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Abstract. Cytomegalovirus (CMV) infection constitutes a serious threat to patients with
acquired immune deficiency syndrome. Recently we reported that human immunodefi-
ciency virus (HIV) infection of CD4* cells was associated with sustained elevation of
cellular levels of cAMP. Moreover, cyclic nucleotide modulators enhanced HIV replication
by increasing intracellular levels of cAMP. In this study, the effect of CMV on HIV
replication in CMV/HIV mixed infection and its relationship to cAMP were examined. MT-
4 cells, CMV strain AD169, and HIV strain iliB were used. Optimal enhancement (4.4-
fold increase) of HIV replication was observed when MT-4 cells were infected with CMV
at Day 0 followed by HIV on Day 4 after infection, as determined by reverse transcriptase
activity on Day 11 after infection. cAMP (measured by radioimmunoassay) levels in cells
infected with CMV alone, HIV alone, or CMV/HIV together were 2-, 3-, and 5-fold above
untreated cells, respectively. CMV also enhanced the replication of UV-irradiated HIV 4-
fold and this was associated with a 2-fold increase in cAMP as well. Moreover, UV-
irradiated CMV enhanced HIV replication 8.8-fold. The same dose of viable and UV-
irradiated CMV used in the above experiments increased protein kinase C activity in
these cells 3.0- and 8.0-fold, respectively. These findings might suggest that cAMP and
protein kinase C are involved in CMV enhancement of HIV replication. These findings
may have relevance to the identification of novel target sites for development of antiviral

therapeutics.
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immunosuppressed individuals, such as organ

transplant recipients (1-4) and patients with
acquired immune deficiency syndrome (AIDS) (5-8).
CMV infection in AIDS manifests as pneumonia (5),
colitis (9-10), retinitis (11-13), and hepatitis (14). It has
been reported previously that CMV enhanced the in
vitro replication of human immunodeficiency virus
(HIV) in mixed CMV/HIV infections. The precise
mechanism of this enhancement has not been identified
(15).

Cytomegalovirus (CMYV) infection is common in
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CMY infection with subsequent expression of the
CMYV immediate early genes in human fibroblasts (as
well as CD4* and chronically infected lymphocytes)
activate gene expression directed by HIV (Types I and
IT) long-terminal repeats. More than one nonoverlap-
ping region of the HIV promotor has been shown to be
capable of responding to CMV immediate early gene
products (16-21).

Infection of T cells with HIV has been associated
with both quantitative and qualitative deficiencies. The
latter has resulted in a gradual depletion of CD4* target
cells, and in physiological incompetence of the infected
cells. This incompetence includes the inability of the T
cells to respond properly to specific and nonspecific
antigens, and the inability of the cells to make sufficient
amounts of lymphokines required for regulation of the
immune response. Uninfected cells may also be affected
indirectly through the release or suppression of certain
factors from HIV-infected cells. HIV infection was
associated with altered intracellular levels of cAMP in
CD4™ cells, and it was suggested that this might have



implications on the replication and pathogenesis of HIV
(22-23).

Invitro, human cytomegalovirus infection has been
shown to be associated with several physiological and
biochemical responses. Among those reported were the
induction of a Ca®* influx that was followed by a
sustained elevation of intracellular free [Ca®*] as well
as a transient inhibition and then activation of the
oubain-sensitive Na*/K*-ATPase (24-26). A transient
increase in cAMP early after infection has also been
reported (27). Certain manipulations of these responses
resulted in inhibition of CMYV replication (24, 28).

Apparently cAMP-dependent protein kinase A ap-
pears to be involved in the cellular response to CMV
and HIV infection. In this report, the cAMP responses
of MT-4 cells after CMV-HIV mixed infections and
their relation to enhancement of HIV replication were
investigated.

