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Table 10
Cell-Free Transmission of HIV to T-cells and Hut-102
Cells Treatment Infectivity

T-cells Hut-102

Patients # 12 & 19

Monocytes None - -
Monocytes Con A - -
g -
T-cells Con A + +
Monocytes Con A supernatant - -
Monocytes Con A T cells + +
Monocytes HUT-102 - -
Monocytes LPS - =
Monocytes CSF-1, GM-CSF, TNF, ILe6 - -
Monocytes Con A T membranes + ND
T cells Con A T membranes - ND

Viral transmission to Hut-102 and PHA activated T cells as a
measure of viral production was performed using cell-free
supernatants was assessed as previously described in the
Methods. Infectivity was determined by the presence of HIV
nucleic acids detected by PCR as described and HIV p24
detected by Elisa. Cytokines were used at the following
concentrations CSF-1, GM-CSF, iL—6: 20-200 ng/ml and TNF:

10-1000 u/ml.
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and placed into culture wells previously seeded with
adherent patient monocytes failed to activate virus. 1In
addition, supernatants from Con A-activated T cells could
not stimulate HIV expression (Figure 32,Table 10). Viral
transmission experiments using supernatants from these
cocultures were performed using the cell line HUT 102. The
presence of infectious virus was detected from media from
activated T cell plasma membranes treated monocytes but not
in the media of cocultures with unactivated T cells, Con A,
cytokine-rich T cell supernatant or media controls (Table
10). These results suggest that cell contact is required to
activate factor(s) in the monocyte responsible for

overcoming HIV latency.
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DISCUSSION

Lentiviruses, including HIV, cause slowly progressive,
chronic and in some instances, fatal diseases in their
hosts. The time from initial HIV infection to clinically
observed symptoms is usually measured in years (161). Two-
six weeks following infection with HIV, an individual may
remain asymptomatic or have an acute flu-like illness.
During this time, cell free virus can be isolated from the
blood and cerebrospinal.<s£luid (CSF). Symptoms of the acute
illness may include fevér, headache, malaise, sore throat
and rash. During the acute illness, antibodies to the virus
are generally not detectable, while p24 antigen is detected.
The first antibodies detected in the serum are usually anti-
gpl20 antibodies which usually remain elevated throughout
the disease. Antibodies directed against the core protein
p24 appear in the serum coincident with the declines in p24
antigen levels. 1In the second phase of infection, which can
last 2 to >10 years HIV can be detected in the DNA.
However, individuals usually remain seropositive and virus
may or may not be cultured from the blood or CSF (162).
Late in this phase of infection, symptoms develop which
comprise the condition known as AIDS related complex (163).
These can include: persistent fever, night sweats, chronic
diarrhea, weight loss, generalized lymphadenopathy, herpes
zoster, oral candidiasis and oral hairy leukoplakia. CDC

criteria for diagnosis of AIDS consist of certain

L
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opportunistic infections such as pneumocystis carinii
pneumonia, disseminated cytomegalovirus infection, as well
as cancers such as kaposi's sarcoma and B cell lymphomas
(164). In addition, HIV-related encephalopathy and wasting
syndrome are now recognized among the criteria of AIDS.

Elucidation of the viral life cycle during the long
clinical latency is critical to the understanding of the
pathophysiology of AIDS. In particular, it is not known if
there are cells in the patient that are truly latent i.e.
cells that contain integrated provirus but are producing no
virus. Such cells could contribute to the onset of the
disease state if certain events in the patient induced
activation of latent virus to a productive state. To
examine the question of viral latency in patients, a cell
line model of latency which could be used to address these
issues was developed.

