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Defective interfering (DI) particles have been found in many RNA and DNA viruses of bacteria, plants, and
animals since their first discovery in influenza virus. However, this fundamental phenomenon has not been
demonstrated in human natural infections. Using a new approach, here we provide the first experimental
evidence for the existence of DI-like viruses in human chronic carriers of hepatitis B virus (HBV). Functional
characterization of naturally occurring core internal deletion (CID) variants of HBV revealed all of the features
of DI particles. When equal amounts of wild-type and CID variant DNAs were cotransfected into a human
hepatoma cell line, Huh7, a three- to fivefold enrichment of CID variants was most often observed. The
fluctuations of the virus populations between CID variants and helper HBV in three chronic carriers are
reminiscent of the cycling phenomenon in other DI viral systems. This finding has important implications for
chronic viral hepatitis and other chronic progressive viral diseases.

“Incomplete particles” were discovered during successive
undiluted passages of the influenza viruses (39). In general,
these incomplete particles contain a less than full-length ge-
nome and are replication defective. They can be rescued by,
and interfere with, the replication of homologous helper vi-
ruses. Another important characteristic of incomplete particles
is their ability to enrich their proportion in the total viral yield
in cells infected with wild-type and incomplete viruses (re-
viewed in references 7, 14, and 30). Based on these properties,
Huang and Baltimore defined these biologically active incom-
plete particles as defective interfering (DI) particles and the
replication-competent homologous virions as standard viruses
(19). DI particles are widespread among many DNA and RNA
viruses in bacteria, plants, and animals. In tissue culture, DI
viruses are capable of establishing persistent viral infections
(14). In animal models, some DI viruses have been shown to
modulate the course of disease by attenuating the virulence of
standard viruses (3, 8, 35). Coinfection with DI RNA of tomato
bushy stunt virus can modify the course of disease induced by
the wild-type tomato bushy stunt virus infection (13). In hu-
mans, it has been proposed that DI particles might be respon-
sible for the chronic recurrence of viral diseases. Perturbation
of the balance between DI and standard viruses could trigger a
new episode of disease manifestation (19).

Despite the extensive research on DI viruses, the molecular
basis leading to a DI phenotype is often unclear. Most DI
studies have demonstrated a correlation between a genomic
deletion and the DI phenotype. There is no formal proof,
beyond correlation, that a deletion is indeed the cause, entirely
or in part, of the DI phenotype (7). To date, most, if not all, DI
particles have been discovered in laboratory settings. Although
human DI viruses have been found to occur during serial
high-multiplicity-of-infection passages in tissue culture, it is
not known if DI particles also exist in natural infections (3, 7,
14, 30).

HBV is one of the most common infectious agents in hu-

mans. However, the molecular and cellular mechanisms of
pathogenesis and chronicity of HBV infection remain to be
elucidated (33, 37). Recently, naturally occurring HBV vari-
ants containing a core antigen internal deletion (CID) were
found to be geographically ubiquitous and highly prevalent in
chronic HBV carriers (1, 16, 26, 40). These deletions found in
CID mutants are often in frame, variable in size, map to the
central portion of core antigen (HBcAg), and coincide with a
known T-cell epitope (20, 24, 25, 38). Interestingly, CID
variants have never been found in acute hepatitis patients
(2, 9).

Many DI viruses are known to contain deletions in their
structural protein genes (3, 7, 14, 30). Recently, we have dem-
onstrated that HBV CID variants are replication defective and
can be rescued by a wild-type core antigen expression vector
(42). Although these properties of CID variants are similar to
that of DI particles, it has been unclear if CID variants also
have the interference and enrichment properties a DI particle
is supposed to have. In this report, our results demonstrate that
CID variants behave like the DI particles described in other
viral systems (7, 14, 30).