Materials and Methods

Cells and Viruses. MT-4 cells (CD4* cell line)
were used in this study. Cells were grown in RPMI
1640 medium and supplemented with 10% heat-inac-
tivated fetal calf serum, 2 mM L-glutamine, 100 units/
ml of penicillin, 100 ug/ml of streptomycin, and
0.075% NaHCO;, and were maintained at 37°C.

Human CMV strain AD169 and HIV strain
HTLV-IIIB were used in these experiments unless oth-
erwise mentioned. HIV virus stocks were prepared from
H9-HIV chronically infected cells and titrated as de-
scribed previously (23).

Virus Irradiation. Virus inactivation was per-
formed by exposure to a source of ultraviolet light.
Briefly, virus stocks were irradiated in 35-mm dishes
by 80 erg/sec/mm? of irradiation to various time inter-
vals. The radiation source was a General Electric G8T5
“germicidal” bulb producing light at 254 nm. The dose
rate was measured by a Black-ray UV-intensity meter
(Ultraviolet Products Inc., San Gabriel, CA) (24). The
infectivity of the UV-irradiated CMV and HIV was
determined by plaque assay for the former and reverse
transcriptase (RT) activity and HIV p24 Ag concentra-
tion for the latter in susceptible cells. The viral titer
after UV irradiation of CMV was inhibited by 70% and
>99.99% and of HIV was inhibited by 97.5% and
>99.99% at 1 and S min, respectively.

Infection Experiments Using Cell-Free Viruses.
MT-4 cells (5 x 10% were infected with CMV strain
ADI169 at a multiplicity of infection of 1-2 plaque-
forming units (PFU)/cell for 1 hr at 37°C and with HIV
at a maximum oxygen intake (MOI) of 0.02-0.05
TCIDso/cell for 90 min at the appropriate times of
infection. The cells were then cultured at a density of
0.5 x 10%/ml in RPMI 1640 medium in the presence
or absence of the appropriate treatment.

Mock infection was carried out using cell-free su-

pernatants of noninfected H9 cells and human fibro-
blast lysates (human foreskin fibroblasts used for the
preparation of the CMV stocks) as controls for the
HIV- and CMV-infected cells, respectively.

Measurement of Reverse Transcriptase Activity.
Briefly, RT activity was measured in 2 ml of culture
supernatant that was precipitated with polyethylene
glycol overnight at 4°C. The solubilized samples were
then assayed for Mg®*-dependent RT activity in a buffer
cocktail made of: 42 mM Tris-HCI (pH 7.8), 8.5 mM
dithiothreitol, 10 mM MgCl,, 3.4 mM NaCl, 25 pCi/
ml of [*H]thymidine triphosphate (10-20 Ci/mmol;
New England Nuclear Corp., Boston, MA), and 0.5
unit/ml of oligo(dt)-poly(rA) template primer (Phar-
macia/P-L Biochemicals, Piscataway, NJ) as described
previously (29).

cAMP Determination. At selected time intervals of
harvest, cells were clarified with low speed centrifuga-
tion (1500 rpm for 5 min). The pellet was then resus-
pended in 1 ml of acidified ethanol, vortexed, and left
for 15 min at room temperature and then centrifuged
for 10 min at 1000 rpm. This procedure was repeated
once. The samples were dried, and the pellet was resus-
pended in 0.4 ml of distilled water then frozen at —20°C
until assayed for cyclic nucleotide content. The cAMP
was measured by radioimmunoassay using Amersham
kits (Arlington Heights, IL) as described previously (30).

HIV P,, Antigen Capture Assay. The inactivated
culture supernatants were assayed for HIV P, antigen
by EIA kits using the conditions described by the man-
ufacturer (Coulter Immunology, Hialeah, FL).

