities with chronic lymphocytic leukemia in human
are nevertheless remarkably striking: (i) increased leukocyte
counts (above 10,000 per mm?) due to high levels of mature B
lymphocytes (ii) cell phenotype characterized by surface IgMs,
CD5 and CDl1lc (iii) overexpression of proliferation markers
(Myc, PCNA, Ki-67 epitope) and cytokines (IL-6, IL-10, and
TNF-a); (iiii) modulation of apoptosis (increased Bcl2/Bax
ratio, mutations of p53 in a proportion of the lymphoid tumors,
involvement of reduced glutathione in inhibition of cell death)
(12, 16, 28, 33, 41, 47; A. Sanchez-Alcaraz et al., submitted for
publication); (iiii) disease transformation into lymphoma or
lymphosarcoma in about 10 to 15% of the PL cases (although
PL is not a prerequisite for tumor formation).

Similarly, human chronic lymphocytic leukemia disease in
clinically healthy patients turns into prolymphocytic leukemia
(10% of cases) or large-cell lymphoma (Richter’s syndrome) (2
to 5% of cases) (36). However, similarity does not imply iden-
tity and the bovine model exhibits some unique characteristics:
(i) PL is associated with infection by a retrovirus that does not
infect humans, (ii) the disease is polyclonal in terms of cell
populations, (iii) bovine PL cells appear to be less anergy-like
in short-term cultures, (iv) the IgM molecule seems to be
consistently expressed at normal levels in vivo (although its
synthesis is frequently reduced ex vivo [our unpublished ob-
servations]). Despite these differences and in the absence of
corresponding information in humans, we speculate that

chronic lymphocytic leukemia might be characterized by a re-
duced cell turnover as observed in bovine PL. This hypothesis
thus supports the current dogma, which postulates that human
chronic lymphocytic leukemia is due to an accumulation of
cells exhibiting a defect in apoptosis.

In terms of comparative leukemia, BLV shares tight
genomic homologies as well as functional similarities with the
related human T-cell lymphotropic virus type 1. This virus
infects about 20 million people worldwide and induces a fatal
disease called adult T-cell leukemia (21, 48). A still unan-
swered question concerns the dynamic process that governs the
occurrence of leukemia. Defining whether adult T-cell leuke-
mia is due to increased proliferation or inhibition of apoptosis
(or both) is an essential point that must be considered to
design adequate therapeutic strategies against this still incur-
able disease. This type of experiment would, however, be ex-
tremely difficult to realize directly on patients with acute adult
T-cell leukemia essentially because of its rare occurrence and
high severity. Although the cell types are clearly distinct (CD4
and CD8 for human T-cell lymphotropic virus and B for BLV)
(18, 32), dynamic parameters deduced from the PL model
might contribute to the understanding of adult T-cell leukemia
development in humans. Perhaps, the most trivial and direct
inference is that ex vivo studies may not correctly reflect in vivo
cell turnover.

To summarize, we have determined two main parameters
that characterize the maintenance of homeostasis in bovine
PL. We defined the death rate of PL B lymphocytes (d = 0.057
day ! versus 0.156 day ! in the asymptomatic and noninfected
controls) as well as their levels of proliferation (p = 0.0046
day ! versus 0.0085 day ", respectively). These numbers thus
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precisely cipher the dynamics of PL, which is characterized by
a concomitant reduction of apoptosis and cell proliferation.
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