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The immune response to pathogens is regulated by a delicate balance of cytokines. The dysregulation of
cytokine gene expression, including interleukin-12, tumor necrosis factor alpha, and gamma interferon (IFN-
g), following human retrovirus infection is well documented. One process by which such gene expression may
be modulated is altered DNA methylation. In subsets of T-helper cells, the expression of IFN-g, a cytokine
important to the immune response to viral infection, is regulated in part by DNA methylation such that mRNA
expression inversely correlates with the methylation status of the promoter. Of the many possible genes whose
methylation status could be affected by viral infection, we examined the IFN-g gene as a candidate. We show
here that acute infection of cells with human immunodeficiency virus type 1 (HIV-1) results in (i) increased
DNA methyltransferase expression and activity, (ii) an overall increase in methylation of DNA in infected cells,
and (iii) the de novo methylation of a CpG dinucleotide in the IFN-g gene promoter, resulting in the
subsequent downregulation of expression of this cytokine. The introduction of an antisense methyltransferase
construct into lymphoid cells resulted in markedly decreased methyltransferase expression, hypomethylation
throughout the IFN-g gene, and increased IFN-g production, demonstrating a direct link between methyl-
transferase and IFN-g gene expression. The ability of increased DNA methyltransferase activity to downregu-
late the expression of genes like the IFN-g gene may be one of the mechanisms for dysfunction of T cells in
HIV-1-infected individuals.

The molecular mechanisms underlying cytokine dysregula-
tion following human retroviral infection are not well under-
stood. Considerable data demonstrating aberrant cytokine
production from both human T-cell leukemia virus type 1
(HTLV-1)- and human immunodeficiency virus type 1 (HIV-
1)-infected cells have been obtained (37, 38, 67). Both viruses
infect CD41 T cells and monocytes/macrophages, cells which
orchestrate the immune response primarily by the elaboration
of cytokines. Therefore, elucidating the molecular mechanisms
of cytokine dysregulation in HTLV-1- and HIV-1-infected cells
is critical to understanding the mechanisms of pathogenesis of
these viruses.

Methylation is an epigenetic mechanism for modulation of
gene expression in mammalian cells (81, 83). Studies with
knockout mice have demonstrated the absolute requirement
for DNA methyltransferase (MTase), as homozygous mutant
embryos die at mid-gestation (50). Faithful propagation of the
methylation state (maintenance methylation) occurs directly
after DNA replication. The process is mediated by an enzy-
matic methyl transfer reaction at cytosine located 59 to
guanosine (CpG dinucleotide) residues in the unmethylated

nascent DNA strand across from methylated CpG dinucleo-
tides. Acquisition of DNA methylation at a previously unmeth-
ylated site cannot be accomplished by maintenance methyl-
ation and requires de novo methylation (48). To date, only one
DNA (cytosine-5) MTase has been identified in mammalian
cells (7, 45, 82). While this DNA MTase prefers a hemimeth-
ylated substrate, it shows both maintenance and de novo ac-
tivity in vitro and in vivo (48).

A substantial body of work implicates a role for altered
DNA methylation patterns and regulation in the pathogenesis
of cancer (3, 42, 46). Changes in the pattern of DNA methyl-
ation are often seen in human tumors (2, 12, 22, 27, 29). One
of these changes is the aberrant methylation of normally un-
methylated CpG islands in gene promoter regions and an as-
sociated decrease in expression of tumor suppressor genes
such as the von Hippel-Lindau (35), p16 (36, 54), and Rb (63)
genes. While it is unclear whether the observed changes in
DNA methylation play a direct role in oncogenesis or whether
they are the result of the transformation process, the substan-
tial correlative data and a recent study using a combination of
genetics and pharmacology to decrease levels of DNA MTase
in mice (46) strongly support a causal role for aberrant meth-
ylation in the pathogenesis of some cancers.

In other studies, it has been demonstrated that overexpres-
sion of murine DNA MTase is transforming for NIH 3T3 cells
(79) and that levels of DNA MTase are increased in neoplastic
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cells (17, 44), with incremental increases at the different stages
of colon carcinoma progression (5, 40). Some studies have
found more modest (two- to fourfold) increases in MTase
upregulation, which were correlated with increases in cellular
proliferation, making it difficult to determine whether this in-
crease was biologically significant or merely secondary to cell
proliferation (47, 71). Nonetheless, recent studies illustrate
that chronically increased cellular levels of DNA MTase can
result in aberrant CpG island hypermethylation in simian virus
40-transformed human fibroblasts (74, 75). While it is unclear
at present how such increased expression of DNA MTase
results in increased tumorigenesis, it is known that methylated
cytosine residues are susceptible to deamination, which
changes methylcytosine to thymine, ultimately resulting in a
permanent genetic alteration. 5-Methylcytosine is then a po-
tential endogenous mutagen (68, 73). Alternatively, an in-
crease in DNA methylation might enhance pathogenesis via an
epigenetic mechanism by inhibiting the expression of tumor
suppressor or cell cycle genes as discussed above.

While there is no published information concerning the role
of DNA MTase in the pathogenesis of human retroviruses, it is
known that the DNA of both endogenous and exogenous ret-
roviruses can be highly methylated in the genome of the host
(31, 52, 86) and that increased DNA methylation can occur
elsewhere in the genome of infected cells (15, 41). In the case
of the human retroviruses HIV-1 and HTLV-1, several studies
have shown increased methylation of the viral long terminal
repeats and throughout the viral genome, suggesting methyl-
ation as a mechanism of suppression of viral expression (4, 69)
and latency (58, 59, 70).

The present study was initiated to determine whether infec-
tion by HIV-1 modulates expression of DNA MTase. Modu-
lation of this enzyme could result in widespread aberrant meth-
ylation of genes, resulting in alteration of gene expression and
ultimately contributing to the pathogenic effects of these vi-
ruses. Since it had been previously shown that methylation of
the gamma interferon (IFN-g) gene promoter could silence
the expression of this gene in primary T cells and T-cell lines
(20, 21, 24, 32, 53, 64, 66, 84, 85), we examined the effect of
HIV infection on IFN-g gene expression. We report here that
acute infection of lymphoid cells by HIV-1 results in increased
DNA MTase expression, an overall increase in methylation of
DNA in infected cells, and the de novo methylation of a CpG
dinucleotide in the IFN-g gene promoter, resulting in the sub-
sequent downregulation of expression of this cytokine. Anti-
sense DNA MTase experiments demonstrated that this en-
zyme regulates the expression of IFN-g in lymphoid cells. The
use of IFN-g as a target gene for aberrant DNA methylation
provides support for a potential mechanism for some patho-
logic consequences of human retroviral infection involving al-
tered methylation of genes.

MATERIALS AND METHODS

Cell culture and separation of T-cell subsets. All cell lines, with the exception
of NK 3.3, used in this study were maintained in RPMI 1640 supplemented with
10% fetal calf serum, penicillin (100 mg/ml), streptomycin (100 mg/ml), and
L-glutamine (300 mg/ml) (complete RPMI). NK 3.3, whose growth is cytokine
dependent, was grown in complete medium plus interleukin-2 (IL-2) (80). The
JMO and CS-3 CD41 cell lines were developed in our laboratory by HTLV-1
transformation of peripheral blood mononuclear cells (PBMCs). Clonal popu-
lations of JMO were prepared by standard limiting dilution methods. T lympho-
cytes were obtained from leukopaks isolated from healthy donors. Mononuclear
cells were separated by Ficoll-Hypaque gradient centrifugation followed by cen-
trifugal elutriation to separate monocyte and lymphocyte populations as previ-
ously described (58). CD41 and CD81 T cells were obtained at .95% purity by
incubating with specific monoclonal antibodies (MAbs) linked to magnetic beads
and passed through a magnetic column (Milteny Biotec, Auburn, Calif.). Purity
of populations was determined by flow cytometry analysis of purified popula-

tions. Cells were activated with phytohemagglutinin (PHA; 1 mg/ml) for 72 h and
exposed to HIV-1 as previously described (58).