PKC Determination. Protein kinase C (PKC) was
extracted from the cells at the day of harvest. Briefly, 1
X 107 cells were spun down and washed twice with cold
phosphate-buffered saline. The pellet was then recon-
stituted in 0.5 ml PKC sonication buffer (20 mA Tris-
HCIl, pH 7.5, 0.25 M sucrose solution, 1 mAM EDTA, 1
mM EGTA, 2 mM dithiothreitol, | mM phenylmeth-
ylsulfonyl fluoride, and 50 ug/ml leupeptin) while the
samples were kept on ice. The samples were sonicated
for 30 sec, followed by ultracentrifugation at 100,000g
for 1 hr at 4°C. The supernatants (cytosol) was with-
drawn and the particulate matter was reconstituted in
0.25 ml buffer and sonicated as mentioned above. The
PKC activity was then measured using Amersham kits
under the same conditions as recommended by the
manufacturer (Amersham International, PIC, UK).

Results

Effect of CMV Coinfection on HIV Replication.
The effect of CMV on HIV replication was examined
in MT-4 cells using the different infection mixtures of
both viruses shown in Figure 1. The CMV strain AD169
and HTLV-IIIB were used to infect the cells. The
replication of HIV was then determined on Days 4, 7,
11, and 14 after infection, by measuring the reverse
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Figure 1. Effect of CMV coinfection on HIV replication and induction
of cCAMP in MT-4 cells, at selected time intervals after infection. HIV
replication was determined by RT activity (A), expressed as cpm/ml
(% 10%. cAMP (B) was expressed as pmol/107 cells. Untreated cells
had baseline cAMP levels. Data are representative of three independ-
ent experiments.

transcriptase activity and HIV p24 Ag content of the
culture supernatants. The results as shown in Figure
1A revealed an increase in the RT activity of MT-4
culture supernatants, from the different CMV/HIV
combinations utilized when compared with those from
cultures infected with HIV alone. Significant enhance-
ment was observed when the cells were infected with
CMYV at Day 0 and superinfected with HIV on Day 4.
HIV replication was enhanced at Days 11 and 14 after
infection 4.4-fold compared with the control cells. Lev-
els of p24 Ag were similarly enhanced (data not shown).
These data indicate that CMV/HIV coinfection of MT-
4 cells was associated with enhancement of HIV repli-
cation.

Patterns of cAMP Response in CMV/HIV-In-
fected MT-4 Cells. Since it had been reported previ-
ously that HIV replication could be enhanced by in-
creasing cellular levels of cCAMP (31) and that CMV
induced a transient increase of cellular cAMP in other
cells (27), the patterns of cAMP responses in CMV/
HIV mixed infection was examined next. Intracellular
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levels of cAMP were measured at various time points
after CMV/HIV infections. The results as depicted in
Figure 1B showed that most of the cCAMP peak values
were at Day 7 after infection. Cytomegalovirus induced
a 2-fold increase in the cAMP levels when measured at
Day 4 after infection, compared with the untreated
cells. Also, a 2-fold increase in CAMP level was obtained
when the cells infected with CMV at Day 0 were
superinfected with HIV at Day 4. The peak levels of
cAMP (Day 7) preceded the peak in RT activity (Day
11) in this experiment, suggesting the possibility of a
relationship between cAMP and the enhancement of
HIV replication.

Effect of CMV on the Replication of the UV-
Irradiated HIV. To further elucidate the role of CMV
on HIV replication, the CMV Day 0/HIV Day 4 ex-
periment was chosen for the infection. The effect of
CMYV on UV-irradiated HIV was investigated next.
MT-4 cells were infected with CMV at an MOI of 1
PFU/cell on Day 0 and were superinfected with infec-
tious or UV-irradiated HIV at Day 4. The RT activity
was then determined at Day 11 after infection. The
results demonstrated that the CMV-infected cells pro-
duced a 4.4-fold increase in RT activity when viable or
UV-irradiated HIV (1 min) were used for coinfection
at Day 4. Moreover, CMV enhanced the replication of
the UV-irradiated HIV, even in the samples that were
irradiated for 5 min, when compared with the controls
which contained no detectable RT activity in the ab-
sence of CMV (Fig. 2, A and B).