Likely related to these questions concerning viral
latency and persistence, is the tropism which all animal
lentiviruses, including HIV, show for cells of the mono-
cyte/macrophage lineage, non-dividing cells in which
differentiation signals lead to increased viral expression
(73,165,166). Similarly differentiation signals and
cytokines such as GM-CSF, TNFa, IL-1, and IL-6, produced as
a result of monocyte activation by polyclonal activators
such lipopolysaccharide (LPS) have been shown to modulate

HIV expression from monocyte cell lines in vitro (62).
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Restriction of virus expression has also been characterized
in monocyte/macrophages. For example, in visna-maedi
infection, in vivo, relatively few monocyte/macrophages are
infected. Additionally, immature macrophages in visna
infected sheep had only a few copies of viral RNA compared
to many copies seen in mature tissue macrophages.
Interestingly, differentiation signals could not activate
visna viral expression from sheep brain macrophages
suggesting different leygls of restriction exist. Further,
infection of Kupffer macrophages of the liver could not be
demonstrated suggesting different viral tropism in various
subsets of macrophages (166). CAEV shares many biological
properties with visna, such as the ability to replicate
primarily in monocyte/macrophages of both sheep and goats
(7,167). However, in contrast to visna-maedi, CAEV does not
replicate in sheep choroid plexus cell lines (fibroblasts)
but in epithelial cell lines developed from synovial
membranes of goats. This cellular tropism distinct to each
lentivirus, is reflected in the disease complex. In visna-
maedi, the central nervous system and the lungs are the main
symptomatic organ systems, while the main disease in goats
is synovitis and progression to crippling arthritis. These
ruminant lentivirus provide model systems for lentivirus
persistence and latency in monocyte/macrophages.

Several studies have been reported which show the

monocyte/macrophage as a major site of virus infection and
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persistence during the subclinical phase of HIV infection.
HIV can be cultured from monocytes obtained from blood
(103,168), lungs (106) and lymph nodes ofvpatients with
AIDS. (169). Similarly, HIV infection of monocytes derived
from blood, bone marrow, brain and lung could be
demonstrated in vitro (170,171,172). Importantly, in
contrast to the CD4+ lymphocyte, the monocyte/macrophage is
generally resistent to the cytopathic effects of HIV.
Further, monocyte functdens such as phagocytosis and IL-1
production are relatively normal in vitro (105).

Several early studies detected HIV specific RNA and DNA
in the brains or CSF of AIDS patients with subacute
encephalitis (80,79,173). These data taken together with
the role of the monocyte/macrophage in the neurologic
syndromes of other lentiviruses such as visna and CEAV
support a direct role for the monocyte/macrophage in the
neurological abnormalities seen in AIDS patients.
Subsequently, it was shown that the macrophage is the major
cell type infected in the brain (81,174). While the
mechanisms involved in the macrophage mediated pathogenesis
are unclear, a recent study suggests HIV infected
macrophages/microglia but not T cells, produce specific
factors which act through NMDA receptors producing
neurologic disease through chronic secretion of neurotoxic

factors (83,84).

Thus, the monocyte serves as a reservoir of HIV.
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However, because of the difficulties inherent in long term
growth of normal monocytes in vitro, it is not possible to
generate enough cells to study the biochemical mechanisms of
HIV latency. Therefore, a model was developed in a monocyte
rather than a T cell line. THP-1, a cell line derived from
a patient with acute monocytic leukemia was chosen for the
model because it possesses morphological, biochemical,
phenotypic and functional characteristics of normal mature
monocytes including: phagocytosis, IL-1 production and
accessory cell function (142,143). These characteristics
make THP-1 the best available cell line to mimic the effects
of HIV infection in normal monocytes.

An acute productive infection of THP-1 cells was es-
tablished using HIV-1 and HIV-2. Between day 14 and 21, 20-
40% of the cells contain antigens recognized by anti-p24 and
anti-gp 160:41. These data are consistent with published
reports using CD34" hematopoietic stem cells (175), fresh
monocytes (103,170,172) and U937 (62,111). Several weeks
after infection of THP-1 cells by HIV, entire cultures
spontaneously became restricted in viral expression while in
the producer cultures >90% of the cells were viral antigen
positive. In some cases, spontaneous nonproducers have been
reported for T cells (176,108) but not for monocytes. Two
distinct types of infected cultures with altered expression
were identified in THP-1: (a) cells with restricted HIV

expression, and (b) cells with complete latency.
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Characterization of these two types of infected monocytoid
cultures has shown that they are clearly different at the
molecular and cellular level.

