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Cell-free virus preparations from persistently infected monoblastoid cells (HU937) become progressively less
infectious during long-term passage. This effect is specific for cell lines derived from U937 and is not observed
in persistently infected T-cell lines. Reduced infectivity is correlated with accumulation of unusual, high-
molecular-weight, extrachromosomal forms of the human immunodeficiency virus type 1 (HIV-1) DNA. These
DNA molecules contain multiple copies of the viral genome, and their structures are highly variable. Of 17
subclones of the HU937 cell line, 15 unique restriction fragment patterns were observed for the HIV-1 viral
DNA. Structural analysis of these viral DNA species indicated that they were formed by sequential rounds of
long terminal repeat-mediated integration of one circular DNA form into preexisting monomeric or multimeric
structures. These viral DNA structures are termed nested self-integrates. Once formed, self-integrates prove to
be stable and can be maintained for several months in culture. The unusual structures of HIV-1 DNA in
persistently infected monoblastoid cells attest to an alternative to the accepted retrovirus life cycle. The
self-integrated viral DNA species reported here may explain some aspects of the mechanism controlling

establishment and maintenance of persistent HIV-1 infection in cells of the monocyte/macrophage lineage.

The human immunodeficiency virus (HIV) infects cells of
the lymphoid and myeloid lineages bearing the CD4 mem-
brane glycoprotein (3, 6, 15, 22, 23). Cytopathic effects and
cell destruction occur when CD4-positive lymphocytes are
infected (19, 20), an effect consonant with the observed
pattern of cell depletion in seropositive individuals (10, 18,
24). In contrast, HIV type 1 (HIV-1) infection of normal
human monocytes and macrophages is noncytopathic (9, 25)
and monocyte levels in acquired immunodeficiency syn-
drome (AIDS) patients are not discernibly different from the
levels observed in uninfected individuals (12, 38). HIV
infection of brain-associated macrophages (8, 17, 39), of the
macrophagelike follicular dendritic cells of lymph nodes (2,
26), and of related cells in the skin and lungs of infected
individuals (4, 30) attest to the important role of monocytic
cell infection in AIDS.

Two independent pathways of virus entry into monocytes
have been previously demonstrated (29). A rapid, CD4-
independent pathway was detected in U937 cells, although
this route of entry did not lead to infection. Virions internal-
ized via this rapid, CD4-independent pathway enter a phago-
cytic pathway leading to efficient degradation of the incom-
ing material. A slower, CD4-dependent pathway for virus
internalization was also demonstrated; this is the mode of
entry that leads to infection (5, 25, 29). Aside from these
characterizations of the pathway of entry for infectious HIV,
relatively little is known about the retroviral life cycle in
monocytes. Unusual patterns of intracytoplasmic virion
assembly have been noted (9), although the significance of
these findings has not yet been established. It has been noted
(5, 28) that HIV-1 infection of U937 cells renders them
partially refractile to differentiating agents, and this effect is
explained, in part, by an apparent correlation between virus
replication and c-myc gene expression (28).
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It is particularly important to determine the structure and
activity of viral DNA in monocytes and macrophages. Strat-
egies to reduce the contribution of infected monocytic cells
to the dissemination of HIV will depend upon precise
knowledge concerning the status and activity of these DNA
genomes. In addition, monocytes and macrophages are
terminally differentiated, nondividing cells, and HIV would
not normally be expected to integrate its provirus into the
chromosomal DNA of these cells (31, 34). Therefore, estab-
lished views of the retroviral life cycle do not account for the
unusual situation encountered upon HIV infection of mono-
cytes and macrophages. To address these issues directly, we
have analyzed the HIV-1 viral DNA in both acutely and
persistently infected monoblastoid cells and compared these
forms with the products of acute or persistent infection of T
cells. Large, multimeric, extrachromosomal viral DNAs
were observed uniquely in persistently infected monocytic
cells. These structures represent an alternative to the stan-
dard retroviral life cycle and might account for the ability of
HIV-1 to establish a persistent infection of this cell type.