Cell cycle analysis of HIV-1-infected CD41 T cells. Cell cycle analysis by flow
cytometry was performed as follows. A total of 2 3 106 cells were removed from
infected and uninfected cultures at specified time points. Cells were washed twice
with phosphate-buffered saline (PBS) and fixed in ice-cold ethanol for 1 h. Fixed
cells were pelleted, resuspended in 0.5 ml of PBS containing propidium iodide
(30 mg/ml) and RNase A (1 mg/ml; Sigma, St. Louis, Mo.), and analyzed for
DNA content by flow cytometry. Cell cycle histograms were then analyzed with
a multicycle computer program.

Plasmid constructs. Expression vectors for human DNA MTase were pre-
pared as previously described (75). Clones were selected in the sense (HMT) and
antisense (TMH) orientations. pCMV-Neo-Bam was used as a vector control in
all stable transfections. For stable transfections (2 3 106), cells were electropo-
rated in complete RPMI at 250 V and 600 mF with 10 mg of plasmid. G418-
resistant cells were isolated in selective medium (0.3 mg of G418 per ml; Life
Technologies Inc., Gaithersburg, Md.). Clonal populations of G418-resistant cell
lines were prepared by standard limiting dilution methods.

RPA. A 364-bp (bp 4774 to 5138) fragment of the 39 end of MTase subcloned
into pBluescript (Stratagene, La Jolla, Calif.) was linearized with HindIII and in
vitro transcribed, using a Promega (Madison, Wis.) RNA synthesis kit in the
presence of [a-32P]UTP and T3 polymerase. The sense message (to detect a
280-bp antisense fragment) could be made by linearizing the same construct with
DraI and using T7 polymerase in the transcription reaction. RNase protection
assays (RPAs) were performed with an RPA II kit (Ambion) according to the
manufacturer’s instructions. A human 18S rRNA probe (116 bp) and human
ptriactin RNA probe (225 bp), or ptricyclophilin (Ambion) in some experiments,
were included in each reaction mixture as an internal loading standard. The
multiprobe template human cytokine-1 (Pharmingen) was transcribed and used
according to the RPA II (Ambion) protocol. Briefly, total RNA (20 mg) was
hybridized at 50°C with the mixed radioactive probes. RNA was digested with
RNase A and RNase T1 at 37°C for 30 min, and protected fragments were
precipitated and electrophoresed on a 6% sequencing gel. Gels were dried and
scanned on a PhosphorImager (Molecular Dynamics, Palo Alto, Calif.), using
Imagequant and Microsoft Excel software. Dried gels were also autoradio-
graphed on XAR-5 film at 270°C.

Southern analysis. Five micrograms of DNA, isolated from uninfected and
infected cells, was digested with a restriction enzyme (BamHI, SnaBI, HpaII, or
MspI) overnight under appropriate conditions as specified by the manufacturer
(Boehringer Mannheim or New England Biolabs). Restriction digests were eth-
anol precipitated analyzed by electrophoresis in 0.8% agarose gels as described
elsewhere (9). Membranes were hybridized with 32P-labeled full-length IFN-g
cDNA. The cDNA was labeled to a specific activity of 1 3 108 to 2 3 108 cpm/mg
by random priming (Prime-it II; Stratagene) and transferred to a nylon mem-
brane (Magna Graph; Micron Separations Inc., Westborough, Mass.). After
hybridization, membranes were washed in 23 SSC (13 SSC is 0.15 M NaCl plus
0.015 M sodium citrate)–0.1% sodium dodecyl sulfate at room temperature for
20 min followed by a wash in 0.23 SSC–0.1% sodium dodecyl sulfate at 65°C for
20 min. Blots were then exposed to Kodak X-Omat X-ray film at 270°C over-
night. Images were quantitated with a PhosphorImager using Imagequant (Mo-
lecular Dynamics). Blots were stripped and reprobed with mitochondrial DNA to
control for complete digestion.

Derivation and maintenance of antigen-specific human CD41 T-cell clones.
Purified protein derivative (PPD)-, tetanus toxoid (TTx)-, and Dermatophagoides
pteronyssinus antigen (DP)-specific as well as staphylococcal enterotoxin B
(SEB)-reactive T-cell clones were generated according to previously described
techniques (23). PPD and TTx were purchased from Connaught, Inc. (Swiftwa-
ter, Pa.), SEB was purchased from Sigma, and DP was purchased from Miles,
Inc. (Spokane, Wash.). Briefly, PBMCs at a concentration of 5 3 105 cells/ml in
clone medium (EHAA [CLICK’s] medium supplemented with L-glutamine,
2-mercaptoethanol, 2% human AB serum, 10% fetal calf serum, penicillin-
streptomycin, nonessential amino acids, and sodium pyruvate) were stimulated
with either PPD (1 mg/ml), TTx (10 mg/ml), DP (10 IAU/ml), or SEB (0.1 mg/ml)
in 24-well flat-bottomed plates for 7 days. Many but not all of the TH1 and TH2
clones used in these studies were derived in cultures supplemented with the
T-helper cell-selective cytokines IL-4 and IL-12. For the generation of TH1
clones, these cultures were supplemented with recombinant human IFN-g
(rhIFN-g; 10 U/ml), rhIL-12 (50 pg/ml), and anti-IL-4 MAb (10 mg/ml) over the
culture period. For TH2 clones, bulk cultures were supplemented with rhIL-4
(200 U/ml) and anti-IFN-g MAb (10 mg/ml). Forty-eight hours after the initia-
tion of the cultures, rhIL-2 (10 U/ml) was added to each well. After 7 days of
incubation, the cultures were harvested, extensively washed, replated in fresh
clone medium supplemented with additional IL-2 (10 U/ml), and incubated for
an additional 7 to 10 days. Viable T cells were then plated in limiting dilution
cultures (0.5 cells/well) in 16 flat-bottomed 96-well plates containing 2 3 105

irradiated (1,200 rads) syngeneic PBMC feeder cells, specific antigen, and IL-2
(10 U/ml) in a final volume of 200 ml. The growing cultures were examined daily
and supplemented with the TH1- and TH2-selecting cytokines (as described
above) and at 10-day intervals with feeder cells and IL-2. Individual clones were
isolated, characterized for lymphokine production by enzyme-linked immunosor-
bent assay (ELISA) and reverse transcription-PCR (RT-PCR) analysis and for
the ability to respond to specific antigen in combination with syngeneic irradiated
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(1,200 rads) feeder cells. In maintaining T-helper clones, every 14 to 21 days,
cells were restimulated with specific antigen in the presence of autologous
PBMCs treated with mitomycin C at 25 mg/ml to prevent outgrowth of feeder
cells and IL-2 (20 U/ml). After 96 h of antigenic stimulation, cells were subjected
to two successive Ficoll-Hypaque centrifugations to remove dead cells. All clones
were tested for their cytokine profile by ELISA and RT-PCR after stimulation
with phorbol myristate acetate and monoclonal anti-CD3 as well as with antigen
and antigen-presenting cells to phenotype each clone.