Measurement of cAMP revealed a 2-fold increase
in the CMV-infected versus the mock-infected cells
(Fig. 2C). The CMV-induced enhancement of HIV
replication was consistently associated with an increase
in cellular levels of cCAMP above that of cells infected
with either virus alone.

Effect of CMV-UV Irradiation on HIV Replication.
To answer the question of whether CMV-induced en-
hancement of HIV replication required viable CMV or
was dependent upon certain viral structural compo-
nents, viable or UV-irradiated CMV were used to infect
MT-4 cells at Day 0 with an MOI of 2 PFU/cell or its
equivalent of the UV-irradiated virus before inactiva-
tion. A coinfection with viable HIV was performed on
Day 4. Figure 3A shows that the intact and UV-irradi-
ated CMV produced a 9- and 8.8-fold increase in RT
activity, respectively, compared with the mock-infected
cells. Furthermore, measurement of CAMP revealed a
2-fold increase in the CMV/HIV-infected cells com-
pared with the HIV-infected controls. However, cAMP
increase was not observed when coinfection was carried
out with the UV-irradiated CMV (Fig. 3, B and C).
These findings suggest that the CMV enhancement of
HIV replication does not necessarily require viable virus
and that a CMV structural component(s) independent
of cAMP may also be a triggering factor.
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Figure 2. Effect of CMV coinfection on HIV replication and cAMP
levels of the viable and UV-irradiated HIV in MT-4 cells at Day 11
after infection. UV, and UV, represent 1- and 5-min exposure of the
virus to 80 erg/sec/mm?. HIV replication (A & B) was determined by
RT activity, expressed as cpm/ml (x 10%. The variation of the
triplicate samples was less than 10%. cAMP (C) was expressed as
pmol/107 cells, and the experimental data points represent the mean
of three samples + SD representative of two independent experi-
ments.

Effect of CMV Infection on Cellular Proliferation.
The replication of HIV involves a double-stranded pro-
viral DNA stage that is integrated in the cellular ge-
nome. Thus HIV replication and propagation has been
shown to be dependent upon cellular activation and
proliferation. To determine whether the CMV-me-
diated enhancement of HIV replication was secondary
to CMV-induced cell activation, the proliferative re-
sponse to CMYV infection was evaluated. MT-4 cells
were infected for 1 hr with CMV at an MOI of 1 PFU/
cell or equivalent amounts of UV-irradiated CMV. The

3500 4
2 A
E 3000
™
© 2500
x | Ccmvo
£ 2000 B MOCKO HIVa
Q O CMVOo-HIV4
L N, (CMV-uv1j0 HIV4
> 1500+ B (CMv.wv2i0HIVa
=
o 1000 4
[}
= 500
o
0
Day 11 postinfection
)
©
o
"~ B MOCKO
9 B cMmvo
3 O MOCKO Hiva
g CMVO HIVa
e
a
b=
<
I3}
Day 11 postinfection
3.0+
my 2.54
©
o
~ 2.0 B (CMV uvi) MOCK4
e B cMv uv1iHIVa
3 [ iCMV uv2)-MOCK4
g 159 ICMV uv2) HIV4
o
o 104
=
S os
N

00

Day 11 postinfection
Figure 3. Effect of CMV UV-irradiation on HIV replication and cAMP
concentrations in MT-4 cells at Day 11 after infection. UV, and UV,
represent the same protocol mentioned in Figure 2. HIV replication
as determined by RT activity (A) was expressed as cpm/ml (X 10°).

However, cAMP levels (B & C) were expressed as pmol/107 cells.
The experimental data points represent the mean of three samples.

proliferative response was then measured at selected
time intervals after infection (Fig. 4). CMV inhibited
[*H]thymidine uptake by the cells, indicating that its
enhancing effect on HIV replication is not mediated
through stimulating cell proliferation. Moreover, UV-
irradiated CMYV failed to enhance [*H]thymidine up-
take above uninfected control cells.