Terminally differentiated monocytes and macrophages
have been proposed as an essential reservoir for HIV in the
infected individual (16, 27). It follows then that the obliga-
tory interaction between antigen-presenting macrophages
and major histocompatibility complex class Il-restricted
helper T cells would provide a distinctive mechanism for
HIV dissemination from this reservoir to the helper popula-
tion at large; cell destruction and immune deficiency may
well be consequences of this directed pathway of viral
transmission (27). Accordingly, concerns about the mode of
HIV replication in monocytes and macrophages are related
directly to our ability to understand the pathogenetic mech-
anism in AIDS, and, in turn, will direct our efforts to design
and implement novel therapeutic strategies for this disease.

We have reported the mode of virus entry (29) and the
control of HIV-1 replication during acute infection (28) of the
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U937 monoblastoid cell line. Our continuing efforts to char-
acterize this model system reveal a temporal decrease in
infectivity of cell-free virus preparations from persistently
infected U937 cells (the uncloned, persistently infected cell
line is designated HU937); this pattern is not evident in a
persistently infected T-cell line. Further examination of cell
populations producing defective virions disclosed the pres-
ence of unusual extrachromosomal forms of viral DNA:
these forms are heterogeneous, structurally rearranged, and
of greater complexity than expected for single HIV-1 ge-
nomes. The aberrant viral DNAs in HU937 are composed of
multiple HIV-1 genomes that have integrated into each
other. On the basis of their structural characteristics, we
have termed these molecules nested self-integrates: nested is
intended to convey the image of each successive viral DNA
becoming embedded in the preceding structure, and self-
integrate serves to emphasize a characteristic assembly
process involving repeated integration of monomeric units to
form complex multimers.

Accumulation of nested self-integrates in HU937 reflects
the most compelling example of HIV-1 structural variation in
vitro. These viral DNAs accumulate as structurally rear-
ranged forms, and their appearance is correlated with de-
creased infectivity of cell-free virus preparations from
HU937. Structural comparison of extrachromosomal viral
DNA in persistently infected lymphoid (CEM) and myeloid
(U937) lineage cells reveals that unusual forms occur only in
cells of the myeloid lineage. Nested self-integrates have been
maintained in stable form in HU937 and subclones of this
cell line.

On the basis of this experience, it seems likely that these
DNA molecules replicate independently of the normal ret-
roviral life cycle and represent an alternative to proviral
integration into the host genome as a means for establishing
a substrate for transcription of viral genes. Alternative
modes for retroviral persistence in monocytic cell lines
might explain the ability of lentiviruses to infect and repli-
cate in nondividing monocytes and macrophages and ac-
count for this important aspect of viral pathogenesis in
AIDS.

MATERIALS AND METHODS

Cell culture and preparation of virus stocks. U937 and
CEM cell cultures were maintained at densities between 10°
and 10° cells per ml in RPMI 1640 medium with 10%
heat-inactivated fetal bovine serum supplemented with pen-
icillin-streptomycin-glutamine. The cells were passaged on
the day before infection. Cell-free stocks of the LAV1,,,
strain of HIV-1 (1) were prepared by infection of the
T-lymphoblastoid cell line, CEM. The titers were adjusted to
107 50% tissue culture infectious doses per ml, as determined
by syncytium formation in a terminal dilution assay with
MT-2 cells (13). The persistently infected cell lines HU937
and HCEM were first infected in May of 1986 and then
maintained for 2 years as uncloned cell lines. Subclones of
these cell lines were obtained by diluting the culture to less
than 1 cell per 200 pl and plating in microwells.

Virus production in persistently infected cell cultures. Cell-
free supernatants were obtained 1 day after passage of each
cell culture; typically, the cells were diluted 1:5 at each
passage. Viral particles were precipitated by the addition of
polyethylene glycol. Reverse transcriptase activity was as-
sayed as described previously (28). The infectivity of HU937
culture supernatants was determined by infecting the T-
lymphoid cell line CEM and measuring the subsequent virus
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production by reverse transcriptase assay. These values are
expressed as 50% tissue culture infectious doses by compar-
ing these values with those of standardized infections (13).