MATERIALS AND METHODS

Plasmid constructs. The expression vector for wild-type HBV (pWT) has been
described as pSV2NeoHBV2x elsewhere (32). To construct pDEL85 and
pDEL109, DNA fragments from nucleotides (nt) 1636 to 2688 containing the
HBV deleted core gene were PCR amplified from total DNA of hepatoma
samples T85 and T109 (16). The two oligonucleotide primers used in PCR
amplification for T85 and T109 are as follows. One primer is a 30-mer (59-A
AGG GCA AAT ATT TGG TAA GGT TAG GAT AG-39) containing HBV
minus-strand DNA sequences from nt 2659 to nt 2688. The other primer is a
27-mer (59-AGA AAT ATT GCC CAA GGT CTT ACA TAA-39) containing
HBV plus-strand DNA sequences from nt 1636 to nt 1659. The underlined
sequences represent an SspI cleavage site used for subcloning into the wild-type
expression vector. One microgram of tumor DNA and 100 ng of each primer
were used in a 10-ml PCR mixture consisting of a denaturation step at 94°C (20
s) followed by a 40-cycle amplification at 94°C (1 s), 47°C (1 s), and 72°C (40 s).
The amplified target sequence (0.9 kb) was subcloned into the pGEM-T vector
(Promega Co.). The DNA fragments containing CID mutations were gel purified
after digestion with SspI and used to replace both copies of the normal coun-
terpart in the wild-type HBV genome carried on a pUC12-HBV tandem dimer
plasmid.

Mutant TGAGC. The HBV TGAGC mutant contains a G-to-A change at nt
1897, creating a TGA stop codon at precore antigen codon 28, and a G-to-C
change at nt 1899. Both mutations affect the RNA encapsidation signal (E), and
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this mutant is thus replication defective and nonrescuable by transcomplemen-
tation (41).

Calcium phosphate cotransfection. The human hepatoma cell lines Huh7 and
HepG2 were maintained in Dulbecco’s modified Eagle’s medium with 10% fetal
bovine serum at 37°C in the presence of 5.5% CO2. Approximately 2 3 106 to
3 3 106 Huh7 or HepG2 cells were seeded in each 10-cm-diameter dish 12 to
16 h before transfection (32). In each transfection, the total amount of donor
DNA was kept constant (35 mg of DNA/2 3 106 to 3 3 106 cells/10-cm dish/
transfection). Carrier DNA of Huh7 origin was used to adjust the final amount
of donor DNA in each transfection to a constant amount of 35 mg total. Donor
DNA was removed at approximately 6 h posttransfection, and cells were fed
with fresh Dulbecco’s modified Eagle’s medium containing 10% fetal bovine
serum.

DNA probes for Southern analysis. (i) Full-length HBV probe. The full-length
3.1-kb HBV DNA fragment was purified from pWT by EcoRI digestion. Ap-
proximately 25 ng of the 3.1-kb DNA fragment was radiolabelled with a random-
primed DNA labelling kit (Boehringer Mannheim Co.).

(ii) Wild-type-specific DNA probe. A wild-type-specific DNA fragment of 135
nt (from nt 2141 to nt 2275) was synthesized by PCR with pWT as the DNA
template. The oligonucleotides used to amplify the wild-type-specific fragment
are both 21-mers (59-TCT AGA GAC CTA GTA GTC AGT-39 and 59-CCA
CAC TCC GAA AGA CAC CAA-39).

(iii) DEL85-specific DNA probe. The DEL85-specific DNA probe is 181 nt in
length (from nt 2041 to nt 2365, with a deletion of 144 nt) and was synthesized
by PCR with pDEL85 as a DNA template. The oligonucleotides used to amplify
the DEL85-specific DNA fragment were 59-GGA CCT GCC TCG TCG TCT
AAC AAC AGT AGT-39 and 59-CAT TGT TCA CCT CAC CAT ACA-39.

(iv) DEL109-specific DNA probe. The DEL109-specific probe is 208 nt in
length from nt 2041 to nt 2365, with a deletion of 123 nt, and was made with the
same primers used for the DEL85-specific probe. These DNA fragments were
radiolabelled by PCR with a reaction mixture containing 1 ng of DNA template;
200 mM dATP, dTTP, and dGTP; 10 mM dCTP; 150 mCi of [32P]dCTP (3,000
Ci/mmol [2 mM]); 100 ng of each primer; 2.5 U of TaqI polymerase; 4 mM
MgCl2; and 103 PCR buffer (200 mM Tris-HCl, 500 mM KCl). The PCR
procedure consisted of a denaturation step at 94°C (20 s) followed by a 40-cycle
amplification step at 94°C (1 s), 55°C (1 s), and 72°C (40 s). Core particles and
core-associated DNA from transfected cultures for Southern analysis were pre-
pared as described elsewhere (41).