Effect of Viable and UV-Irradiated CMV on PKC
Activity in MT-4 Cells and Peripheral Blood Mono-
nuclear Cells. To investigate the possibility that the
CMV structural component(s) has an alternative mech-
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Table I. Effect of Viable and UV-Irradiated CMV on
PKC Activity in MT-4 Cells and PBMC

PKC activity® Fold
Sample (pmol/min) activation
Expt 1
MT-4 2404 —
MT4 + CMV 6.4+09 3.0
MT4 + CMV-UV 19.0+14 8.0
Expt 2
PBMC 25+x05 —
PBMC + CMV 2707 1.1
PBMC + CMV-UV 13.1 = 21 5.2

* PKC activity was determined on Day 11 after infection. Samples
were run in duplicates + SD. Representative of three independent
experiments.

anism (if any) to induce HIV replication that is inde-
pendent of cAMP, MT-4 cells and peripheral blood
mononuclear cells (PBMCs) were infected at Day 0
with viable and UV-irradiated (10 min) CMV at an
MOI of 1 PFU/cell or its equivalent of the UV-irradi-
ated virus before inactivation. The cells were harvested
on Day 11 after infection for PKC determination. The
results as shown (Table I) revealed that the UV-irradi-
ated CMYV induced a 8.0- and 5.2-fold increase in PKC

220 CMV ENHANCEMENT OF HIV REPLICATION

activity in MT-4 cells and PBMC, respectively, com-
pared with the control cells. These findings might in-
dicate that a CMV structural component(s) enhanced
HIV replication via a PKC-dependent pathway.

Effect of Protein Kinase inhibitors on CMV-In-
duced Enhancement of HIV Replication. To answer
the question of whether CMV enhancement of HIV
replication was mediated by protein kinases A and C,
MT-4 cells (5 X 10%/limb) were treated with mixed
CMV/HIV infection in the presence of 10 uM H7 or
H8 (specific inhibitors of PKC and PKA, respectively)
and the RT activity was measured on Day 11 after
infection. The results as depicted in Table II revealed
that CMV enhancement of HIV replication was abro-
gated by H8. HIV replication in the presence of CMV
was enhanced by 1.7-fold compared with a 0.5-fold
increase in the presence of the PKA inhibitor. On the
other hand, UV-irradiated CMV enhanced HIV repli-
cation 4.8-fold. However, in the presence of H7 and
HBS the fold increase was only 1.6 and 3.8, respectively.
These findings indicate that PKA and PKC are directly
involved in CMV enhancement of HIV replication.

Effect of CMV on HIV Patients’ Isolates. The
effect of CMV on the replication of HIV in PBMC
obtained from HIV-infected individuals was examined
next. The phytohemagglutinin-stimulated normal
PBMC were infected with CMV, while the control cells
were mock infected. Both cells were then cocultivated
with PBMC from HIV-infected patients at a ratio of
1:2 as described previously (31). The culture superna-
tants were obtained at selected time intervals of cocul-
tivation and their HIV P24 Ag was measured. The
results using cells from four different patients showed
an enhancement and/or earlier expression of P24 Ag
when compared with cocultures without CMV infec-
tion (Fig. 5). These findings might help demonstrate
that CMV plays a crucial role in reactivation of HIV in
patients with AIDS.