Analysis of extrachromosomal viral DNA. Viral DNA was
prepared by the method of Hirt (14) and analyzed by
restriction enzyme digestion and DNA blotting. For each
sample, 12 ml of infected-cell culture was collected by
centrifugation, washed once with cold phosphate-buffered
saline, and suspended in 2 ml of lysis buffer containing 10
mM EDTA-0.6% sodium dodecyl sulfate-10 mM Tris hy-
drochloride (pH 7.5). To this cell lysate was added 0.5 ml of
1 M NaCl: protein and chromosomal DNAs were precip-
itated at 4°C for 12 h. The precipitate was removed by
centrifugation in a Beckman J2-21 centrifuge at 4°C at 15,000
rpm for 30 min. The supernatant was decanted, proteinase K
was added to a final concentration of 200 pg/ml, and the
sample was incubated at 56°C for 2 h. Protein was removed
by a single extraction with buffered phenol solution and an
additional extraction with CHCI;. Nucleic acids were recov-
ered by two sequential ethanol precipitations. The 12-ml
sample of cell culture (from the persistently infected lines)
generated sufficient material for two lanes of an agarose gel.
The ethanol precipitate was dried, suspended in water, and
digested with the appropriate restriction endonucleases,
using the conditions suggested by the manufacturer. Di-
gested samples were analyzed by agarose gel electrophore-
sis, transferred to nylon membranes, and hybridized with the
radiolabeled ARV-2 DNA probe (21) as described previously
(28).

RESULTS

Loss of infectivity in virus stocks from persistently infected
U937 cells. Virus production by persistently infected cell
lines was monitored over a 2-year period, with sampling
intervals that ranged from 3 to 6 months. Virus production
by the persistently infected monoblastoid cell line HU937
and the persistently infected T-cell line HCEM was as-
sessed. Assay of polyethylene glycol-precipitable reverse
transcriptase activity measured directly the production of
virions or virion components by the HU937 line. These data
were contrasted to the capacity for these supernatants to
infect productively a sensitive T-cell line. In this way, the
relative infectivity of HU937 supernatant preparations was
determined (Fig. 1).

Production of polyethylene glycol-precipitable reverse
transcriptase activity appeared to remain relatively constant
throughout 40 months of growth of the persistently infected
HU937 cell line. It merits emphasis that these results are
distinct from those reported previously for acutely infected
U937 cells. In the situation of acute infection (28), virus
replication was productive for the first few days postinfec-
tion and then became restricted (as used here, restriction
refers to a condition of decreased viral gene expression and
reduced levels of virus release without an evident cytopathic
effect). The restriction phase continued for approximately 20
days and was supplanted by active, constitutive virus repli-
cation and the establishment of a persistently infected cul-
ture. Analysis of persistent infection was initiated when
restricted replication was no longer evident. Figure 1 also
reveals a pattern of decreasing infectivity in cell-free virus
preparations derived from the HU937 cell line. This change
was gradual with a total loss of viral infectivity about 20
months postinfection. Presently, cell-free virus stocks from
the HU937 line, used to infect a T-cell line, neither produced
reverse transcriptase nor induced syncytia and consequently
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FIG. 1. Decrease in the infectivity of HU937 virus during the initial 42 months postinfection. Steady-state levels of virus production by
the HU937 cell line were determined by reverse transcriptase assay of cell-free supernatants. For each interval, three to five independent
samples were collected and assayed. The bars indicate the standard error in each determination. The infectivity of HU937 culture
supernatants in a standard assay involving the T-lymphoid cell line CEM was also examined; the data are 50% tissue culture infectious doses
(TCIDs,) per ml of culture supernatant calculated as described previously (13). Months postinfection documents the interval between the

initial establishment of these cultures and the time of sampling.

are considered noninfectious. Cell-free virus preparations
from acutely infected U937 cells have been examined previ-
ously (28) and are of comparable virulence to virus prepara-
tions from T-cell infections. The infectivity of HU937 virus
was also examined, using U937 cells as targets; this was
done to address the possibility that the loss of infectivity
reflected a change in the host range of this virus. There was
no evidence for infection of U937 when preparations of
defective HU937 virus were used (results not shown). The
data for T-cell infections are presented here because of the
increased sensitivity of this system compared with the
infection of U937 cells (5).

The initial infection of the T-cell line CEM was character-
ized by substantial cell destruction due to the cytopathic
effect of HIV-1. Subsequently, a survivor population arose
and was maintained as the persistently infected cell line. In
the ensuing 2 years, there was little change in the constitu-
tive level of virus production from the HCEM cell line; the
infectivity of these virus preparations remains indistinguish-
able from that of the original virus isolate.