PCR analysis of core-associated DNA. Either 1 ng of plasmid DNA or 1/20 of
the core-associated DNA from 106 cells 5 days after transfection was used for
PCR amplification. DNA transfection and purification of core-associated DNA
were performed as described elsewhere (41). The oligonucleotide primers con-
taining HBV consensus sequences that were used to amplify the core DNA
fragment were described previously (16). The purification and PCR amplification
of HBV DNA from the sera of patients were performed as described previously
(16).

Calculation of the interference effects. The interference effect was calculated
by comparing the relative intensities of the wild-type population with and without
cotransfection with CID variants. For example, in Fig. 1C, when equal amounts
of pWT and pDEL85 were cotransfected, the signal intensity with wild-type-
specific probe was 14 relative to 100 for pWT alone. We define the apparent
interference effect as 7.2-fold (100/14) at an equal DNA mass ratio. However,
since the molecular weight of pWT in pSV2Neo vector is approximately 12.6 kb
while the pDEL85 in pUC12 vector is approximately 8.8 kb, the molar ratio
between pDEL85 and pWT is approximately 1.4. Thus, when the 7.2-fold ap-
parent effect is corrected by 1.4, the actual interference effect at the equal mass
ratio is about 5.1-fold.

Calculation of the enrichment effects and statistical analysis. The calculation
of the enrichment effect was done by comparing the signal ratios between the
wild-type and CID variants before and after transfections (see Fig. 1 to 3). For
example, in Fig. 1C, when equal amounts of pWT and pDEL85 were cotrans-
fected, the signal intensity was 14 relative to 100 for pWT alone. Based on the
results of Fig. 1B with the full-length HBV probe, the total signal intensity in the
lane of pWT alone is comparable to that in the lane containing 7 mg each of
pDEL85 and pWT. Therefore, it is reasonable to assume that the ratio between
the de novo synthesized DEL85 and wild-type DNA in this cotransfection ex-
periment on day 5 after transfection is approximately (100 2 14)/14 5 86/14 5
6. The molar ratio between the DEL85 (12.6 kb) and wild-type (8.8 kb) DNAs is
about 1.4 as calculated above. The enrichment factor is calculated to be 6/1.4 5
4.4-fold. As another example, in Fig. 3, when 7 mg of pWT and 3.5 mg of pDEL85
were cotransfected, the apparent relative intensity of wild-type versus DEL85
donor DNA before transfection was equal to 1. However, 5 days after transfec-
tion, the relative intensity of core particle-associated DNAs between the deletion
mutant and wild-type bands shifted to 83/17 5 5. The enrichment factor is
calculated to be 5/1 5 fivefold. (The amplified deletion mutant bands are present
at a higher molarity than the donor DNA mass ratios would indicate, which is
due in part to the preferential amplification over the wild-type band under these
PCR conditions). Statistical analysis of the enrichment factors from four inde-
pendent equal-dose (7 mg each) cotransfection experiments gives the following
values: mean 6 standard deviations of 7.90 6 3.81 for DEL85 and 3.86 6 2.60
for DEL109. The experiments included here for statistical analysis were arbi-
trarily chosen from a total of 12 independent repeat experiments.

HBV carriers. The HBV serum sample we used was from a male hepatoma
patient of Korean origin followed up at Fox Chase Cancer Center, Philadelphia,
Pa., from 1989 to 1992. His serum alanine aminotransferase level during this
period was only slightly above normal (50 to 80 IU/liter). Patient serum samples
F090063 and F090245 were from HBV vaccine failure children identified in the
Taiwanese HBV mass immunization program (17). To define a vaccine failure
infection that results in HBsAg carriage, the patients should have received a
hepatitis B immunization on schedule and subsequently should have become
HBsAg positive during the follow-up period from 1986 to 1991.