It is unlikely that these cultures arose due to selec-
tion of clonal variants since with infection at low MOI no
THP-1 cytotoxicity or loss of viability, growth, or function
was seen in infected cultures. However, it is not possible
to rule out that the cells with restricted or latent
infection were present fxom the first day of infection and
eventually overgrew the other cells in the culture. While
it is not possible to determine how these cultures arose,
their existence has important implications for HIV viral
persistence and pathology. Furthermore, in both types of
restricted cultures, cells could be induced to produce virus
after 10 months in continuous culture. Thus, the phenotype
and genotype of these viral cultures was stable.

Regulation of viral transcription in infected cells is
affected by a variety of stimuli such as antigen activation
(108,176), cytokine stimulation (147,148), hypomethylation
(157), DNA viral infection (68,69), and phorbol ester
treatment (177). In vivo activation signals can provide two
important functions in the pathogenesis of AIDS: conversion
of a latent infection to a productive one and activation of
target cells which facilitates viral spread. The ability of
these agents to induce or augment virus production in these

cells with latent and restricted HIV expression allows the
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distinction between these two mechanisms of viral
suppression.

These treatments that positively regulate HIV trans-
cription can be mediated by cellular factors such as NFkB
(21), SP-1(127,23), AP-1 (61) that bind to specific
sequences in the HIV LTR. These factors are present in THP-
1 cells as well as monocytes and T cells (70). In addition,
Tat has been postulated to mediate its effects through
cellular factors which bind to the sequences responsive to
tar (178). Viral factors such as the nef gene product which
can repress HIV transcription (45,46) and vpu which affects
viral release (51) could be important in establishing these
states of viral suppression. In addition to the cytokines
that upregulate viral expression, a IFN has been shown to
restrict viral production in human monocytes (65) and U-937
cells (153,154). It is clear that multiple pathways
regulate HIV transcription, and that negative regulation of
viral expression in THP-1 cells probably involves viral and
cellular factors.

Characterization of THP-1 with restricted expression
(RTHP-1) revealed several similarities to other models of
chronic low level expression, infection of fresh monocytes
with HIV as well as animal lentivirus infection in
monocytes. First, a lower number of cells in the culture
are infected, 20-30% compared to 95% in productively

infected cultures. This is likely the result of decreased
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spread of virus throughout the culture because of
intracellular sequestration of the virus.’ Electron
microscopy of HIV infected monocytes reveals intracellular
budding into vacuoles with little budding from plasma
membranes. While the mechanisms involved are unknown, it is
possible that this is in part due to differential regulation
in monocytes of HIV regulatory proteins such as viral
infectivity factor, Vif (53), and viral protein U (Vpu)
believed to be involved,qdn viral release (51). A second
level of restriction of viral expression was revealed by
northern and PCR analysis as substantially reduced
accumulation of viral RNA. In addition, production of
genomic viral RNA is being reduced in these restricted cells
with a concomitant appearance of a novel subgenomic 7.5 kb
RNA (Figure 4). This RNA is not seen when the virus is then
reinfected into T cells. HIV-LTR-directed in vitro
transcription analysis demonstrates that this 7.5kb species
is not the result of incorrect initiation of transcription
(Figure 10) in RTHP-1. The origin and any function of this
unique transcript in viral expression is not known. Nuclear
run-on experiments indicate the lower accumulation of viral
mRNA is the result of a reduced rate of transcription
(Figure 11).

Furthermore, mixing studies suggest HIV-specific
factors present in the nucleus of restrictedly infected

cells that can negatively regulate transcription of
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productively infected cells. That this modulation of HIV
expression was mediated at the level of DNA binding was
shown using gel mobility shift analysis (Figure 12). The
formation of DNA binding complexes associated with Tat are
specifically eliminated by nuclear extracts from
restrictedly infected cells suggesting that initiation of
transcription is being regulated. Furthermore, gel shift
analysis of NFkB, SP-1 and TATA, sequences in the enhancer
region of the LTR demops&rated the modulation of DNA binding
by extracts from THP-1 with restricted expression (RTHP-1)
(Figure 13) to NFkB and Sp-1 sites. This is in agreement
with several studies which have shown that stimulation of
HIV infected cells with agents, such as phorbol esters which
are known to activate NFkB translocation from the cytosol to
the nucleus, significantly increase HIV expression (21).
Further research on the specific cellular factors in
RTHP-1 involved in this modulation of NFkB binding and
subsequent decrease in HIV-1 expression was done in
collaboration with Raziuddin (145). These studies revealed
that THP-1 cells with restricted infection contain factors
in the nucleus which specifically inhibit the interaction of
the NFkB 65+50 heterodimer with the consensuses sequences in
the HIV-1 LTR. Thus, one mechanism by which differentiation
signals and polyclonal activators can mediate viral
expression through transcription proteins is blocked in

RTHP-1 by the presence of a specific inhibitor(s) to this
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transcription factor.