Structure of the extrachromosomal viral DNA in acutely
infected CEM and U937 cells. Actively growing cultures of
CEM and U937 cells were infected with cell-free virus. At 3
days postinfection, the cells were harvested and extrachro-
mosomal DNA was prepared by the Hirt extraction proce-
dure. The samples were digested with either BamHI (one
site in the LAV1 genome [Fig. 2]) or Pstl (one site in the
genome) and analyzed by blot hybridization, using radiola-
beled ARV-2 DNA (containing the entire viral genome) as
the probe (Fig. 3). BamHI digestion of viral DNA from the
T-cell infection (Fig. 3A, lane 2) generated the products
expected. The highest-molecular-weight form, 9.7 kilobase
pairs (kb), is the circular DNA with two long terminal repeat
(LTR) sequences. The next lower band, at 9.36 kb, is the
circular DNA with one LTR, and the 8.7-kb band represents
the larger fragment of the linear form; a right-end fragment of
1.25 kb was released by BamHI digestion. A 1.38-kb end
fragment was released from the linear form by PstI diges-
tion. In addition, the one- and two-LTR circular forms

migrated to a position identical to that observed after BamHI
digestion. Double digestion, with BamHI plus Pst1, liberated
a 7.1-kb middle fragment, the 1.25- and 1.38-kb ends of the
linear molecule, and the circle junction fragments at 2.65
(from the two-LTR circle) and 2.2 kb (from the one-LTR
circle). These data are consistent with the published restric-
tion map of LAV1 (1).

The same three DNA forms observed previously in
acutely infected T-cell cultures were present in the viral
DNA from the acutely infected U937 cells. The larger form
appeared at the position expected for the two-LTR circular
form, the middle form appeared at the position expected for
the one-LTR circular form; linear viral DNA was also
detected. Consequently, acute HIV-1 infection of the mono-
cytic or lymphocytic cell lines led to the accumulation of
identical forms of extrachromosomal viral DNA.

Radioactive bands were excised from the hybridization
membrane, and their specific activities were determined by
liquid scintillation counting. This analysis demonstrated that
the three forms of extrachromosomal viral DNA in acutely
infected CEM cells were present at a ratio of 1:1.5:3 for
two-LTR circle, one-LTR circle, and linear forms, respec-
tively. Accordingly, the linear form represents the major
species in this infection. This value is in contrast to the
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FIG. 2. Restriction map of the two-LTR-containing linear form
of the LAV1 strain of HIV-1. The restriction endonuclease recog-
nition sites for BamHI (one site), Pstl (one site), and EcoRI (two
sites) are shown. The sizes, in kilobase pairs of DNA, for three of
the restriction fragments are shown. The hatched boxes represent
the LTR sequences. This figure is adapted from Alizon et al. (1).



VoL. 63, 1989

A. CEM B. uga7

- = 7 1 2 3 4
Al 2LTR Circle &
——/WLTR Circ\e: i

P
‘. md R e

-7 ixb——

—2.65kb
—2.2kb
= s» —1.38kb
- s —1.25kb

FIG. 3. Presence of extrachromosomal viral DNA in acutely
infected T cells (CEM) and monoblastoid cells (U937). Cells were
infected with 0.2 50% tissue culture infectious doses per cell. On day
5 postinfection, extrachromosomal DNA was prepared by the Hirt
extraction; these samples were digested with the appropriate restric-
tion endonucleases, fractionated by agarose gel electrophoresis, and
visualized by hybridization with radiolabeled ARV-2 (32) DNA.
Lane 1 contains uncut DNA. DNA samples in lanes 2, 3, and 4 were
digested with the restriction endonuclease(s) BamHI, Pstl, or
BamHI plus Pstl, respectively. Positions of the three discrete viral
DNA forms, identified as circular or linear and as containing one or
two LTR sequences, are indicated in the center; sizes are given as
kilobase pairs. The interpretation of the lower-molecular-weight
bands from 2.65 to 2.25 kb is elaborated in the text. The faint bands
approximately midway down the gel in panel B, lanes 3 and 4, were
observed only in this experiment and have been identified as
contaminants in the restriction enzyme preparation.

distribution of viral DNA in the U937 cell line, which is 1:2:2
for the same forms. Thus, the linear form is most abundant
in CEM celis and less evident in acutely infected U937 cells.
These values represent the average of three particular ex-
periments in which it was possible to observe the linear-form
viral DNA in U937 cells. In three other experiments, this
species was not detected, even though the circular forms
were clearly visible. Consequently, equimolar amounts of
one-LTR circle and linear forms in U937 cells most likely
represent an upper estimate of the proportion of linear viral
DNA in this cell type.