HIV infection of T cells and T-cell clones. PHA-activated T cells, CD41 T cells
3 days after activation, and antigen-stimulated clones (106 cells) 4 to 7 days
postactivation (.95% viable by trypan blue exclusion) were inoculated with
cell-free viral isolates at a multiplicity of infection (MOI) of 1 for 2 h before
complete aspiration of medium, washing with PBS, and addition of fresh growth
medium containing IL-2 (10 U/ml). Cells were aliquoted at 106 cells/ml in 24-well
plates or tissue culture flasks. Cell lines were infected with cloned isolates or
purified concentrated isolates at an MOI of 1. Three laboratory strains of HIV
(BP-1 [59], ADA [26], and MN) as well as the defined clones NL43 and HXB-2
(stocks purified 1,000-fold; kindly provided by the AIDS Vaccine Program,
Frederick, Md.) were used.

Cytokine mRNA expression of T-helper clones. RT-PCR was also used to
pedigree cell clones for cytokine expression. Primer pairs for IFN-g and IL-4
(Clontech) and HIV SK38/39 were used to amplify cDNA prepared by Super-
script II reverse transcription of 5 mg of RNA (GIBCO-BRL) according to the
manufacturer’s instructions. Amplification was carried out by using [a-32P]dCTP
as described previously (16); products were electrophoresed on 8% polyacryl-
amide gels and then subjected to autoradiography.

Quantitation of cytokine and p24 production by T-cell clones. Quantitative
determinations for each of the lymphokines from the 48-h supernatant of anti-
gen-stimulated T-cell clones were determined by human IL-2, IL-4, IL-5, IL-10,
and IFN-g ELISAs (Quantikine; R&D Systems) as instructed by the manufac-
turer. The results are expressed in either nanograms/milliliter or units/milliliter
based on a standard curve using recombinant cytokine within the ELISAs.
Cytokine analyses after HIV infection were performed with cell-free superna-
tant, and the results were quantitated by ELISA for IL-4, IL-5 (R&D Systems),
and IFN-g (Medigenix) with sensitivities of 3 pg/ml, 1 pg/ml, and 1 IU/ml,
respectively. Viral p24 antigen was determined by ELISA (Cellular Products,
Buffalo, N.Y.) with a sensitivity of 10 pg/ml.

PCR analysis of IFN-g promoter methylation status. Primer pairs were chosen
such that they flanked the methyl-sensitive SnaBI site at 255 of the IFN pro-
moter. The upstream (US) SnaBI sense primer 31-48 with the antisense (AS)
primer 870-890 yielded a product of ;850 bp. An internal control primer, the
downstream sense primer (DS) 319-342 with the AS 870-890 primer yielded a
product of ;470 bp and was used as an internal control. DNA aliquots of 200 ng
to 1 mg were digested with BamHI and SnaBI overnight to ensure complete
digestion; 20 ng of DNA was then amplified in a 50-ml PCR mixture containing
0.25 ml of [32P]dCTP as described above. Cycling conditions were 1 cycle of 94°C
for 45 s, 60°C for 60 s, and 72°C for 45 s and 30 cycles of 94°C for 30 s, 60°C for
30 s, and 72°C for 30 s, followed by extension for 7 min at 72°C. PCR products
were electrophoresed on 8% polyacrylamide gels, dried, autoradiographed, and
quantitated on a PhosphorImager using Imagequant (Molecular Dynamics).
Alternatively, 100 ng of DNA was amplified in a 50-ml reaction mixture with
unlabeled deoxynucleoside triphosphates, and products were visualized by
ethidium bromide staining following polyacrylamide gel electrophoresis. Quan-
titation was performed by densitometric analysis of gels photographed with
Polaroid type 55 Pos/Neg film.

DNA methyltransferase enzymatic activity assay. Cell lysates were prepared as
previously described (40). Briefly, cells were lysed by sonication at 0°C in 5
volumes of 20 mM Tris-HCl (pH 7.4)–0.4 M NaCl–25% glycerol–5 mM EDTA–
0.1% Nonidet P-40–1 mM dithiothreitol (DTT)–0.2 mM phenylmethylsulfonyl
fluoride–100 mg of aprotinin per ml. After sonication, 1 volume of a 50%
Chelex-100 resin was added, and the mixture was incubated for 10 min to remove
nucleic acids from the lysate. The clarified lysate (;200 mg of protein in 20 ml)
was added to 200 ml of a solution containing 20 mM Tris-HCl (pH 7.4), 5 mM
EDTA, 25% glycerol, 5 mCi of S-adenosyl-L-[methyl-3H]methionine (12 Ci/
mmol; New England Nuclear), 4 mg of poly(dI-dC) z poly(dI-dC), 1 mM DTT,
and bovine serum albumin (200 mg/ml). The assay mixture was then incubated at
37°C for 2 h and extracted twice with phenol-chloroform. The aqueous phase was
made 0.1 M in NaOH and incubated at 50°C for 2 h. The solution was neutralized
with HCl, and the radioactivity incorporated into DNA was measured by scin-
tillation counting following trichloroacetic acid precipitation.

DNA methylation level. A modified methyl accepting assay (79) was used to
determine the methylation status of DNA isolated from uninfected and infected
primary cell culture cultures, chronically infected cell lines, and the stably trans-
fected transformed cell line JMO. DNA (200 ng) was incubated with 4 U of M z
SssI CpG methylase (New England Biolabs) in the presence of 1.5 mM S-adeno-
syl-L-[methyl-3H]methionine (60 to 85 Ci/mmol; Amersham product no. TRK
581) and 1.5 mM nonradioactive S-adenosylmethionine (New England Biolabs).
The reaction mixtures (20 ml) were incubated at 37°C for 4 h in a buffer con-
taining 10 mM Tris-HCl (pH 7.9), 50 mM NaCl, 10 mM MgCl2, and 1 mM DTT.
The reactions were stopped by the addition of 5 ml of 2.5 mM nonradioactive
S-adenosylmethionine and spotted on GF/C 2.4-cm2 Whatman filter discs, which
were air dried for 15 min and washed with 6 ml of 5% (wt/vol) trichloroacetic

acid–70% (vol/vol) ethanol. Discs were counted in Econofluor in a Beckman
liquid scintillation counter. Control reactions without DNA or enzyme added
were included as background, and counts in the samples never exceeded 5% of
those in the test samples. All samples were tested in triplicate, and values were
obtained as disintegrations/minute per nanogram of DNA.

ELISPOT for IFN-g expression. The frequency of specific IFN-g-producing
cells was determined by ELISA spot assay (ELISPOT). Briefly 96-well nitrocel-
lulose-bottomed plates (Millititer HA; Millipore Inc., Bedford, Mass.) were
coated with specific mouse anti-human IFN-g antibody, clone 1-D1k (Chromi-
genix, Montal, Sweden) by overnight incubation at 4°C. Cells to be analyzed were
washed twice in appropriate incubation media. A known number of cells was
then plated to the top row of the previously IFN-g MAb-coated plate, serially
twofold diluted down the plate, and incubated at 37°C for 16 h. Cells were then
washed off, and IFN-g-secreting cells were detected with a biotinylated second
IFN-g-specific antibody, clone 7-B6 (Chromigenix). Plates were next incubated
with horseradish peroxidase-conjugated avidin and developed with TruBlu per-
oxidase substrate (Kirkegaard & Perry, Gaithersburg, Md.) to produce an insol-
uble precipitate that formed distinct spots that could be easily counted by light
microscopy.