In cells with latent virus, viral expression and the
ability to negatively regulate transcription of productively
infected cells were not observed. By PCR analysis, no viral
RNA expression was seen in these cells. However, these
cells could be induced by 5 azacytidine treatment to produce
infectious virus. This is the first demonstration that
natural infection of monocytoid cells can lead to classical
latency at the molecular*level. This shows the involvement
of at least two distinct levels of negative regulation of
HIV expression in monocytes.

Many cytokines are produced by monocytes in response to
T cell stimulation during the primary immune response.
Studies examining the ability of cytokines and other agents
to induce or upregulate HIV expression from THP-1 cells with
restricted infection and THP-1 cells with latent infection
revealed that the ability of various agents to reactivate
viral expression in these two infected cell types is dis-
tinct. In agreement with several others
(147,148,64,62,110,155), we find various cytokine
treatments, LPS, PMA, TNF-¢, and GM-CSF, can stimulate
expression in restricted cells such that viral levels
approach that of a productive cell. However, none of these
treatments stimulate detectable production from cells with
latent virus (Table 6). Latently infected THP-1 could be

stimulated to produce infectious virus by 5-azacytidine but
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not by other treatments. However, the combination of LPS
and 5-azacytidine augmented activation and production of HIV
from latently infected cells suggesting these activation
could aid in overcoming latency. Therefore, each of these
states provides at least one mechanism of the establishment
of HIV viral persistence. Understanding these diverse
interactions between HIV and monocytes is important in
understanding the nature of viral persistence and its
relationship to disease®™

The biological consequences of these types of
restricted HIV expression may also be important in the
pathogenesis of the disease. In the cells with restricted
expression, most if not all infectious virus produced is
sequestered intracellularly. The cells eventually store
sufficient virus to kill T cells as efficiently as
productively infected T cells (Figure 8), probably through
cell-cell contact with the uninfected target. Suppression
of extracellular virus production and cell surface viral
antigen expression allows the monocyte with restricted
expression to escape recognition and subsequent lysis by the
immune system (Table 5), which is the fate of productively
infected cells (76). Furthermore, while some have reported
abnormalities in functions of monocytes isolated from HIV-
infected individuals as well as from in vitro infection (88-
88-89,133), the majority of monocyte/macrophage functions

studied in vitro appear to be normal (105). Similarly, the
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functional abilities of THP-1 cells were essentially normal
regardless of the state of viral expression (Table 4). 1In
addition, in the cells with latent infection, no virus is
seen. Infectious virus can be activated and can efficiently
kill T cells even after being quiescent for long periods of
time. From molecular and biological aspects, these two
states are mechanistically and functionally distinct but
respresent two ways of establishing HIV persistence in the
host. -

The ability of 5-azacytidine to reactivate virus
production suggests that methylation is involved in the
regulation of HIV expression in these latently infected
cells. It has been previously shown that methylation of
HIV-LTR sequences could occur (146) using enzymatically
methylated CpG sites in the HIV LTR, transcription of both
reporter genes and infectious provirus was silenced.
Several models can be envisioned by which CpG methylation
causes transcriptional repression. Direct: essential
transcription factors see methylated CpG as a mutation in
their binding site and are unable to bind. Indirect:
methylated DNA is bound by a nuclear proteins which
secondarily prevents transcription factor binding or
methylation of the DNA causes a conformational change which
prevents transcription factors from recognizing their
binding site (157,179).

Several transcription factors, such

as the cAMP CREB factor have been shown to be sensitive to
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methylation. Latently infected THP-1 were initially

examined for LTR methylation. No difference was seen in
Southern analysis using the methylation specifice
restriction endonucleases, Msp-1 and Hpall and probing with
the HIV-1 LTR.