In persistently infected monoblastoid cells, the extrachro-
mosomal viral DNA is a self-integrate of multiple viral ge-
nomes. We next examined the structure of extrachromo-
somal viral DNA in the persistently infected T-cell and
monoblastoid cell lines (Fig. 4). Figure 4A depicts the result
from analysis of the virus in the persistently infected T-cell
line HCEM. Here too, three DNA forms were detected.
Molecular weight estimates and restriction mapping data
affirm that these species in persistently infected T cells are
identical with those observed during acute infection. Figure
4B presents an unexpected result concerning extrachromo-
somal viral DNA in the persistently infected HU937 cell line.
In this instance, very high molecular weight DNA species
were found in the uncut DNA preparations and upon BamHI
or Pstl endonuclease treatment. In this uncloned cell line,
the major high-molecular-weight forms after BamHI diges-
tion were approximately 25 to 35 kb. Circular viral DNA
species equivalent to single genomes were not encountered
in HU937 cells. The bands migrating near the unit molecular
weight (approximately 10 kb) do not represent intact viral

SELF-INTEGRATED VIRAL DNA IN PERSISTENT HIV INFECTION 3703

— A7KD we @7kb

“.

FIG. 4. Structure of extrachromosomal viral DNA in persis-
tently infected monoblastoid (HU937) versus persistently infected T
lymphoid (HCEM) cell lines. (A) HCEM viral DNA. Lane 1, uncut
DNA; lane 2, BamHI-cut DNA; lane 3, Pstl-cut DNA; lane 4,
BamHI-plus-Pstl-cut DNA. The position of the 7.1-kb middle frag-
ment of LAV1 is indicated at the right, and the uncut viral DNA
(lane 1) is indicated (A). (B) HU937 viral DNA. Lane assignments
are as described for panel A. The positions of the highest molecular
weight bands in lanes 2 and 3 are approximately 35 and 25 kb,
respectively; the position of the uncut viral DNA is again indicated
(A). (C) Direct comparison between HCEM and HU937 DNA
samples; extracts from equivalent numbers of cells were loaded in
each lane of the gel. Lanes 1 and 3 show the result of BamHI
digestion; lanes 2 and 4 are samples cut with Pszl. The position of
9.7-kb molecular weight marker is shown on the right. (D) Viral
DNA in persistently infected U937 cells. Lane 1, BamHI-cut DNA;
lane 2, Pstl-cut DNA; lane 3, BamHI-plus-Pstl-cut DNA material.

genomes; intact, circular DNA genomes would be expected
to migrate at the same position after either BamHI or Pstl
digestion (each of these enzymes recognize a single site per
genome); these specifications were not met in the case of
HU937 proviral DNA. Figure 4C provides a direct compar-
ison of the relative viral DNA content in HCEM and HU937
cells. A greater abundance of extrachromosomal DNA forms
were observed for persistently infected T cells, and these
results are consistent with similar observations from acute
infection experiments (Fig. 2). Figure 4D shows an addi-
tional restriction analysis of viral DNA in HU937 cells; here,
the increased intensity of hybridization reveals the presence
of numerous low-molecular-weight DNA fragments.

The alkaline lysis method of Griffin et al. (11) was em-
ployed as an alternative procedure for the preparation of
extrachromosomal DNA. This extraction preferentially
yields circular DN A molecules and provides a more-critical
discrimination between extrachromosomal and chromo-
somal DNA than is afforded by the Hirt procedure. The
distribution of high-molecular-weight DNA forms was iden-
tical in the samples prepared by the conventional Hirt
extraction and by the alkaline lysis method (results not
shown), thereby supporting the contention that these species
are indeed extrachromosomal DNA. Control hybridizations,
in which a probe for the cellular gene c-myc was exposed to
blots of total DNA versus Hirt extract DNA, also provided
evidence for the relative absence of chromosomal species in
these DNA preparations (results not shown).