RESULTS

HIV-1 infection of lymphoid cells increases cellular capacity
to methylate DNA by increasing DNA MTase expression. To
determine whether there is a relationship between retroviral
infection and the overall cellular capacity to methylate DNA,
we first examined the time-dependent effect of acute HIV-1
infection of primary T cells and T-cell subsets on DNA MTase
mRNA expression. As shown by RPA (Fig. 1A), a significant
increase in DNA MTase mRNA was observed in PHA-acti-
vated, HIV-1-infected T cells compared to their PHA-acti-
vated, uninfected counterparts on days 4, 7, and 10 postinfec-
tion. Similarly, when CD41 T cells were isolated, activated
with PHA, and infected with HIV-1, levels of DNA MTase
mRNA expression were higher in infected cells than in unin-
fected cells throughout a similar 10-day incubation period (Fig.
1B). This increase in DNA MTase RNA was seen with several
T-cell-tropic HIV-1 isolates (BP-1, IIIB, and a clinical isolate)
(data not shown). Similar results were obtained when CD41

Hut 78 cells were infected with the molecularly cloned provi-
ruses NL43 and HXB-2 (Table 1). Increases of 3- to 20-fold in
MTase RNA could be seen as early as 2 days postinfection in
both primary T cells and the T-cell line Hut 78.

As CD41 helper T cells can be further subdivided into sub-
sets based on their cytokine profiles (human TH1 cells express
IFN-g but not IL-4 and IL-5, while TH2 cells express IL-4 and
IL-5 but not IFN-g), we next examined the effect of HIV-1 on
DNA MTase mRNA expression in antigen-specific human
TH1 and TH2 clones following infection by HIV-1. In five
antigen-specific TH1 clones and three antigen-specific TH2
clones, DNA MTase mRNA expression was 8- to 20-fold
higher in the infected TH1 and TH2 clones than in the unin-
fected controls. A representative experiment is shown in Fig.
1C. DNA MTase mRNA expression was greatly upregulated at
both day 5 and day 10 following HIV-1 infection in a TH1 clone
compared to the expression of DNA MTase mRNA in the
uninfected clone (Fig. 1C). These findings show that acute
infection of CD41 T cells, including both TH1 and TH2 T-cell
subsets, with HIV-1 markedly upregulates DNA MTase mRNA
expression.

We next examined whether DNA MTase mRNA levels fol-
lowing acute HIV-1 infection are associated with increased
cellular DNA MTase activity. As expected, DNA MTase ac-
tivity was upregulated in uninfected cells following PHA stim-
ulation of T-cell proliferation. Limiting amounts of exogenous
IL-2 (10 U/ml) were added to CD41 T cells after HIV-1 in-
fection, which occurred 3 days after PHA activation. As a
result, detectable DNA MTase activity in uninfected cells de-
clined as proliferation declined, and no MTase activity was
found at later time points (Fig. 2). In contrast, by day 4 fol-
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lowing infection, DNA MTase activity in HIV-1-infected cells
further increased above the level in uninfected control cells. By
day 5, HIV-1-infected cells displayed peak levels of HIV-1 p24
production (data not shown) and levels of DNA MTase activity
threefold higher than in uninfected cells. Under these culture
conditions, the T cells cease proliferating between 7 and 10
days postinfection (10 to 13 days after PHA activation), as
measured by cell counts and tritiated thymidine incorporation.
In fact, a significant proportion of the primary cell culture
undergoes HIV-1-induced apoptosis at day 7 and later time
points following infection. It is not known if high levels of
MTase activity play a role in this cell death. However, it was
previously noted that increases in MTase expression above a
certain threshold are toxic (75). Despite the lack of cell pro-
liferation, a substantial level of MTase activity was present in
the infected cells at day 10, while no increased MTase activity
was detectable in the uninfected CD41 T-cell control (Fig. 2).

Since DNA MTase activity is tightly linked to cell prolifer-
ation, it is important to determine whether this upregulation of
DNA MTase activity by HIV-1 infection is secondary to in-
creased cellular proliferation, as has been suggested for tumor-
igenesis models (47, 71). There is no compelling evidence that
HIV-1 infection stimulates T-cell proliferation. Indeed, several
studies show that it induces apoptosis (30, 56) and/or, through

the vpr gene encoded by HIV-1, induces cell cycle arrest in the
G2 phase of the cell cycle (1, 33). Also, infection of Hut 78, a
continuously proliferating T-cell line, with NL43 and HXB-2
(Table 1) resulted in rates of proliferation 10 to 15% lower in
the infected cells than in the mock-infected cells. Nonetheless,
to further rule out that the differences in DNA MTase expres-
sion seen were due to the effects of the virus on cell prolifer-
ation, cell cycle analysis by propidium iodide staining and flow
cytometry was performed on both the uninfected and infected
cultures throughout the time course of the infection. No sig-
nificant differences were seen in the cell cycle progression

FIG. 1. Expression of DNA MTase in HIV-infected PHA-activated T cells and purified T-cell subsets detected by RPA as described in Materials and Methods. Data
shown are representative of four normal donors and five TH1 cell clones. Each experiment was done with a different healthy donor. (A) Elutriated PHA-activated
lymphocytes; (B) purified PHA-activated CD41 T cells; (C) TTx-specific TH1 clone H1.15. Days after infection are as indicated.

TABLE 1. Upregulation of DNA MTase RNA in Hut 78 cells
during acute HIV infection

Infection MTase RNA
(relative units, 103)a

Proliferation
(% of Hut 78)b

Hut 78 22–48
Mock 18–63 94–96
NL43 132–425 83–90
HXB-2 262–380 85–88

a Determined 48 h postinfection with a PhosphorImager (Molecular Dynam-
ics) by comparing integrated volumes of MTase RPA signals on gels to an
internal standard, actin and/or cyclophilin. Data shown are ranges of three
separate experiments.

b Measured 48 h postinfection by MTT assay (Promega) according to the
manufacturer’s protocol. Data shown are ranges of three separate experiments.

FIG. 2. Schematic depiction of DNA MTase activity in primary T cells with
time following HIV-1 infection. DNA MTase activity was determined in infected
cell lines maintained in log-phase growth and primary T cells following HIV-1
infection using S-adenosyl-L-[methyl-3H]methionine as the methyl donor and
poly(dI-dC) z poly(dI-dC), which acts similarly to hemimethylated DNA, as the
substrate as described in Materials and Methods. Primary CD41 T cells from the
same donor were activated with PHA for 3 days, and one set was infected with
HIV-1 (day 1 on the graph). Parallel cultures of infected and uninfected cells
from the same donor were harvested at daily intervals following infection. Rel-
ative values are given as the fold increase above that seen in day 3 activated T
cells, which is set to equal zero. Data shown are the average of three separate
experiments with a standard error of the mean of ,20%.
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between the HIV-1-infected and uninfected CD41 T cells up
to 10 days postinfection (Table 2).

In addition, because the HIV-1 accessory gene vpr is also
required for efficient replication of the virus in primary mac-
rophages associated with its function in facilitating nuclear
localization in these nondividing cells (14), we examined
MTase mRNA levels in primary nondividing monocyte-de-
rived macrophages (MDM) from normal donors. In MDM
from two different donors expressing similar levels of HIV-1
p24 at 14 days after infection with the HIV-1 Bal isolate, the
MTase mRNA levels were three- and fivefold higher in the
infected culture than in the uninfected matched culture (Fig.
3). At that time, these cultures did not incorporate tritiated
thymidine (data not shown). This finding provides further ev-
idence that viral infection leads to upregulation of the MTase

at the cellular level. Thus, it is likely that HIV-1 infection
maintains increased levels of DNA MTase expression indepen-
dent of proliferation. The mechanism of how HIV-1 infection
maintains this upregulation of MTase activity is not clear.
Expression of single gene products of HIV, including Nef, Tat,
and Rev, using transient and stable transfection of human
T-cell lines has not shown any clear ability to upregulate
MTase mRNA expression (data not shown).