RESULTS

One-filter, three-probe Southern blot analysis. Two plas-
mids (pDEL85 and pDEL109) containing CID in their HBV
genomes were constructed (Fig. 1A) (Materials and Methods).
Both CID variants (pDEL85 and pDEL109) were replica-
tion defective when transfected into a human hepatoma cell
line, Huh7. The defect in their DNA synthesis is correlated
with the absence of a detectable HBcAg protein and can be
rescued with a wild-type HBcAg expression vector (42). The
rescued CID variant particles, which utilize the wild-type core
protein, presumably are enveloped properly, since they can be
secreted into the medium and band at a position similar to the
mature wild-type Dane particles by gradient centrifugation
analysis (42). To test the hypothesis that CID variants can
function like DI particles, in addition to their replication defect
and rescuability, one would need to demonstrate the phenom-
ena of interference and enrichment that are characteristic of
DI particles (7, 19, 30). When increasing amounts of CID
variants were cotransfected with a constant amount of wild-
type HBV, the replication activity of the total HBV population
in cells did not change significantly, as measured by Southern
blot analysis with the full-length HBV DNA as a probe (ap-
proximately 70 to 90% of the wild-type level) (Fig. 1B). To
measure the proportional yields of wild-type and CID virus, we
removed the full-length HBV probe from the filter of Fig. 1B
and reprobed it with a wild-type-specific DNA fragment de-
rived from part of the deleted region of the HBcAg gene in the
CID mutant (Fig. 1C and D). Surprisingly, when CID variant
and wild-type DNAs were cotransfected in equal amounts,
wild-type HBV replication was reduced by seven- and three-
fold for DEL85 and DEL109, respectively (Fig. 1D). A pack-
aging- and replication-defective HBV mutant TGAGC (41)
was cotransfected with wild-type HBV DNA as a control for
nonspecific effects that may arise from the squelching of lim-
iting amounts of cellular transcription factors by excessive mu-
tant HBV DNAs. Since mutant TGAGC contains a cis defect
in the packaging signal, it cannot be rescued by the cotrans-
fected wild-type virus. As shown in Fig. 1D, no apparent re-
duction of wild-type replication was observed when the wild
type was cotransfected with the control mutant TGAGC.
When the same filter was rehybridized with probes specific for
DEL85 and DEL109, it became clear that HBV replication
activity in the cotransfected culture was largely due to the
replication of the CID variants (Fig. 1E). The CID-specific
probes used here hybridized very weakly with the wild-type
HBV DNA, since a very light signal was observed in the ab-
sence of CID variant DNA (Fig. 1E). The small amount of
cross-hybridization under the stringent conditions used here is
probably due to the presence of a 126-nt homology, from
amino acids 46 to 87, between the CID-specific probe and
the wild-type HBV DNA (Fig. 1C, right panel). In addition
to Huh7 cells, the same result was observed with HepG2
cells in the cotransfection assay (Fig. 1F). A similar exper-
iment was then performed to analyze the wild-type and CID
variant virus populations in the media (Fig. 2A and B). The
secreted CID variant viruses were found to be predominant
over wild-type HBV, as was observed in the intracellular
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FIG. 1. A DI-like phenomenon of HBV CID variants in human hepatoma cell lines Huh7 and HepG2. (A) In-frame deletions in the HBV core antigen of two
different CID variants (Materials and Methods). DEL85 has a deletion of amino acids 88 to 135, while DEL109 has a deletion of amino acids 82 to 122. (B) Seven
micrograms of wild-type HBV plasmid pWT was transfected into Huh7 cells or cotransfected with increasing amounts of pDEL85, pDEL109, or pTGAGC separately.
Replicative viral DNAs from intracellular core particles were harvested 5 days after transfection and subjected to Southern blot analysis with the 3.1-kb full-length HBV
DNA fragment as a probe. Relaxed-circular (RC) DNA at the 4.0-kb position and single-stranded (SS) DNA at the 1.5-kb position are indicated by arrows. The numbers
at the top indicate the amount of plasmid DNA used for transfection. (C) The wild-type-specific and DEL mutant-specific probes used in panels D and E, respectively.
(D) The same filter used in panel B was reprobed with a radiolabelled wild-type-specific DNA fragment (Materials and Methods), after removal of the 3.1-kb full-length
HBV probe. The relative intensity of the replicative intermediates, as indicated at the bottom, was measured by scanning the entire lane below 4.0 kb by densitometer
image analysis. Calculation of the interference and enrichment effects is described in Materials and Methods. (E) The nitrocellulose filter used in panel D was reprobed
with a mixture of DEL85- and DEL109-specific DNA fragments (Materials and Methods). (F) The HepG2 human hepatoblastoma cell line was used in the same assay
with a wild-type-specific probe as described for panel D.
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fraction (Fig. 1). Taken together, these results suggest that
HBV CID variants behave like a DI virus which can repli-
cate at the expense of helper virus and become the predom-
inant viral population.