Figure 4 also attests to the presence of some intact viral
DNA sequences in the Hirt supernatant preparations from
HU937 cells; these intact viral genomes are integrated into
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FIG. 5. Extrachromosomal viral DNA in 17 subclones of the HU937 cell line. (A) DNA blot hybridization analysis of EcoRI-cut viral DNA
from the HU937 subcloned lines HU.1 through HU.17. The results for three subclones of the HCEM line (HC.2, HC.8, and HC.10) are shown
for comparison. The positions of known molecular weight markers are indicated as kilobase pairs at the edge of each respective panel. The
positions of the 4.8-kb and 3.8-kb fragments, shown at the left, are expected on the basis of the LAV1 sequence and are indicated by the
arrowheads (1). (B) The same subcloned cell lines as in panel A were analyzed by BamHI restriction endonuclease digestion. The position
of the 9.7-kb, monomeric, viral genome is indicated at the right by an arrowhead.

the larger extrachromosomal species. Digestion of HU937
DNA samples with BamHI plus Pstl (Fig. 4B, lane 4, and
Fig. 4D, lane 3) released a 7.1-kb fragment, along with
numerous lower-molecular-weight fragments. Presumably,
this 7.1-kb fragment is the middle portion of the normal viral
genome; it was also observed after similar restriction endo-
nuclease digestion of DNA from the persistently infected
T-cell line (Fig. 4A, lane 4) and in acute infection experi-
ments as well (Fig. 3). Multimers composed of end-to-end
viruses would be expected to release one middle fragment
from each viral genome after BamHI plus PstI digestion.
Accordingly, restriction analysis of end-to-end multimers
would be expected to reveal a very intense band of hybrid-
ization at the 7.1-kb size, in contrast to the high-molecular-
weight bands which are expected to transfer at reduced
efficiency during blotting. In the present experiments, the
relative intensity of this 7.1-kb fragment from HU937 DNA
proved to be lower than expected from simple end-to-end
multimeric viral DNA; thus, the proportion of structurally
intact viral genomes seems to be low compared with the total
amount of retrovirus-related DNA sequences in the cell. The
abundance of lower-molecular-weight fragments indicates
that these large DNA forms are composed of multiple
retroviral genomes integrated randomly into each other.
Together, these are the features defining the nested self-
integrate form of HIV-1 extrachromosomal DNA. These
DNA molecules are being examined in further detail; their
structures will be reported elsewhere. Total genomic DNA
was radioactively labeled and used as hybridization probe
for DNA blots of the extrachromosomal DNA species.
Specific hybridization to viral sequences was not detected
(results not shown), thus indicating that highly repetitive
sequences of chromosomal origin were not present in the
nested self-integrates.

Markedly diverse extrachromosomal viral DNA structures
are present among 17 independent subclones of the HU937
parent line. To evaluate the range of structural diversity
present in HU937, DNA samples from 17 subclones of the
parental cell line were examined; these subcloned lines were
isolated initially at month 35 of the passage of HU937.
Extrachromosomal DNA samples were prepared by Hirt
extraction and mapped, using either BamHI or EcoRI re-
striction endonuclease digestion. This experiment (Fig. 5)

revealed the range of structural diversity present in the
uncloned HU937 parent cell line. Restriction patterns of
these viral DNA samples were markedly divergent and not
related directly to the known map of the LAV1 virus used
originally to initiate this cell line. The majority of these
cloned lines did not contain viral DNA forms of the size
expected for single viral genomes; this result is particularly
notable in the BamHI digestion experiment in which a single
restriction site in the viral genome had been expected to
generate viral DNA of approximately 9.7 kb. All of these cell
lines released appreciable levels of cell-free HIV-1 particles;
these virus preparations were incapable of establishing a
productive infection in CEM cells. Accordingly, the high
degree of structural degeneracy was correlated with the
inability to produce infectious virus. This pattern of struc-
tural diversity was not observed in subclones of the T-cell
line HCEM. For persistently infected T cells, the extrach-
romosomal viral DNA in each subline was identical. Accord-
ingly, the band at 8.5 kb (very faint in this exposure) was the
product of two EcoRI cuts removing a 1-kb fragment from
the center of the viral genome, and the 4.8-kb and 3.8-kb
fragments were the products of two EcoRI cuts in the linear
molecule. The band at 9.7 kb has been observed in the
parental HCEM line and in most of the sublines; this
fragment appears to represent a contaminating viral form
that has lost one of its EcoRI sites. We do not know, at this
time, whether this situation represents incomplete cloning of
the HCEM line or a stable accommodation of multiple
variants in the same subclones. Repeated subcloning of the
HCEM sublines have, so far, failed to separate the two
variants (results not shown).