Increased genomic methylation in primary cells and cell
lines following acute infection with HIV-1. Having established
that HIV-1 infection can increase the cellular capacity to meth-
ylate DNA, we examined whether this was reflected in an
overall increase in genomic methylation of the infected cell
population. This was assessed two ways. First, genomic DNA
was digested with methyl-insensitive and -sensitive restriction
enzymes (MspI and HpaII) followed by Southern blot analysis
with an Alu-specific probe. Increased overall methylation was
demonstrated after HIV infection, as mainly high-molecular-
weight DNA was seen with the methyl-sensitive HpaII while
the methyl-insensitive MspI gave low- as well as high-molecu-
lar-weight bands (data not shown). Second, a modified methyl
accepting assay (79) was used to more quantitatively assess the
methylation status of DNA isolated from uninfected and in-
fected primary cell cultures as well as following acute infection
of human cell lines. As shown in Table 3, an increase in overall
genomic methylation was seen as early as 2 days after acute
HIV-1 infection of both primary PHA-activated CD41 T cells
and the T-cell line Hut 78 compared to uninfected control
cultures. The lack of cell death at day 2 postinfection indicates
that HIV-1 infection does not select for a subpopulation of
cells expressing higher levels of DNA MTase. By day 7, meth-
ylation levels of DNA in the HIV-1-infected cultures were as
high as 152% of the level of uninfected controls. Daily cell
proliferation measurements postinfection by the 3-(4,5-dimeth-
ylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay
showed that the proliferation rates of infected cultures were
similar to or slightly less than those for the uninfected cultures
(data not shown).

De novo methylation of the IFN-g promoter occurs in TH1
cells following acute infection with HIV-1. A recent study has
shown that the cellular DNA MTase can directly affect the de
novo methylation of CpG islands if enzyme levels are increased
ninefold (75). As we consistently saw high levels of DNA
MTase activity in TH1 clones following acute infection with
HIV-1, we next sought to identify genomic targets of this in-
creased methylation, particularly sites which may become de
novo methylated. In this regard, of the many genes that would
be potential candidates for aberrant methylation during HIV

TABLE 2. Cell cycle analysis of HIV-1-infected and uninfected
CD41 T cellsa

Time
(days) p.i.b HIV-1 status

% of cells in:

G1 G2/M S Apoptosis

0 2 71 11 17 1
4 2 82 6.4 6.2 5.2

1 81 7.2 6.0 5.4
7 2 70.8 4.4 2.3 22.9

1 66.6 4.8 2.6 26
10 2 66.4 4.2 2.6 26.8

1 59 3.5 2.0 35.5

a Cell cycle analyses based on DNA content per cell were performed as
described in Materials and Methods; 20,000 cells were analyzed. Data shown are
representative of three separate experiments from individual normal donors.

b Days postinfection (p.i.) of PHA-activated CD41 T cells purified, activated,
and infected as described in Materials and Methods. Day 0, time of infection, 3
days after PHA activation.

FIG. 3. Expression of DNA MTase in 14-day MDM detected by RPA as
described in Materials and Methods. Data shown indicate purified MDM (.94)
isolated from two different healthy donors. Infection with HIV-1 monocytotropic
strain Bal was performed 3 days following plastic adherence of monocytes.
Positive infection was determined by p24gag ELISA on cell supernatants. Total
RNA was isolated at day 14 postinfection (18 days of culture).

TABLE 3. Acute HIV-1 infection increases overall genomic
DNA methylation

Cells Time (days) p.i.a Mean DNA methylation level
(% of control) 6 SEM

Hut 78 3 114 6 4
7 140 6 5

CD41 T 1 96 6 2.7
2 124 6 6.3
6 152 6 7.4

a Days postinfection (p.i.) of lymphoid cell lines and PHA-activated CD41 T
cells purified and activated as described in Materials and Methods. Cell lines
were infected with cloned isolates (NL43 and HXB-2) as well as the primary
isolate BP-1 at an MOI of 1.

b Levels are expressed as percent increase over the methylation level of unin-
fected matched control cultures at each time point. Data shown are representa-
tive of three separate infections.
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infection, we chose IFN-g, since previous studies have demon-
strated that the IFN-g promoter contains a methyl-sensitive
endonuclease SnaBI site at position 52 of the transcription
start site (22, 65, 84) in a region of the promoter critical for
promoter activity (22, 65). Further, the methylation status of
the promoter at this site correlates with IFN-g gene expression,
as human and murine TH1 cells, large granular lymphocyte
cells, and peripheral blood memory T cells, which express
IFN-g, show hypomethylation of the IFN-g core promoter at
this site (57, 84). Cells that do not express IFN-g, such as TH2
cells and naive T cells, are hypermethylated at this site (22, 57,
84). Given the important role of IFN-g both in the immune
response to viral infections and in the development of TH1
cells (60), and for the reasons outlined above, we hypothesized
that the IFN-g gene represented a potential target of the
increased DNA MTase activity demonstrated in HIV-1-in-
fected T cells.

We first examined by Southern analysis the methylation sta-
tus of the IFN-g promoter in cell lines chronically infected with
HIV-1. As a control for these studies, we also used an NK cell
line which had been chronically infected by HTLV-1, as it had
previously been shown that the IFN-g promoter in this unin-
fected cell line was completely hypomethylated. The band de-
tected at 5 kb in uninfected cell lines (lymphoid NK 3.3 and
monocytoid THP-1) digested with BamHI and SnaBI is con-
sistent with hypomethylation of this site (Fig. 4, groups 2 and
3). Interestingly, in both of the human retrovirally infected cell
lines, the 5-kb band was greatly diminished or nonexistent and
specific hybridization with the full-length probe now occurred
at 8.6 kb (Fig. 4, groups 1 and 4, respectively; Fig. 5B). These
data demonstrate that hypermethylation of this methyl-sensi-
tive site can occur during HTLV-1 and HIV-1 infection in cell
lines. Thus, infection with both known pathogenic human ret-
roviruses correlates with altered methylation patterns of IFN-g
in the infected cells.

To analyze the methylation status of the IFN-g promoter in
samples where few cells were available (e.g., HIV-1-infected
TH1 clones and patient samples), we developed a PCR-based
analysis of the methyl-sensitive SnaBI site. The premise of this
method is that DNA cut by SnaBI will not yield a product with
a PCR primer pair which spans the SnaBI site (Fig. 5A). The
downstream primer pair which does not contain a SnaBI site
and should have a PCR product was always included as a
control for a poor PCR. The method was validated by the
presence of a band in TH2 clones (Fig. 5C, group 2), which do
not express the IFN-g gene and are methylated at the SnaBI
site as shown by Southern analysis (84) and by the lack of a
PCR product in TH1 clones (Fig. 5C, group 1), which express
the IFN-g gene and are not methylated as determined by

Southern analysis. Acute infection of susceptible lymphoid cell
lines with either HTLV-1 or HIV-1 resulted in hypermethyl-
ation of the SnaBI site, as demonstrated by detection of in-
creased PCR products (Fig. 5B; Fig. 5C, groups 3 versus 4 and
5 versus 6).

We next examined whether increased DNA MTase expres-
sion correlated with increased methylation of the IFN-g pro-
moter and decreased IFN-g mRNA expression and production
following acute infection by HTLV-1 and HIV-1 in primary
cells. Since acute infection of primary TH1 clones by HIV-1
stimulated a marked increase in DNA MTase expression (Fig.
1C), the methylation status of the IFN-g promoter in these
HIV-1-infected TH1 clones was analyzed by PCR (Fig. 6A)
following acute infection. A marked increase in the methyl-
ation of the IFN-g promoter occurred in HIV-1-infected TH1
clones (Fig. 6A; Table 4). As shown by RT-PCR, IFN-g
mRNA expression was not detectable at day 10 following HIV
infection of the TH1 clones (Fig. 6B). In contrast, detectable
levels of IFN-g mRNA were observed in the uninfected clones.
Similarly, acute HTLV-1 infection of NK 3.3, which produces
IFN-g after stimulation with IL-2 (80), resulted in increased
DNA MTase expression and concomitant downregulation of

FIG. 4. Southern analysis of the methylation status of the IFN-g promoter at
the SnaBI site in cell lines with or without HTLV-1 and HIV-1 infection. Di-
gestions and analysis were performed as described in Materials and Methods. B,
BamHI digest alone; B/S, BamHI and SnaBI digest of DNA. Group 1, HTLV-
1-infected NK 3.3; group 2, uninfected NK 3.3; group 3, THP-1; group 4, HIV-
ADA-infected THP-1.

