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Mitogen-Induced Replication of Woodchuck Hepatitis 
Virus in Cultured Peripheral Blood Lymphocytes 

Peripheral blood lymphocytes (PBLs) isolated from woodchucks chronically infected 
with the woodchuck hepatitis virus (WHV) carry low levels of nonreplicating WHV 
DNA. When PBLs from chronic carrier woodchucks were activated in culture with the 
generalized mitogen lipopolysaccharide (LPS), WHV DNA replication was initiated in 
cells obtained from one of three animals examined. Intracellular WHV core particles, 
containing WHV DNA replication intermediates, RNA/DNA hybrid molecules, and 
an active endogenous DNA polymerase, appeared 3 days after the start of LPS 
stimulation. After 5 to  7 days of LPS stimulation, WHV DNA-containing particles, 
which displayed the properties of intact, mature virions, were released into the culture 
medium. These studies provide evidence for reactivation of a latent WHV infection of 
circulating lymphoid cells and indicate that the presence of nonreplicating hepadna- 
viral DNA in lymphoid cells represents a potentially active infection following cellular 
activation. 

A NUMBER OF ACUTE AND CHRONIC sles virus in subacute sclerosing panencepha- 
viral infections involve a lymphatic litis (SSPE) (2, 3) and human immunodefi- 
phase with early replication at the ciency virus (HIV) in acquired imrnuno- 

site of entry and in regional lymph nodes deficiency syndrome (AIDS) (4,5), recovery 
followed by spread to nonlymphatic tissue, of virus in culture requires cellular activa- 
where the primary disease is manifested ( I ) ,  tion. Thus, the lymphoid system may serve 
In two well-studied chronic infections, mea- as a site of viral amplification and as a 

reservoir of latent virus. 
He~atitis B virus IHBV) causes acute and 

Division of Molecular Virology and Immunology, 
Georgetown University Medical Center, Rockville, MD chronic liver disease and has been epidemio- 
20852. logically linked to primary hepatocellular 

carcinoma (HCC) (6). Recent studies on 
HBV and other members of He~adnaviri- 
dae have demonstrated viral infection of 
lyrnhoid cells and other extrahepatic tissues, 
although the role of such infections in the 
pathogenesis of virus-induced disease is 
poorly understood (7, 8). WHV and its 
natural host, the eastern woodchuck (Mar- 
mota monax), constitute the relevant animal 
model system for the study of HBV-induced 
disease, especially HCC and lymphatic infec- 
tions (7-10). 

Active replication of HBV, WHV, and 
duck hepatitis B virus (DHBV) DNA oc- 
curs in the spleen and in the liver (8, 11-13). 
However, hepahavirus genomes in PBLs 
are usually found in a nonreplicating state 
(7, 8, 11, 13). Such observations could indi- 
cate that the viral genomes in these cells are 
no longer capable of sustaining a complete 
virus life cycle. Alternatively, these viral ge- 
nomes could be replication competent, but 
the host cell enviro-ments may not be com- 
patible with viral DNA replication. 

To determine if the WHV genomes in 
PBLs were re~lication competent in an acti- 
vated host cell environment, we stimulated 
PBLs from three chronically infected wood- 
chucks, in culture, with LPS (Sigma), con- 
canavalin A (Con A) (Difco), phytohemag- 
glutinin (PHA) (Difco), or human recombi- 
nant interleukin-2 (IL-2) (Arngen) . All four 
mitogens induced significant-blast forma- 
tion (as determined by microscopic exami- 
nation) and variable levels of thymidine 
incorporation into cellular DNA (Table 1) 
in all the PBL preparations examined. The 

A L 

levels of incorporated exogenous thymidine 
were relatively low when compared to other 
cell systems (14), although these levels were 
significantly above the incorporation ob- 
served in unstimulated cells (Table 1). Maxi- 
mal thyrnidine incorporation was observed 
during the first 24 hours of culture in the 
presence of LPS and at day 3 of culture for 
the other mitogens. Different PBL prepara- 
tions varied considerably in their mitogen 
response; no consistent differences in the 
overall patterns of thymidine incorporation 
were observed between PBLs from an unin- 
fected woodchuck (WC178) and PBLs from 
the chronically infected animals (WC139, 
WC192, WC195) (Table 1). 