However, not all transcription factors.are methyl
sensitive. Sp-1 can bind and activate transcription equally
well regardless of methylation (180). Strong
transactivating proteimswsuch as the adenovirus
transactivator and HIV-1 Tat have also been shown to mediate
their effects regardless of methylation (157,179). Because
Tat had been shown to transactivate in the presence of
methylated CpG sites in the LTR, expression of the
transactivating proteins tat and tev in latently infected
THP-1 induced expression of HIV-1. However, Tat is not
produced in the latent THP-1 cells. This suggests that
other regions of the HIV-1 genome may be methylated thus
blocking the production of tat message perhaps by inhibiting
splicing. |

The ability of 5-azacytidine treatment and expression
of tat protein to overcome latency stimulated attempts to
define physiological mechanisms which could also induce HIV-
1 expression. Because of the interdependence of the T cells
and monocytes in the primary immune response, concanavalin A

(con A)-activated T cells were co-cultured with latently

infected THP-1 cells resulting in the induction of
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infectious virus (Figure 24). This result suggested immune
activation could overcome HIV-1 latency and enabled the
determination of the relevance of this model in HIV infected
individuals. PCR analysis of RNA isolated from monocyte
monolayers cultured from HIV-1 seropositive asymptomatic
individuals showed only 3 of 21 samples analyses were
positive for HIV specific RNA. HIV-specific DNA could only
be detected in 9 of 21 patients. Six of these had no
detectable HIV-RNA (Takle 8). However, co-culture of these
same patient's monocytes with con A-activated T cells now
resulted in HIV specific RNA in 17 of 21 as detected by PCR
analysis using primer pairs to both tat and gag regions of
the viral genome. Thus, infectious HIV can remain
completely latent in monocytes from asymptomatic HIV-
infected patients. In agreement with Schnittman et. al.
(107), HIV-1 specific DNA could be detected in only 821
samples no HIV specific DNA by PCR in monocytes. However,
in 8/12 of those samples, co-culture with Con A-activated T
cells induced expression of infectious HIV. This supports
the idea that PCR, like any technique, has defined limits of
sensitivity and that biological amplification of virus can
be as useful as biochemical amplification.

Despite the low levels of latently infected monocytes
in these cultures, the cells could still be induced by
uninfected Con A-activated T cells to produce infectious

virus. These results in addition to the ability of virus
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from L-THP-1 to be activated by the same mechanism strongly
suggests that HIV can be latent in patient monocytes.
However, three alternatives were considered and
investigated: HIV is passively adsorbed to monocytes;
contaminating latent T cells (181,67) are being activated;
and that contaminating viral producing cells either T cells
or monocytes are responsible for viral spread. First, Hut-
102, an extremely sensitive permissive cell for'HIV which
can be infected by co-gulture with the low level producer
cell line, Ul, does not become infected by co-culture with
either adherent patient monocytes or LTHP-1. However, after
virus has been reactivated from these cells, it can be
transmitted to Hut-102 where it causes a cytopathic
infection. Second, Con A and PHA, which have been shown to
activate HIV from latently infected T cells (181,67), will
activate virus from T cells and not from monocytes of these
donors even when sufficient Hut-102 cells, primary monocytes
or THP-1 are cocultured to amplify any viral production
(Table 9). The experimental data presented for first two
possibilities also makes the third unlikely. Furthermore,
in cocultures using serial dilutions of Ul and ACH2,
chronically infected cell lines producing HIV at a low level
(110,156), with monolayers of normal monocytes for 7 days as
in the patient samples, we could consistently detect 10

infected cells per 1x10’ normal monocytes (Figure 31).

Using RNA from 8E5 which contains a single HIV proviral copy
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per cell, we could detect 10-100 femptograms of RNA which a
log greater sensitivity than for 8E5 DNA, indicating it is
much more difficult to get a false negative for HIV RNA than
DNA. In addition, LPS and cytokines known to increase HIV
production (147-149,155,170) did not stimulate viral
production in these monocytes. These results provide strong
evidence that neither contaminating T cells, virus producing
cells nor virus passively adsorbed to monocytes are
responsible for the HIVesxpression induced in these
monocytes.