PCR coamplification analysis before and after cotransfec-
tion. To confirm the results obtained by Southern blot analysis
(Fig. 1 and 2), a PCR assay was used to measure directly the
relative populations of wild-type helper virus and CID variants
in the cotransfection experiment. When a mixture of the donor
DNAs (pWT and pDEL85) in the 2:1 dose ratio was used in
the PCR assay, the wild-type-specific DNA fragments exhib-
ited an intensity similar to that of the DEL85-deleted fragment
after amplification (Fig. 3, top). This is probably because the
shorter (deleted) DNA fragments tend to be amplified favor-
ably during PCR. However, the relative intensity between am-
plified wild-type and mutant DEL85 DNA fragments shifted
from 1:1 (before cotransfection) to 1:5 (after cotransfection),
suggesting the preferential de novo replication of CID variants
over wild-type HBV in vivo (Fig. 3, bottom).

A cycling-like phenomenon of CID variants. Previously, a
cycling phenomenon between DI and helper virus populations
has been reported in other viral systems in the laboratory
setting (7, 19, 30). To look for a similar phenomenon in natural
HBV infections, we collected serum samples from three
chronic carriers during a longitudinal study and found the
deleted core mutation in HBV by PCR (Fig. 4). The deletions
in these DNA fragments were found to occur in the central
part of HBcAg via sequencing. Furthermore, in the case of the
Korean patient, the same CID variant population appeared to
predominate during the 4-year follow-up period (Fig. 4B). The
total HBV DNA titer was seen to fluctuate over time and
sometimes even dropped to a very low or undetectable level
(Fig. 4A and C). Interestingly, the relative abundance of CID
variants and helper viruses also appeared to vary over time
(Fig. 4). The relative intensity of helper virus-specific DNA was
often greater than that of the CID variant DNA. However, at
some time points, the reverse was observed (Fig. 4A, February
1991 [sample 02/1991]; C, 1991; D, 1989). It should be men-
tioned here that in Fig. 4A, C, and D, we are not measuring the
absolute amount of the PCR product. Rather, we are compar-
ing the ratios between the wild-type and CID variant popula-

tions at different time points. Therefore, the quantity of each
band is internally controlled by the other band.

These results indicate that a dynamic equilibrium could exist
between the CID mutants and helper HBV in vivo. This ob-
served waxing and waning of DI-like and helper viruses are
reminiscent of the cycling phenomenon reported in other DI
viral systems, such as rabies virus and vesicular stomatitis virus
(21, 29).

DISCUSSION

HBV CID variants exhibit a strong DI phenotype. We have
characterized two different CID mutants (DEL85 and DEL109)
isolated from two different patients with two different hepatoma
cell lines (Huh7 and HepG2). Cytotoxicity caused by calcium
phosphate during transfection cannot be an explanation for in-
terference because of the simultaneous enrichment of the CID
variants. In addition, when duck hepatitis B virus (DHBV)
DNA was included in the transfection experiment as a control,
no interference with DHBV replication by DEL85 was observed
(data not shown). Thus, species-specific interference and en-
richment cannot be explained by nonspecific cytotoxicity. Our
results led to the conclusion that CID variants have all of the
characteristics of DI particles: they have a deleted genome, are
replication defective, are rescuable by standard helper virus,
interfere with production of standard virus, and have a relative
enrichment of DI particles compared with standard virus.