FIG. 5. PCR analysis of IFN-g promoter methylation status in T-cell clones
and lymphoid cell lines. (A) (Top) Schematic showing the PCR primer locations
(US, DS, and AS), the HpaII sites, the SnaBI site, and the CpG promoter sites
in the IFN-g gene. Solid boxes represent exons, and open boxes represent
introns. (Bottom) When DNA was digested with SnaBI, PCR with the US primer
pair plus the AS primer, which flank the SnaBI site, yields a product if the SnaBI
site is methylated (HTLV-1-infected NK cells) but no product if the site is
unmethylated (NK cells). As a DNA loading control, PCR was performed with
the DS-AS primer pair, which does not flank the SnaBI site and should amplify
independent of methylation status. Identical PCR products are generated from
both the infected and the uninfected cells. (B) PCR with the US-AS primers in
DNA, from various cells, digested (1) and not digested (2) with SnaBI. Group
1, uninfected human TH1 cell clone; group 2, uninfected human TH2 cell clone;
group 3, uninfected NK 3.3 (NK cell line); group 4, NK 3.3 14 days after HTLV-1
infection; group 5, uninfected CS-3 (T cells); group 6, CS-3 7 days after HIV-1
infection.
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IFN-g expression (data not shown). In five individual TH1
clones, IFN-g expression and production correlated with the
methylation status of the promoter during HIV-1 infection of
TH1 clones in vitro (Table 4).

To further strengthen the correlation between acute HIV
infection, increased MTase activity and downregulation of
IFN-g, an ELISPOT for IFN-g was developed. This assay
assesses production of the cytokine at the level of the individ-
ual cell and allows determination of the number of cells pro-
ducing IFN-g in replicate cultures following HIV infection.
Using three different TH1 clones (H1.12, H1.15, and H1.18)
whose IFN-g promoter is methylated during HIV-1 infection
(Table 4), we found 67, 70, and 80% reductions, respectively,
in the number of IFN-g-producing cells 2 days after infection
as shown by ELISPOT. All five TH1 clones showed greater
than a fivefold increase in methylation of the IFN-g promoter.
Taken together, these data indicate that the IFN-g gene is a
target for de novo methylation as a result of the high levels of
DNA MTase activity following acute HIV infection of primary
lymphocytes.

Antisense constructs to DNA MTase prevent IFN-g gene
methylation and increase IFN-g production. All of the above
data predict that in HIV-1- and HTLV-1-infected lymphocytes,
decreasing DNA MTase activity and the cellular capacity to
methylate DNA will increase the expression of the IFN-g gene.
To test this directly, we used an antisense gene insertion ap-
proach to modulate DNA MTase expression. We achieved
stable expression of a DNA MTase antisense construct in a
lymphoid cell line, designated JMO (CD32 CD41 CD22

CD82 CD192 CD142 CD251 CD162 CD561), developed in
one of our laboratories. The parental JMO cell line and all
single-cell clones of this cell line were shown to constitutively
express detectable but variable levels of DNA MTase and
IFN-g as measured by RPA and ELISPOT, respectively (data
not shown). To verify that HIV-1-induced DNA MTase ex-
pression could modulate IFN-g expression in this cell line,
JMO clone D8, whose basal MTase expression was lower
(compare lanes 1 in Fig. 7A and 8A) and IFN-g expression was
higher (Table 5) than that of the parental JMO cell line, was
infected, and total RNA was prepared 7 days postinfection.
The RNA was analyzed by RPA as described in Materials and
Methods. As shown in Fig. 7A, HIV-1 infection upregulated
DNA MTase in JMO. Figure 7B shows a concomitant down-
regulation of IFN-g mRNA in a multiprobe RPA to detect
human cytokines (Pharmingen). Interestingly, the expression

FIG. 6. Correlation of HIV-1 infection and IFN-g mRNA expression with
methylation state of the IFN-g promoter in TH1 clones. RNA or DNA was
isolated at day 7 following infection. (A) IFN-g promoter methylation status of
the SnaBI site in SnaBI-digested DNA from an HIV-infected and uninfected
TH1 clone as detected by the PCR procedure outlined for Fig. 4. (B) RT-PCR
analysis of IFN-g mRNA in the same TH1 clone used for panel A. Film was
overexposed to demonstrate lack of IFN-g mRNA expression 7 days following
HIV-1 infection.

TABLE 4. HIV-1 infection of human TH1 clones downregulates
IFN-g expression

Clonea Antigen
Mean HIV
p24 (pg/ml)

6 SEM (103)b

IFN-g promoter
methylation

(fold increase)c

IFN-g RNA
expression

(fold decrease)d

1 (C01.D6) SEB 23,000 6 1 10 14
2 (H1.15) TTx 31,500 6 2.4 75 .100
3 (H1.12) TTx 37,000 6 2.9 15 20
4 (H1.11) TTx 43,500 6 5.5 4 5
5 (H1.18) TTx 29,000 6 3.3 60 .100

a T-cell clones were generated, maintained, and activated as described in
Materials and Methods. Clones 2 to 5 were from same donor.

b Antigen-activated clones were infected with either HIV-1 strain BP-1 (clones
2 to 5) or ADA (clone 1) as described in Materials and Methods. At day 7,
medium was removed, stored, and used for HIV p24 assays (data are for tripli-
cates of two experiments).

c Determined with a PhosphorImager (Molecular Dynamics) by scanning films
of PCR analysis of the methylation status of the IFN-g promoter SnaBI site. The
fold increase was calculated from the integrated volume of the product of the
US-AS primer pair normalized to the DS-AS control (see Fig. 4) in the infected
clone compared to the paired uninfected clone.

d Determined by scanning with a PhosphorImager (Molecular Dynamics) films
of RT-PCR analysis of IFN-g expression; calculated from the integrated volume
of the product normalized to the GAPDH internal control product in the in-
fected clone compared to the paired uninfected clone.

FIG. 7. HIV-1 infection regulates MTase and IFN-g expression in a lym-
phoid cell line. The T-cell line JMO clone D8 was infected with HIV-1. At 7 days
postinfection, MTase and IFN-g expression was measured, using 5 mg of total
RNA in each RPA as described in Materials and Methods. (A) MTase RPA.
Lane 1, uninfected JMO clone D8; lane 2, HIV-infected JMO clone D8. (B)
Cytokine RPA. Lane 1, uninfected JMO clone D8; lane 2, HIV-infected JMO
clone D8. Probe, human cytokine-1 multiprobe (Pharmingen). (C) Phosphor-
Imager (Molecular Dynamics) quantitation of results in panels A and B, nor-
malized to the actin and L32 controls, respectively.
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of IL-15 and IL-9 remained unchanged (Fig. 7B and C), dem-
onstrating that there is not a general downmodulation of cy-
tokine expression in the HIV-1-infected cells.