LPS maintained the viability of lymphoid 
cells in culture for several days (15). LPS 
treatment of PBLs from WC192 stimulated 
cell division, as evidenced by a twofold 
increase in total cell number over a 7-day 
period. Because the mitogenic activity of 
LPS is limited almost exclusively to B cells 
(14, a minor component of the total PBL 
population, the observed increase in total 
cell number is significant. The number of 
viable cells (as determined by the exclusion 

2 SEPTEMBER I988 REPORTS I213 



of trypan blue dye) was maintained at a high 
level (70 to 80%) for at least 7 days in the 
LPS-stimulated cultures. Viable cells com- 
prised less than 30% of the unstimulated cell 
population &r 5 days. 

PBLs from each of three chronically in- 
fected woodchucks used in this study carried 
low levels of WHV DNA (0.1 to 0.5 geno- 
mic equivalent per cell) (7, 8, 13). Viral 
DNA in these PBLs was episomal, existing 
primarily as multimers of 7 to 12 kb in size 
(see Fig. la, lane US, day 0). Some mono- 
meric episomal genomes (3.3 kb) were also 
occasionally observed. Three days after con- 
tinuous stimulation of WC192 PBLs by 
LPS, electrophoretic DNA patterns repre- 
sentative of WHV DNA replication inter- 
mediates (17 18) were observed (Fig. la, 
LPS, day 3). The level of these intermediates 
remained the same until day 7 of culture and 
then disappeared during the next 4 days. 
This agrees with the loss of viable cells 
observed after 7 days in culture with LPS. 
No changes in the WHV DNA patterns 
were observed in unstimulated cells main- 
tained in culture for up to 9 days. However, 
some low molecular weight DNA species, 
migrating as expected for single-stranded, 
minus-strand WHV DNA (17), were occa- 
sionally observed (Fig. 1). Stimulation of 
PBLs from WC192 with PHA, Con A, or 
IL-2 did not induce WHV DNA replica- 
tion. 

Stimulation by LPS, Con A, IL-2, or 
PHA of PBLs from WC139 or WC195 did 
not induce WHV DNA replication under 
comparable culture conditions. It is not 
known if the differential response of WHV 
in PBLs to LPS stimulation from these 
animals reflects a lessened response to LPS 
(Table l) ,  an inability of the WHV genomes 
to carry out a replication cycle, or some 
difference in the stage of the chronic infec- 
tion in these two woodchucks. The failure of 
PHA, Con A, or IL-2 to induce WHV 
replication in WC192 PBLs may be related 
to an inability to induce critical host factors. 
Whether WHV replication occurs within 
the dividing lymphoid cells in direct re- 
sponse to LPS or takes place in primed or 
nondividing cells in response to soluble fac- 
tors is unknown. 

WHV DNA levels in LPS-stimulated 
PBLs from WC192 increased (relative to the 
levels of co-electrophoresed WHV DNA 
standards and the amount of cellular DNA 
loaded in each lane) approximately 10- to 
100-fold, to about ten copies per cell. It is 
likely that the replicating WHV DNA in 
cultured WC192 PBLs was concentrated in 
only a few cells as has been demonstrated for 
WHV DNA in the total PBL population in 
chronically infected woodchucks (13). 
WHV-specific RNA was also found in LPS- 

stimulated WC192 PBLs (Fig. lb). The 
primary transcripts expected for WHV [ap- 
proximately 2.3 and 3.6 kb (8, 19)] were 
present, as were other, uncharacterized, 
WHV-specific RNA species. Overall, the 
appearance and relative levels of the WHV- 
specific RNA transcripts were correlated 
with the changes in WHV DNA. As ob- 
served for the WHV DNA replication inter- 
mediates, the WHV-specific RNA tran- 
scripts disappeared rapidly as the number of 
viable cells declined in prolonged culture 
(Fig. 1). 

WHV DNA replication proceeds by re- 
verse transcription of a 3.6-kb RNA prege- 
nome within immature, intracellular core 
particles (17, 18). WC192 PBLs stimulated 
with LPS in culture for 3 to 7 days were 
disrupted in the presence of 0.2% NP-40, 
and the lysates were analyzed by density 
gradient centrifugation in CsCl (8 17, 20) 
(Fig. 2). WHV DNA replication intermedi- 
ates were present in particles with a buoyant 
density of 1.30 to 1.34 g/an3 (Fig. 2c), the 
density expected for intracellular core parti- 
cles (21). When these particles were utilized 
in an endogenous DNA polymerase reaction 
(8,17,20), Cs2S04 density gradient analysis 
demonstrated the presence of RNA/DNA 

a 
us r 

Day 0 3 3 3 I 

hybrid molecules (15). These results are 
consistent with the production of hepadna- 
virus DNA from an RNA template within 
core particles in lymphoid cells. 