Quantitative aspects of interference and enrichment. While
the interference effect in a single cycle of transfection is ap-
parent at a 1:1 donor DNA dose ratio between wild-type and
CID variants, increasing the dose of the CID variant DNA
results in a more obvious interference effect. It is therefore
informative if we can directly measure the extent of increase of

FIG. 2. Secreted extracellular HBV particles showing the DI-like phenome-
non analyzed by the replication assay. The conditioned media from the transfect-
ed culture were collected 5 days after transfection, and viral particles were pel-
leted through a 20% sucrose cushion. The DNA extracted from the extracelular
viral particles was then subjected to Southern blot analysis. (A) The full-length
3.1-kb HBV DNA was used as a probe. (B) The same filter was reprobed with the
wild-type-specific DNA fragment after removal of the probe used for panel A. FIG. 3. Comparison of the relative abundance of wild-type (wt) and CID

mutants (del) via PCR coamplification analysis with HBV core gene-specific
primers (16). (Top) An aliquot of the premixed donor plasmid DNAs (pWT and
pDEL85) was amplified by PCR before transfection. The results for pWT and
pDEL109 (data not shown) are similar to those for pWT and pDEL85. (Bottom)
Seven micrograms of pWT was cotransfected with increasing amounts of pDEL85
(left) or pDEL109 (right) into Huh7 cells, and core particle-associated DNAs
were harvested 5 days after transfection. Identical PCR conditions were used for
amplifications of both the plasmid and core particle-associated DNAs. The
relative intensities of full-length nd deleted core gene fragments were measured
by densitometric scanning.
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DI particles (i.e., enrichment), in addition to measuring the
decrease of helper viruses (i.e., interference). In general, direct
measurement of DI particles has been difficult because it is
hard to separate DI particles from their helper viruses, and
there have been no convenient or direct assays for DI particles.
Here, we demonstrated the direct measurement of DI particles
by comparing the ratios between helper virus and CID variants
before and after transfection (Fig. 1, 2, and 3). According to
our calculations (Materials and Methods), DEL85 has an av-
erage enrichment effect of 3- to 5-fold in Huh7 cells (Fig. 1D
and 3) and up to 11-fold in HepG2 cells (Fig. 1F). Unlike
DEL85, DEL109 has a less-pronounced enrichment effect (1.2-
to 3.0-fold) in Huh7 cells (Fig. 1D and 3). However, the en-
richment effect of DEL109 became more enhanced, up to
6.4-fold, when the HepG2 cells were used (Fig. 1F). It is also
worth pointing out that the weaker enrichment effect of
DEL109 in Huh7 cells in Fig. 1D was in part caused by the
experimental variations. A mean of 3.9-fold of enrichment was
obtained for DEL109 at an equal dose ratio in Huh7 cells
(Materials and Methods). The approximately two- to threefold
difference in the enrichment effect obtained from Huh7 and

HepG2 cells is consistent with the previous reports that host
cells can play an important role in the DI effect (14). We
speculate that the difference in interference and enrichment
between DEL85 and DEL109 could be related to the different
sizes of their deletions. Finally, it is worth mentioning that
enrichment and interference properties are not always cou-
pled. Some DI particles of other viruses exhibited interference
but no apparent enrichment effect (14, 29, 30). In this regard,
we tentatively consider DEL109 to be DI-like as well, because
it replicates at the expense of wild-type virus and displays a
defective interfering phenotype. In summary, the interference
and enrichment effects vary, depending on the specific DI
variant, the host cell lines, the specificity of the probes, and the
relative doses of DI and helper viruses used in the assay. The
effects observed in a single-cycle experiment in vitro by trans-
fection could, in theory, expand exponentially during sequen-
tial cycles of infection in vivo.

The long-sought DI virus in nature. DI viruses in previous
studies were always generated by either brief or continuous
passages in tissue culture, chicken eggs, or animal models in a
laboratory setting (3, 14, 30). Physically defective genomes of
viruses have been found in clinical specimens. However, direct
functional proof that the same defective viruses are indeed
replication defective, interfering, or able to enrich themselves
has not been provided (28, 34). According to the standard
definition of DI particles (19), structurally defective viruses are
not necessarily interfering functionally. The demonstration
here of the CID mutants of HBV in human chronic carriers is
the first example of DI-like particles in the family Hepadna-
viridae, which replicates its DNA genome through an RNA
intermediate (36). More importantly, this is, to the best of our
knowledge, the first report of DI-like particles found in natural
infections (3, 14, 30).