Furthermore, when parental JMO cells were stably trans-
fected with the antisense MTase vector, the resulting cell line,
JMO-TMH, showed a .90% reduction in DNA MTase ex-
pression (Fig. 8A) along with expression of the antisense
mRNA (Fig. 8B) as determined by RPA. When IFN-g mRNA
expression from these cell lines was measured by RT-PCR, we
found that IFN-g mRNA was markedly higher in the anti-
sense-expressing line (Fig. 9A, lane 3) than in the control cell
lines stably transfected with neomycin (JMO-neo) and sense
(JMO-HMT) constructs (Fig. 9A, lanes 1 and 2, respectively).
The reduction in the IFN-g mRNA in the sense transfectants
was threefold when quantitated and normalized against the
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) con-
trol. As previously described (75), the overexpression of sense
MTase was not well tolerated by the cells. These transfected
cells either lost overexpression of MTase or died within 10 days
and were not further analyzed.

Southern analysis showed partial methylation of the IFN-g
promoter in the control JMO-neo cell line (Fig. 9B, lanes 4 and
7), while JMO-TMH was completely hypomethylated not only
at the SnaBI site (Fig. 9B, lane 5) but also at the HpaII site in
the first intron, near the intronic enhancer elements (Fig. 5A;
Fig. 9B, lane 8), as evidenced by the generation of 4.9- and

3.8-kb bands following BamHI-HpaII digestion. Expression of
an antisense MTase in the JMO cell line shows a direct effect
of DNA MTase activity on IFN-g production. One hundred
percent of cells carrying the antisense gene produced IFN-g,
compared to 22% of parental JMO as measured by ELISPOT
(Table 5). On a per-cell basis, the antisense containing cells
produced 5- to 10-fold more IFN-g. These observations were
similar for both the bulk culture and single-cell clones of JMO-
TMH, indicating the results were not due to cell-to-cell vari-
ability (Table 5), even though there is heterogeneity in basal
expression of MTase and IFN-g among individual clones
within the population of parental JMO cells. Thus, MTase
expression and IFN-g gene expression are directly linked in
these cells. The ability to modulate MTase and IFN-g by ex-
pression of antisense MTase allowed us to directly test the
correlation between HIV-1 and MTase modulation of IFN-g
expression. The D8 clone of JMO, expressing IFN-g in 36% of
the population as determined by ELISPOT (Table 5), was
infected for 7 days with HIV-1. At this time, ELISPOT analysis
detected only 20% of the cells expressing IFN-g. These cells
were then transiently transfected with the antisense construct
by using Superfect according to the manufacturer’s protocol.
At 48 h, the cells were harvested and ELISPOT was per-
formed. The HIV-infected JMO population which had 20%
expressing cells now had 36% of the cells expressing IFN-g
compared to the same cells transfected with a control con-
struct, which was unchanged at 20% expressing cells (Table 5).
These data indicate a causal link between HIV-1 infection,
MTase expression, and the downregulation of IFN-g expres-
sion.

DISCUSSION

HTLV-1 and HIV-1 cause an overlapping set of pathogenic
events including tumor development, immunodeficiency, and
neurological symptoms (37, 49). Both human retroviruses pref-
erentially infect CD41 T lymphocytes, monocytes, and macro-
phages. It is the interplay of these cell types that orchestrates

FIG. 8. DNA MTase expression in stably transfected lymphoid cells. As
described in Materials and Methods, the parental cell line JMO was stably
transfected with an antisense DNA MTase expression vector to generate JMO-
TMH cells and with the vector alone to derive the JMO-neo control cells. RPA
of MTase sense and antisense expression was determined in the lymphoid cells.
(A) Probe alone. Lane 1, JMO-neo; lane 2, JMO-TMH. (B) Probe alone. Lanes
1 and 2, clones of JMO-neo; lanes 3 and 4 clones of JMO-TMH.

TABLE 5. Increased IFN-g production in cells transfected with an
antisense MTase vector

Cell line (clone)
No. of IFN-g-

expressing cells/
100 cellsb

IFN-gc

(IU/well)

Single-cell clones
JMO (parental) 22 6 5 2
JMO (D10) 34 6 6 1.7
JMO (G9) 27 6 5 2
JMO-TMH 105 6 6 26
JMO-TMH (F7) 98 6 4 23
JMO-TMH (D8) 103 6 6 20
JMO-TMH (C7) 93 6 6 3

Clone D8
JMO (D8) 36 6 5 1.7
HIV-infected JMO (D8), day 7d 20 6 4 ND
HIV-infected JMO (D8)-TMHe 36 6 4 ND

a JMO clones were generated and maintained as described in Materials and
Methods.

b Determined by ELISPOT as described in Materials and Methods.
c Determined as ELISA international units per well (100 cells) of supernatant

from the same wells of ELISPOT to give the quantity of IFN-g per cell. ND, not
determined.

d ELISPOT analysis was performed 7 days after HIV infection of the cells.
e After 7 days of HIV-1 infection, JMO clone D8 was transfected with an

antisense MTase expression vector by using Superfect (Qiagen). After 48 h, the
transfected cells were subjected to ELISPOT analysis.
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an immune response, primarily through the elaboration of
cytokines. In the past decade, many reports have documented
dysregulation of cytokines in vivo and in vitro following infec-
tion with these viruses (37, 38, 67). However, little is known
about the molecular mechanism(s) involved in this cytokine
dysregulation. In this report, we have shown that infection by
HTLV-1 and HIV-1 can upregulate DNA MTase expression
and increase the cellular capacity to methylate genes. In-
creased DNA MTase expression is seen not only in acutely
infected cell lines of T-cell, NK cell, and monocyte/macro-
phage lineages but also following acute HIV infection of pri-
mary T cells and monocytes. We have shown herein that this
increase in the cellular capacity to methylate genes not only
results in an overall increase in DNA methylation in the in-
fected cells but also has the capacity for de novo methylation.
Among many possible candidate genes, we have identified one,
the IFN-g gene, and demonstrated de novo methylation at a
site which had previously been shown to be critical in the
transcriptional regulation of this gene.

Young et al. have reported (84, 85) that methylation of a
CpG dinucleotide at 255 of the transcriptional start site of the
IFN-g could negatively regulate the interaction of nuclear
DNA binding proteins with this site. They further demon-
strated that this site is differentially methylated in the TH1 and
TH2 helper T-cell subsets. TH1 cells, which produce IFN-g, are
hypomethylated at this site, while TH2 cells, which do not
produce IFN-g, are hypermethylated at this site. Previous stud-
ies showed that 5-azacytidine, a hypomethylating agent, stim-
ulates IFN-g production in cytotoxic T cells as well as in TH2
cells. These studies also demonstrated the specificity of this
methylation, as expression other cytokines is not altered in
these systems (21, 32, 84). One of the mechanisms by which
DNA methylation has been shown to inhibit transcription is by

inhibiting the recognition of the sequence motif by a transcrip-
tion factor (39). Young et al. (84, 85) have also shown de-
creased levels of specific DNA binding protein complexes in
TH1 cell nuclear extracts following in vitro methylation of this
SnaBI site. It is of note that this site is not part of a CpG island,
as there are only five CpG dinucleotides in the first 780 bp of
the human IFN-g promoter (Fig. 5A). Furthermore, none of
the other CpG sites have been demonstrated to directly inter-
act with DNA binding proteins. Here we detect marked in-
creases in IFN-g promoter methylation in lymphocytes follow-
ing infection by HIV-1 or HTLV-1. Furthermore, we show that
acute HIV-1 infection of TH1 clones in vitro results in in-
creased DNA MTase activity, methylation of the SnaBI site in
the promoter of the IFN-g gene and subsequent downregula-
tion of IFN-g mRNA, and protein production from these in-
fected cells. These results demonstrate a strong correlation
during viral infection between increased DNA MTase levels,
methylation of the IFN-g promoter, and decreased IFN-g pro-
duction. Using an MTase antisense strategy, we observed a
direct relationship between DNA MTase and IFN-g gene ex-
pression through regulation of the methylation of the IFN-g
promoter.