To look for WHV DNA-containing par- 
ticles, we pooled culture media from two 
separate PBL cultures and subjected them to 
centrifugation over a 43% sucrose cushion 
(8, 17, 20). Nucleic acids were extracted 
from the pelleted material and examined by 
DNA hybridization analysis (Fig. lc). Me- 
dia pooled from LPS-stimulated WC192 
PBLs (5 to 9 days of culture) contained 
approximately 1 x lo4 WHV DNA-con- 
taining particles per milliliter (lane C). 
There was not enough virus for antigen 
analysis or electron microscopy. No WHV 
DNA-containing particles were detected in 
culture media obtained from unstimulated 
WC192 PBLs cultured for 5 to 9 days or 
from LPS-stimulated WC192 PBLs cul- 
tured for l to 3 days (lanes A and B). These 
results are consistent with those observed 
for in vitro DHBV infection of primary 
duck hepatocytes, in which release of infec- 
tious DHBV particles occurs several days 
after the appearance of DHBV DNA repli- 
cation intermediates (22,23). 

The WHV-containing particles in the 

Fig. 1. Examples of (a) DNA and (b) RNA blot hybridization analysis of WHV nucleic acids in 
cultured WC192 PBLs. Nudeic acids were extracted from cells and pelleted media particles (C) and 
analyzed by DNA blot hybridization as described (7,8, 13). Sizes (kilobases) in (a) and (c) are based on 
co-electrophoresis of 1-kb ladder DNA standards (BRL, Gaithersburg, Maryland) and in (b) on co- 
electrophoresis of denatured, WHV DNA standards (7). Each lane of (a) and (b) corresponds to the 
same nudeic acid reparation from a single population of cells. The '2P-labeled h bridization robe 
used was a 3.3-kb iam HI WHV DNA fragment p d e d  from a representative D ~ A  done (& 7) 
of a standard virus infection pool, which was subsequently sequenced (27). Day 0, WC192 PBLs before 
culture; days in culture in the absence (US) or presence (LPS) of LPS (10 pglml) are shown. Amounts 
of total cell nucleic acids used in each lane of (a) and (b) were: day 0 and day 3 (US), 10 pg of DNA, 3 

of RNA; all LPS lanes, 30 pg of DNA, 10 pg of RNA. In (c), nucleic acids extracted from material 
pelleted from pooled culture media were analyzed by DNA blot hybridization: lane A, 9 ml of pelleted 
culture media from WC192 PBLs maintained for 3 to 7 days without LPS; lanes B and C, 9 ml of 
pelleted culture media from WC192 PBLs maintained in culture with LPS (10 pg/ml) for 3 days (lane 
B) or 5 to 9 days (lane C). All panels represent 7-day film exposures. 
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Table 1. Mitogen-induced incorporation of exogenous thymidine into PBL DNA in culture. 
Woodchuck PBLs were isolated by centdbgation over Ficoll as described in (7, 8). PBLs were cul- 
tured in 96-well, U-bottomed plates at 2 x 10' to 4 x 10' cells per well (1 x lo6 to 2 x lo6 cells per 
milliliter). Culture medium was changed at days 3, 5, 7, and 9 of culture. Growth medium used was 
Dulbecco's minimum essential medium containing 20% heat-inactivated fetal bovine serum (Biofluids, 
Rockville, Maryland), 5 x 1 0 - ' ~  2-mercaptoethanol, 2 mM glutatnine, and gentamycin sulfate (50 
pg/ml). Medium was filtered through a 0.22 Nalgene cellulose acetate membrane before use. 
Mitogens were added at the initiation of the cell cultures and maintained throughout the experiments. 
Incorporation of ['H]thymidine (1 pCi/ml, specific activity, 6.7 Ci/mmoI, New England Nuclear) 
was performed as described in (14). Exogenous ['Hlthymidine was added 24 hours before harvesting 
on day 3 after the initiation of the cultures. For mitogen-treated cells, data represent 2 + SEM from five 
separate wells and unstimulated control values represent 2 2 SEM from ten separate wells in each 
experiment. Thymidine incorporation levels for Con A were only determined for WC178 PBLs and 
were 1322 2 205 cpm on day 2 of culture (unstimulated cell values were 207 2 50 cpm). The rnitogen 
concentrations used were determined to be optimal (by thymidine incorporation levels) on the basis of 
empirical testing of several mitogen concentrations. Mitogen concentrations used were: LPS (10 CLg/ 
ml), PHA (10 pgtml), IL-2 (250 IUIml), and Con A (20 pg/ml). Woodchucks used in these 
experiments were caught in the wild (Cocaleco, Reamstown, Pennsylvania) and had preexisting, 
chronic WHV infections (WC192, WC195), had a chronic infection experimentally induced (WC139), 
or were uninfected (WC178) (Cocaleco). Chronic WHV infections were determined by the persistence 
(for at least 2 years) of specific viral serologic markers (WHV surface antigen, antibody to WHV core 
antigen, WHV DNA) (7,25,226). 