The considerable extent of structural diversity in viral
DNA from HU937 and its sublines complicates the analysis
of retroviral integration in monoblastoid cell lines. In this
cell line, it was not possible to detect restriction fragments
unique to unfractionated or chromosomally enriched (Hirt
pellet) DNA samples because of contamination of the chro-
mosomal DNA pellet with the complex extrachromosomal
DNA molecules. Accordingly, conclusions about the pres-
ence of proviruses in monoblastoid cells or the potential role
that chromosomal integration might play in the generation
and maintenance of self-integrates are, at present, not war-
ranted.
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FIG. 6. A hypothetical pathway leading to formation of nested self-integrates. The viral LTRs are shown as hatched and solid boxes.
Beginning with step 2, the single intact viral genome present within each multimer is shown as a stippled arc within the circle. The steps of

this process are described in the text.

DISCUSSION

Monocytes and related cells constitute an important res-
ervoir for HIV infection. Accordingly, the host-pathogen
relationship between HIV and this cell type is a crucial
feature in the pathogenetic mechanism leading to AIDS. Our
studies continue to be directed toward understanding viral
infection (29), replication (28), and persistence in this cell
type. An objective of these studies has been to ascertain the
features of HIV-1 replication in monocytic cells that could
account for retroviral persistence in this nondividing cell
population. The discovery of structurally rearranged, extra-
chromosomal viral DNA is indicative of one possible mech-
anism for virus persistence in macrophages. Our studies
have established that the extrachromosomal viral DNA
species in persistently infected monoblastoid cell lines have
the following characteristics. (i) The molecules are signifi-
cantly larger than single genome length. (ii) Structurally
intact viral sequences are underrepresented compared with
rearranged sequences. (iii) The structures are best explained
by the nested self-integrate hypothesis. (iv) Sequence vari-
ation, although not yet ruled out as an explanation for the
generation of defective viruses, cannot account for the
high-molecular-weight structures reported here. (v) The
long-term stability of these forms implies that they are
independent replicons.

Although the appearance of defective virions is correlated
with accumulation of structurally rearranged viral DNA
molecules, these data do not yet provide a convincing
explanation for the lack of infectivity of HU937 virus.
Inasmuch as our model assumes the presence of at least
some intact viral sequences, a direct explanation for the

defective nature of the cell-free virus is not entirely appar-
ent. Further analysis of the polyethylene glycol-precipitable
material from HU937 and its subclones is in progress.

A process of rearrangement involving LTR-mediated re-
combination of one circular DNA into another is a likely
explanation for nested self-integrate formation. This model
termed end-to-middle (to distinguish this mechanism from an
end-to-end recombinational process or other mechanisms
that might lead to concatomer formation) is presented sche-
matically in Fig. 6. The model assumes that the initiating
partner in each recombination reaction utilizes LTR se-
quences and that the target sites are distributed randomly
along the length of a preexisting viral genome. For simplic-
ity, the incoming unit in the integration reaction is depicted
as a circle, although there is no data as yet to indicate that
this is the recombinationally active form of HIV-1. In the
initial step, intragenic recombination would occur between
two viral DNA molecules and the dimeric structure shown in
step 2 emerges. Another unit-length circle would invade this
structure, forming the trimer of step 3. Repetition of this
process would give rise to a tetramer, and so on. In step 4,
we account for the formal possibility that a original LTR
junction, preserved in step 1, might itself initiate recombi-
nation into other viral genomes. It should be noted that only
a single, intact viral genome is present within each nested
self-integrate; this finding is consistent with the hybridiza-
tion results given in Fig. 4. The relatively weak hybridization
at 7.1 kb supports the contention that intact middle frag-
ments, including the 7.1-kb portion bounded by the PstI and
BamHI sites (Fig. 2), are under represented in these nested
self-integrate structures and is consonant with the pathway
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outlined in Fig. 6. However, our data do not rule out entirely
the possibility that more than one intact genome is present in
each self-integrate.