The mechanism of this upregulation of DNA MTase expres-
sion during retroviral infection is not clear. Since DNA MTase
activity is tightly linked to cellular proliferation, and some
argue that in carcinogenesis, MTase upregulation is secondary
to cell growth (47), it is possible that the upregulation of
MTase activity by HIV-1 is secondary due to increases in cell
proliferation. However, no difference in cell number, thymi-
dine incorporation, or cell cycle status was seen between in-
fected and uninfected primary CD41 T cells. Moreover, infec-
tion of Hut 78, a continually proliferating T-cell line, with
NL43 and HXB-2 resulted in rates of proliferation lower in the

FIG. 9. DNA MTase expression regulates IFN-g expression in lymphoid cells. As described in Materials and Methods, the parental cell line JMO was stably
transfected with an expression vector containing the full-length DNA MTase cDNA, in the antisense orientation, to generate JMO-TMH, with the vector alone to
generate JMO-neo control, and with the sense-orientation DNA MTase cDNA to derive JMO-HMT as an additional control. (A) RT-PCR analysis of the expression
of IFN-g mRNA in these lymphoid cell lines. Lane 1, JMO-neo; lane 2, JMO-HMT (sense); lane 3, JMO-TMH (antisense). GAPDH mRNA is also shown as internal
loading control for semiquantitative PCR. (B) Southern analysis of the methylation status of the IFN-g region SnaBI site and first intronic region HpaII site. BamHI,
BamHI-SnaBI, and BamHI-HpaII digests were performed as described in the text. Lanes 1, 4, and 7, JMO-neo control; lanes 2, 5, and 8, JMO-TMH, DNA MTase
cDNA in the antisense orientation; lanes 3, 6, and 9, JMO-HMT, DNA MTase cDNA in the sense orientation.
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infected cells than in the mock-infected cells. Further, in 18-
day monocyte cultures under conditions where labeling indices
for tritiated thymidine were reported to be 1 positive cell per
1,000 whether or not the cells were HIV infected (77), high
DNA MTase RNA expression is seen only in infected cultures.
Whether or not proliferation is needed for initiation of HIV-1
infection, it is clear from the results presented here that HIV-1
infection maintains increased levels of DNA MTase expression
in the absence of proliferation. On the other hand, since high
levels of DNA MTase can be toxic to cells (75, 78), this MTase
upregulation could be a nonspecific response to MTase-in-
duced apoptotic signals. However, this is unlikely since approx-
imately 20 to 30% of the cultured uninfected T cells were
apoptotic by 10 days postinfection, due to a lack of IL-2, and
no DNA MTase activity was detected in these cultures. Fur-
thermore, the rapid increase in DNA MTase expression, over-
all genomic methylation, and decrease in IFN-g production at
the single-cell level by day 2 postinfection, in the absence of
detectable cell death, indicates that the selection of a rare cell
with these characteristics is not occurring. In addition, using a
one-step assay where zidovudine inhibits viral replication, Fan
et al. (20) also showed downregulation of IFN-g mRNA in
HIV-infected Hut 78 cells. Zidovudine blocked this downregu-
lation, suggesting that the downregulation was a direct effect of
viral replication.

These results provide a potential mechanism for dysregula-
tion of expression of many genes following human retroviral
infection. The overall increase in genomic methylation seen
after HIV infection could have a toxic effect on the cells. In
fact, a significant proportion of the primary cell cultures un-
dergo HIV-1-induced apoptosis whether infected in vivo or in
vitro (57). It is not known if the high level of MTase activity
plays a role in this cell death; however, it should be noted that
increases in MTase expression above a certain threshold are
toxic (75). In addition, our finding that by increasing the cel-
lular capacity to methylate genes, there is one gene that HIV-1
can downregulate, the IFN-g gene, a key element in the host
defense against viral infection, is of particular interest. The
role of IFN-g in differentiation of precursors of TH1 cells,
downregulation of the production of TH2 cells, activation of
monocytes to resist foreign invaders, and prevention of cellular
spread of viruses has been well documented (60). Compromis-
ing any one of these functions could have an effect on some of
the pathological consequences of HIV infection. Shearer and
colleagues (13, 72) have hypothesized that there is an induc-
tion of a TH2 bias during HIV-1 infection and progression to
AIDS. Our present data support this hypothesis in two ways.
First, since IFN-g expression is a requirement for designating
a cell TH1, methylation of the IFN-g promoter could lead to a
low estimate of the number of TH1 cells in a population.
Second, decreased IFN-g expression could result in a decrease
in production of TH1 cells (8) as well as a decrease in monocyte
functions such as IL-12 production, which is observed in AIDS
patients (11, 25). The presence of IFN-g is needed for the
long-term production of IL-12 in monocytes (51). Previous
studies have suggested that the progression to AIDS is, at least
in part, dependent on the ability to generate a TH1-like im-
mune response (72). Specifically, aberrant methylation of the
IFN-g promoter could play a role in the gradual loss of type 1
response seen in AIDS patients.

Though beyond the scope of this study, these results indicate
the need to define which, if any, of these potential pathogenic
effects resulting from the aberrant methylation of the IFN-g
gene or any other gene are important in AIDS. The role of
IFN-g in the development of AIDS is not clear. Consistent
with a decrease in TH1 function, several studies show a de-

crease in IFN-g production (23, 38, 61, 87). In contrast, in-
creased IFN-g production has been reported (28, 62, 76). Since
IFN-g is produced by the CD41 target cells of HIV-1 as well as
cells reactive to HIV-1 infection (e.g., large granular lympho-
cyte and CD81 T cells), these discrepancies in IFN-g produc-
tion could result from the fact that most studies have quanti-
tated systemic IFN-g in vivo or after short stimulation in vitro
of bulk PBMC cultures from AIDS patients, potentially mask-
ing differential effects on target cells. Indeed, recent studies
have shown that most IFN-g is produced by CD81 cells either
in the periphery (28) or in the lymph nodes (19), where most
viral replication occurs during the asymptomatic phase of
AIDS (18). Single-cell analysis of IFN-g production in T cells
from HIV-1-infected individuals showed decreased numbers of
CD41 IFN-g-producing cells but preserved numbers of IL-4-
producing cells (55, 56). No effect was seen on the numbers of
CD81-producing cells. The effects of this decrease in CD41

IFN-g-producing cells on the cellular immune response and
control of viral spread, particularly during acute infection,
need to be determined. In this regard, recent evidence suggests
that controlling viral load and spread is critical in determining
the extent and progression of AIDS (6, 10, 43). If this variable
course of lentiviral infection and long-term outcome is related
to controlling viral spread, the number of CD41 IFN-g-pro-
ducing cells present during HIV-1 infection could be a deter-
minant of this control. We are now studying this question in a
simian immunodeficiency virus primate model.

Our current findings may have implications for virus-in-
duced tumorigenesis. Previous studies have shown that the
promoter region of the calcitonin gene becomes densely meth-
ylated following cell infection with multiple tumorigenic vi-
ruses, including simian virus 40, Epstein-Barr virus, and
HTLV-1 (15). Our results suggest that the underlying mecha-
nism for this change could involve the early increases that we
now define for DNA MTase activity following HIV and
HTLV-1 infection of cells. While this study has focused on the
de novo methylation of only one gene, the increases in overall
genomic methylation demonstrated herein suggest that many
genes may be altered by this mechanism during viral infection.
The fact that multiple tumor suppressor genes are now known
to be inactivated in association with aberrant promoter region
methylation (34–36, 54) suggests that altered methylation of
genes could be studied as a candidate early step in the tumor-
igenic activity of a range of viruses.
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