The one-filter, three-probe method: a new approach. Previ-
ous approaches to identifying DI particles mainly relied on the
plaque assay in tissue culture or passage in animal models. At
present, there is neither a plaque assay nor a reliable in vitro
infection system for HBV (11). Another major difficulty in
conventional DI virus research is in the separation of DI par-
ticles from standard viruses. Although DI particles of vesicular
stomatitis virus can be separated from their standard viruses
(6, 18), this is more of an exception than a rule compared to
other viruses. In addition, the DI population could be rather
heterogeneous in an individual animal in some viral systems

FIG. 4. Fluctuation phenomenon of HBV wild-type (wt) and CID mutants
(del) in serially collected serum samples from three chronic HBV carriers. These
PCR data suggest a dynamic equilibrium between the CID mutants and helper
HBV in vivo, where their relative abundance appears to vary over time. Purified
DNAs from sera were used to amplify the core region by PCR (Materials and
Methods) (16). Amplified DNA fragments, including the full-length (upper
band) and deleted (lower band) core gene fragments, were separated by agarose
gel electrophoresis. The dates of sampling are shown at the top. (A) Results for
the Korean patient serum samples from December 1989 to December 1993. (B)
Sequence analysis of the fluctuating CID variants in the Korean patient’s serum
samples. Identical deletions are present in DEL85, which was derived from a
Taiwanese patient, and the CID variants of the Korean patient. The letter “Z”
represents a translational stop codon, and the letter “X” represents deletions.
The slash symbol represents frameshift mutations. Subtype-specific sequence
heterogeneity is depicted by an asterisk. The boxed regions of HBcAg mutational
domains IV and V were described in reference 16. (C) Results for serum from
patient F090245 from 1986 to 1991. Serum samples from 1987 and 1988 were not
available. (D) Results for serum from patient F090063 from 1986 to 1991. Each
sample was PCR amplified and then gel analyzed in duplicate.
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(3). This also contributes to the variability of DI particles from
preparation to preparation. To circumvent these classic prob-
lems, we developed a new approach for the study of DI virus.
Using a novel combination of methods, including gene cloning,
cotransfection, and the one-filter, three-probe Southern assay
(Fig. 1), we demonstrated here that mutations occurring in nat-
ural human HBV infections can result in a DI-like phenotype.

Mechanisms of enrichment and interference. Previous stud-
ies of other DI viruses have established a correlation between
the deletion genotype and the DI phenotype (7, 14). However,
no cause-effect relationship has been demonstrated between
the deletion and the DI phenomenon. In our study, we can
attribute the entire DI phenomenon to a specific CID mutation
alone. In the case of HBV CID mutants, it also remains un-
clear if the mechanisms of enrichment and interference in viral
replication are related or independent. If they are independent,
are they caused by two or more separate mutations or by a sin-
gle pleiotropic mutation? When the nucleotide sequences of
the CID mutation-containing DNA fragments of DEL85
and DEL109 were compared (data not shown), the only com-
mon mutations between these two different CID mutants were
the core internal deletion as well as an A3T change and a
G3A change at nt 1762 and 1764, respectively (referred to as
TA mutations). These TA mutations occurred within the basal
core promoter/X gene (27). A recent report suggested that TA
mutants are replication competent and might replicate slightly
better than the wild type (4). The modest effect of TA muta-
tions on the replication of HBV cannot explain the dramatic in-
terference, which can be up to a 16-fold effect (Fig. 1F). Wheth-
er these TA mutations in the context of CID mutants can
contribute to the DI phenotype awaits further investigation.

The enrichment and interference phenomenon of CID mu-
tants could result from a difference in response to possible
DI-induced interferon-like soluble factors, to which the wild-
type virus is perhaps more sensitive (10, 23). Inconsistent with
this hypothesis, addition of the conditioned media from CID
mutant-transfected culture to the wild-type HBV-transfected
culture did not reduce wild-type HBV replication (data not
shown). As mentioned above, when DHBV DNA was cotrans-
fected with human CID mutants, no apparent decrease in
DHBV DNA replication was observed (data not shown).
Therefore, the interference effect from HBV CID mutants
appears to be homotypic, species specific, and unlikely to be
related to interferon-like factors.