Animal Thymidine incorporation (cpm) 
number LPS PHA IG2 Unstimulated 

Fig. 2. Density-gradient analysis of intra- 
cellular and extracellular WHV particles in 
CsCI. WC192 PBLs were maintained in 
culture with LPS as described in the leg- 
end to Table 1. Cells were lysed, viral 
particles were concentrated by cen-a- 
tion over a 43% sucrose cushion, and 
particles were subjected to density-gradi- 
ent cenmhgation in CsCl as described (8, 
17, 20). (a) The CsCl density profiles of 
the intracelllular (solid line) and emacellu- 
lar (dashed line) particle gradients. Extra- 
cellular particles (b) were isolated from 11 
ml of pooled culture media from WC192 
PBLs maintained in culture with LPS for 5 
to 9 days (see legend to Fig. 1). Intracellu- 
lar partides (c) were isolated from 5 x 10' 
WC192 PBLs maintained in culture with 
LPS for 80 hours. 
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Gibberellins: A Phytohormonal Basis for the relation between GAS, hydrolytic en- 

Heterosis in Maize zymes, and heterosis for seedling growth 
was independently proposed by Paleg (8) 
and by Sarkissian et al. (4). 

STEWART B. ROOD, RICHARD I. BUZZELL, LEWIS N. MANDER, A definitive experiment to evaluate the 
DAVID PEARCE, RICHARD P. PHARIS role of GAS in regulating heterosis in the 

growth of the maize shoot must include 
Four commercially important maize parental inbreds and their 12 P1 hybrids were more than a single hybrid and its parents, 
studied to investigate the role of the phytohormone gibberellin (GA) in the regulation and the assessment of endogenous GA con- 
of heterosis (hybrid vigor). All hybrids grew faster than any inbred. In contrast, all centration must be unequivocal. 
inbreds showed a greater promotion of shoot growth after the exogenous application Although maize shoots contain at least 
of GA3. Concentrations of endogenous GA1, the biological effector for shoot growth in eight endogenous GAS (9, lo), only GA1 is 
maize, and GA19, a precursor of GA1, were measured in apical meristematic shoot the biologically active "effector" in the regu- 
cylinders for three of the inbreds and their hybrids by gas chromatography-mass lation of maize shoot elongation (10). Other 
spectrometq with selected ion monitoring; deuterated GAS were used as quantitative GAS serve as precursors to GA1 (for exam- 
internal standards. In 34 of 36 comparisons, hybrids contained higher concentrations ple, GA19 -+ GA20 * GA1) (Fig. l ) ,  are 
of endogenous GAS than their parental inbreds. Preferential growth acceleration of the metabolites of GA1, or are the results of 
inbreds by exogenous GA3 indicates that a deficiency of endogenous GA limits the branch points in the GA metabolic pathway 
growth of the inbreds and is thus a cause of inbreeding depression. Conversely, the (10). Thus, the analysis of GAl is particular- 
increased endogenous concentration of GA in the hybrids could provide a phytohor- ly relevant. 
monal basis for heterosis for shoot growth. In the present study, we crossed four 

maize inbreds in diallel combinations to 

I N ANIMALS AND PARTICULARLY IN role for endogenous gibberellins (GAS) in obtain a matrix of all possible single-cross 
plants, it is commonly observed that the regulation of heterosis in maize: (i) hybrids and their inbred parents (Table 1). 
hybrids-that is, genotypes resulting Inbreds, homozygous lines resulting from The selected inbreds represent some of the 

from the crossing of dissimilar parents- repeated self-pollinations, are particularly re- economically most important maize inbreds 
outperform either of their parental geno- sponsive to the exogenous application of available; the inbreds, A632, B73, and 
types. This phenomenon is referred to as 
heterosis, or hybrid vigor, and underlies 
much of the improvement in crop yields CHO 
achieved in the 20th century. Although het- 

0 H 

erosis is economically important for agricul- 
ture, horticulture, and silviculture, its phys- 

+ 
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iological basis is unclear. 'COOH CH3 
At least three lines of evidence support a GAIS  GA 20 GA I 
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