It is interesting that in both THP-1 and patient
monocytes, Con A-activated T cells can stimulate expression
of latent virus suggesting that immune activation can play a
role in HIV pathogenesis. These studies agree with those of
Schrier et. al. (182), who showed that Con A-activated
autologous cells or autologous plus allogeneic cells could
stimulate HIV production from macrophages, although no clear
conclusions could be drawn from those studies about the
cellular origin of the virus or its state of latency. The
intimate relationship between monocytes and T cells suggests
that these cells could be infecting each other during the
immune response by activating latent virus. The recent
finding of McElrath et. al. (183) showing the presence of
HIV DNA in monocytes of AIDS patients in samples obtained up
to nine months apart suggests that continuous infection of

monocytes is occurring; however, in the absence of RNA data
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no conclusion can be made concerning viral latency. Thus,
these data show that HIV was truly latent in these monocytes
and suggests that activated T cells stimulate monocytes to
produce a factors which induces expression of HIV.

The cellular requirements of activation of latent HIV
from monocytes were also studied. 1In LTHP-1, activated CD4+
T cells but not CD8+ cells, resting T cells, Hut 102 (a
continually proliferating T cell line) or T cell
supernatants couls actiyate viurs.  Surprisingly, in patient
monocytes, activated T cells containing at least 50% CD8+
shown by Levy and co-workers to suppress HIV replication
(184,185) were able to activate and stimulate the spread of
latent virus through a cell contact requirement. It is
interesting that only a few latently infected monocytes
either in patient monolayers or in uncloned in L-THP-1 can
lead to a productive cytopathic infection. The ability of
activated T cell plasma membranes treated monocytes to
produce infectious virus suggest that cell contact is
required to activate factors in the monocyte responsible for
overcoming HIV latency.

The question of which monocyte derived factors are
responsible for overcoming HIV latency awaits further study.
Since the monocyte/macrophage is an active secretory cell
with the capacity to elaborate approximately 100 different
substances affecting the inflammatory response, it is

unclear which class of molecules is involved. However, some
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candidates could be products of the arachidonic acid pathway
such as leukotrienes, prostaglandins and platelet activating
factor (PAF). In particular, leukotriene B, production is
greatly enhanced in response to LPS stimulation and T cell
stimulation. The E series prostaglandins mediate the
inhibition arm of immune regulation, in part by modulating T
cell production of IFNy and IL-2 (186). Other possibilities
include the class of molecules which activate the
macrophage, such as magmephage activating factor (MCAF).
Although individual macrophage produced cytokines did not
overcome latency, it is possible that combinations of
cytokines or other inflammatory molecules mediate this
response.

Considerable controversy exists concerning the
existence and role of latency on the pathogenesis of AIDS.
The finding that HIV replication occurs in the lymph nodes
of asymptomatic patients has been interpreted as proving
latency does not exist (187). However, HIV infected
individuals can harbor HIV for up to five years without
seroverting and with no evidence of viral expression
(188,189). These clinical observations and data presented
here clearly demonstrate that true latency at the molecular
level does exist both in a tissue culture model and in HIV
infected individuals.

The presence of silently infected monocytes capable of

producing virus during an immune response also has some
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important therapeutic implications. Therapies based on
preventing viral replication need to be continually present
during the immune response. Since these latently infected
monocytes may become long-lived tissue macrophages, it would
be difficult to eliminate these cells. In particular, it
may be necessary to determine if latently infected
macrophages could still produce the neurological effects
recently observed in productively infected THP-1 and patient
monocytes (83,84). Fugpxtker, it is important to determine
whether an appropriate combination of immune stimulation
plus antiviral therapy is capable of eliminating latent HIV
from human monocytes in vitro. Such an approach could make
currently available antiviral agents more effective in vivo
by eliminating an important reservoir of virus that may
intermittently reactivate and infect uninfected T cells.
Taken together these results suggest that the monocyte
is an important reservoir, in which HIV expression can be
regulated in several ways and that viral latency plays a

role in the pathogenesis of AIDS.
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