Two predictions have been made for the structure of the
nested self-integrate forms of HIV-1 DNA in persistently
infected U937; these features will be examined in the test of
our hypothesis about their unique structure. First, the LTR
sequences should be flanked on both sides by viral se-
quences (although the sequences on one side will be discon-
tinuous with the known genetic map of HIV); this will
provide the strongest evidence for self-integration. Second,
if it were possible to characterize the flanking sequences
from all of the LTRs in a single self-integrate, then the
occurrence of small duplications of the viral sequence at the
site of insertion should be apparent (7, 33, 36). It is also of
interest to isolate and characterize sequences in these self-
integrates that function as origins of replication. It should be
noted that the two tandem LTR sequences are organized as
directly repeated sequences in one of the extrachromosomal
circular DNA forms characteristic of acute infection. In the
self-integrated structures described here, it should also be
possible to generate inverted repeats of the LTR sequences,
a situation observed previously for self-integrates of Molo-
ney leukemia virus (33, 36). This inverted repeat structure is
considered the most likely candidate for a surrogate origin of
replication because of its dyad symmetry and capacity to be
transcriptionally active.

Generally, only the chromosomally integrated form of the
provirus is thought able to undergo semiconservative DNA
replication (34). On the other hand, it seems unlikely that the
large extrachromosomal viral DNA species in HU937 cells
would be transcribed into RNA and then subjected to
reverse transcription to regenerate their original form. Size
estimates for many of these molecules approach the 50-kb
range; thus, replication via reverse transcription would
necessitate accumulating large RN A molecules and copying
them precisely. In addition, this process would require
frequent repetition to maintain these DNA forms in the
population. Subclones of HU937 have been maintained in
culture for approximately 4 months with no evidence for the
loss of existing structures. The viral DNA sequences are
reasonably stable, as judged by limited restriction endonu-
clease analyses, and this argues that self-integrate replica-
tion is unlikely to involve the error-prone (35) reverse
transcriptase pathway; conclusive evidence on these points
still requires direct nucleotide sequence analysis of self-
integrate DNA. It thus seems most reasonable that these
high-molecular-weight retroviral genomes replicate as DNA,
without going through an RNA intermediate. Should this
indeed prove to be the case, additional issues arise regarding
what sequences of these multimeric self-integrates satisfy
the requirements for an origin of replication.

Three issues concerning the origin and replication of
nested self-integrates remain unresolved. First, the potential
involvement of host sequences in the generation or mainte-
nance of these viral DNA forms has not yet been ruled out.
Second, other viruses, perhaps present in the U937 cell line
previously or latent in its genome, may have recombined to
link an origin of DNA replication to HIV-1 and thus immor-
talize the nested self-integrate structure. Third, the extrach-
romosomal viral DNAs might have arisen from a provirus
that was once integrated into the genome. In the latter case,
one might expect to detect cellular sequences in the extra-
chromosomal DNA form. We intend to address all of these
concerns by high-resolution mapping and sequence analysis
of these self-integrated viral DNA molecules.

J. VIrROL.

Among the many difficulties confronting research in this
field, the principal ones relate to the structure and localiza-
tion of HIV-1 DNA in monocytic cells. The unique aspects
of HIV-1 replication in this cell type are of central impor-
tance for our understanding of the mechanisms governing
establishment and maintenance of the viral reservoir in
AIDS (16, 27), and our studies may help to elucidate some
aspects of this subject. It is also important to recognize the
limits of our model system. Monocytes, found in the periph-
eral blood, or macrophages, found in tissues, are nondivid-
ing cells derived initially from proliferating promonocytes in
the bone marrow (37). Accordingly, immortalized cell lines,
such as U937, cannot be compared directly with circulating
peripheral blood monocytes. In fact, the continuously divid-
ing cell lines might constitute a better model for myeloid
stem cells than for mature monocytes and macrophages. It is
appropriate to consider our results as providing a fresh
insight into lentivirus replication in cells of the myeloid
lineage although they cannot, as yet, be applied directly to
considerations of HIV biology in monocytes and macro-
phages.

HIV infection of monocytes and macrophages involves
the very cells normally carrying the burden of host defense
against microbial pathogens in the disease process leading to
AIDS. This situation represents an important aspect of the
immunosuppressing activity of these viruses, although these
mechanisms have not yet been defined. Self-integrated ex-
trachromosomal viral DNA is an unique feature of HIV-1
infection that could explain the ability of this virus to persist
in monocytes and macrophages. In addition, the progressive
loss of viral infectivity due to the formation of nested
self-integrates might also be a key feature in viral persistence
and pathogenesis. Further exploration of the HIV-1 life
cycle in monocytic cells should help to ascertain the signif-
icance of these mechanisms and could well reveal an advan-
tageous new target for therapeutic intervention in AIDS.
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