Table Il. Effect of H7 and H8 on CMV-Induced
Enhancement of HIV Replication in MT-4 Cells

RT activity®
Treatment (cpm x 10%/  Fold increase
ml)

Mock 0-HIV4 289 + 92

Mock 0-HIV4 + H7? 706 + 284 24
Mock 0-HIV4 + H8°? 96 + 24 0.3
CMV 0-HIv4 497 £ 107 1.7
CMV 0-HIV4 + H7° 1035 + 169 3.6
CMV 0-HIV4 + H8® 144 + 44 0.5
(CMV-UV)0-HIV4 1398 + 246 48
(CMV-UV)0-HIV4 + H7® 477 + 78 1.6
(CMV-UV)0-HIV4 + H8” 1088 + 345 3.8

2 RT activity was assayed in duplicates (means + SD).
® Final concentration of H7 and H8 was 10 uM. Representative of
three independent experiments.
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Figure 5. Effect of CMV on the isolation of HIV from PBMC obtained from HIV-infected patients. CMV-infected, phytohemagglutinin (PHA)-
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represent the control group (O). At selected time intervals, HIV replication was monitored by determining HIV P24 Ag content (ng/ml) in the
coculture supernatants. Panels A, B, C, and D represent data points from four different patients.

Discussion

The present data indicate that CMV enhanced the
replication of HIV in MT-4 cells, confirming and ex-
tending observations reported by others using different
cell systems. The enhancement of HIV replication was
associated with increased intracellular cAMP levels.
The enhancement of HIV replication may be mediated
by the cAMP-dependent protein kinase A. Addition-
ally, the isolation of HIV from PBMC of HIV-infected
patients was enhanced after cocultivation with normal
PBMC infected previously with CMV.

In T cells, multiple events have been shown to be
activated via a PKA-dependent pathway (32). Infection
of MT-4 cells with either CMV or HIV in the present
study increased intracellular cAMP, while coinfection
of the same cells with both viruses enhanced the cellular
cAMP levels, and the latter paralleled an increase in
RT activity. The latter enhancement was also observed
when CMYV and inactivated HIV were combined, where
the increased HIV infectivity was associated with in-
creased cellular levels of cAMP when compared with
the mock-infected control. Furthermore, the PKA in-
hibitor H8 abrogated the CMV-induced enhancement
of HIV replication (Table II). Increasing intracellular

levels of cAMP by phosphodiesterase inhibitors, by
activation of adenylate cyclase, or by directly adding
dibuteryl cAMP also has been shown to enhance HIV
replication (33). Also, exposure of cells to x-irradiation
was shown to increase cellular levels of cCAMP (34). The
x-irradiation of HIV-infected MT-4 cells has been as-
sociated with a dose-dependent increase of both cellular
cAMP and RT activity (35). cAMP serves as a multi-
functional relay for mitogenic stimuli acting as an
intracellular signal for the proliferation of eukaryotic
cells. Its action is mediated via activation of PKA
through phosphorylation of specific protein substrates
that trigger DNA synthesis and oncogene expression.
Thus, secondary to PKA activation, cAMP induces
several of the well-known pleotypic biochemical mark-
ers of cell progression toward replication (36).

HIV replication is dependent upon cellular activa-
tion and proliferation. Though it is possible that CMV
enhanced HIV replication by the antigenic stimulation
of cells by CMV structural components, it is unlikely
that this pathway is a major contributor, since viable
CMV inhibited MT-4 cellular proliferation as deter-
mined by [*H]thymidine uptake. The possibility that
CMYV upregulates the HIV receptor on MT-4 cells was
also examined. However, the rate of adsorption of
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radiolabeled HIV to CMV-infected cells was not differ-
ent from its rate of adsorption to control uninfected
cells (data not shown). Moreover, the expression of
CD4 molecules on the surface of CMV-infected MT-4
cells was not enhanced when measured by flow cyto-
metric analysis (data not shown).

Supporting the hypothesis for the role of cAMP in
the CMV-mediated enhancement of HIV, a recent re-
port showed that PKA pathway activators (forskolin, 8-
bromo cAMP, and prostaglandin E2) synergized with
CMYV immediate early proteins in the transactivation
of HIV long-terminal repeats in a CD4* human lym-
phoblastoid cell line derived from JURKAT cells (37).
Furthermore, CMV has been shown to encode for three
G-protein-coupled receptor homologs. In other sys-
tems, the G-protein-coupled receptor homologs trigger
increases or decreases of cellular cAMP (38).