Dominant negative mutants of hepadnaviruses have been
artificially created previously (15, 31). Although these domi-
nant negative mutants can interfere with the replication of
wild-type virus, they are not able to enrich themselves at the
expense of the wild type. Therefore, it is theoretically unlikely
that the DI phenomenon is mediated through a simple domi-
nant negative effect. Consistent with this hypothesis, cotrans-
fection of wild-type HBV with an expression vector encoding
the CID mutant core protein does not affect wild-type HBV
replication (42). Taken together, this result and the unstable
nature of the deleted core protein (42) suggest that the inter-
ference by CID variants cannot be explained by a dominant
negative effect of the deleted core protein.

In summary, the DI phenotype of HBV CID mutants ap-
pears to be caused mainly by a single deletional mutation. It is
tempting to speculate that interference by CID mutants is
secondary to enrichment. In other studies of DI viruses, the
advantage of DI over standard viruses appears to be related to
more efficient replication and packaging of DI particles (22).
The exact nature of the competitive edge of the HBV-CID
variants over the wild type remains to be investigated.

Cycling-like phenomenon of CID variants in patients. In the
sample dated December 1989 (12/89) of Fig. 4A, a minor band
appeared to migrate slightly faster than the wild-type band. We
have not yet cloned and sequenced this minor band. However,
it is common that the CID variants from the same individual
can contain more than one predominant size of deletions. For
example, in Fig. 1B of reference 42, CID variants of samples
T85 and T109 also contain two predominant sizes of deletions.
Since CID variants have to depend on the helper virus for
replication, it is worth investigating why the wild-type band of
helper virus in sample 02/91 of Fig. 4A was not apparent by
ethidium bromide staining. When we cloned DNA from where
the wild-type band would migrate, we obtained nondeleted core
gene sequences (Fig. 4B). This result demonstrates that the wild-
type DNA in sample 02/91 indeed is present, albeit at lower
abundance. In other DI virus systems in vitro, DI particles can
outnumber full-length-genome particles by large amounts. Our
in vivo data from sample 02/91 would appear to be consistent
with previous findings from other DI viruses in vitro.

As shown in Fig. 4B, the in vivo cycling of variants in the
Korean patient happens to contain a predominant CID variant
population which shares an identical deletion with DEL85 and
two other CID variants independently identified by two other
research groups (Fig. 5). Despite the identical CID deletion in
the core region, DEL85 and the CID variants in the Korean
patient are different from each other in the nondeleted portion
by a total of six amino acids (data not shown). Thus, PCR
contamination between DEL85 and the Korean sample is
highly unlikely. In summary, the behavior of the cloned variant
DEL85 probably can be directly related to the in vivo cycling
data. Finally, according to the definition of cycling, the ratio
between helper and DI particles does not remain constant.
Depending on the timing of the sampling, the ratio between
the helper and DI viruses is expected to vary.

It should also be noted that while both HepG2 and Huh7
cell lines are fully permissive for transfection and intracellular
HBV replication, they are not permissive for extracellular viral
infection. Thus, it would be interesting to see if CID variants
also exhibit the DI phenotype in an in vitro infection system,
when it is established. Furthermore, it remains to be demon-
strated that HBV CID variants can contribute to the persistent
infection of HBV in chronic carriers by attenuating the repli-
cation of wild-type helper viruses. Finally, it will be interesting
in the future to see if there is a correlation between the clinical
spectrum of chronic HBV infection (5) and the fluctuating
patterns of HBV DI-like variants in patients. Perhaps a similar
phenomenon can be found in other virus-associated chronic
progressive diseases, such as subacute sclerosing panencepha-
litis and AIDS (12).

FIG. 5. The same CID deletion as DEL85 was also observed in serum sam-
ples from a British patient (23a), a patient from Hong Kong (1b), and a Korean
patient (Fig. 4B) (also see Addendum in Proof).
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ADDENDUM IN PROOF

A CID deletion identical to our DEL85 and to several clones
from the Korean patient (Fig. 4B) was also observed by W.
Mason, T. London, and A. Evans at the Fox Chase Cancer
Center, Philadelphia, Pa. (personal communication).
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