The fact that UV-inactivation of CMV also en-
hanced the replication of HIV indicates that a structural
component(s) of CMV might also be involved in me-
diating this effect. The enhancement, however, was not
secondary to stimulation of cellular proliferation by
those structural components as the rate of proliferation
with UV-irradiated CMV-infected cells was not higher
than in mock-infected cells as determined by [*H]thy-
midine uptake and apparently was independent of
changes in cCAMP.

A role for PKC in the CMV-mediated events can-
not be ruled out, since T cell activation by phytohe-
magglutinin in the absence of infection has been shown
to be preceded by enhanced PKC activity. Furthermore,
CMV stimulated PKC activity (Table I) and PKC in-
hibitor H7 resulted in marked inhibition of the UV-
irradiated CMV-induced enhancement of HIV repli-
cation (Table II). Moreover, PKC has been reported to
influence some cellular responses, including the hy-
drolysis of phosphatidylinositol to inositol phosphates
and diacylglycerol (39, 40). The latter in the presence
of Ca** ultimately lead to the activation of PKC. More-
over, the replication of HIV has been shown to be
sensitive to PKC inhibitors (41).

The present data suggest that CMV enhance HIV
replication by several mechanisms: one dependent
upon infectious virus that is cAMP-dependent, and
another triggered by structural components of CMV,
which is probably receptor mediated, independent of
cAMP, and perhaps PKC mediated.

This research has been supported in part by grants from the
James W. McLaughlin and the Moody Foundations, Galveston, TX,
and Public Health Service Grant A129908 from the National Insti-
tutes of Health, Bethesda, MD. The authors would like to acknowl-
edge Tammy LeBlanc for typing the manuscript.

1. Meyers JD, Flournoy N, Thomas ED. Nonbacterial pneumonia

222 CMV ENHANCEMENT OF HIV REPLICATION

10.

1.

12.

14.

15.

16.

17.

18.

19.

20.

of the allogenic marrow transplantation: A review of ten years
experience. Rev Infect Dis 4:1119-1132, 1982.

. Neiman PE, Reeves W, Ray G, Flournoy N, Lerner RG, Sale

GE, Thomas ED. A prospective analysis of interstitial pneumonia
and opportunistic viral infection among recipients of allogenic
bone marrow grafts. J Infect Dis 136:754-767, 1977.

. Stinson EB, Bieber CP, Griepp RB, Clark DA, Shumway NE,

Remington JS. Infectious complications after cardiac transplan-
tation in man. Ann Intern Med 74:22-36, 1971.

. Hill RB Jr, Rowlands DT, Rifkind D. Infectious pulmonary

disease in patients receiving immunosuppressive therapy for or-
gan transplantation. N Engl J Med 271:1021-1027, 1964.

. Stover DE, White DA, Romano PA, Gellene RA, Robeson WA.

Spectrum of pulmonary diseases associated with the acquired
immunodeficiency syndrome. Am J Med 78:429-437, 1985.

. Emanuel D, Peppard J, Stoever BSD, Gold J, Armstrong D,

Hammerling U. Rapid immunodiagnosis of cytomegalovirus
pneumonia by bronchoalveolar lavage using human and murine
monoclonal antibodies. Ann Int Med 104:476-481, 1986.

. Wallace JM, Hannah J. Cytomegalovirus pneumonitis in patients

with AIDS. Chest 9212:198-203, 1985.

. Quinan GV Jr, Masur H, Rook AH, Armstrong G, Frederick

WR, Epstein J, Manischowitz JF, Macher AM, Jackson L, Ames
J, Smith HA, Parker M, Pearson GR, Parrillo J, Mitchell C,
Strauss SE. Herpes virus infections in the acquired immunode-
ficiency syndrome. JAMA 52:72-76, 1984.

. Niedt GW, Schinella RA. Acquired immunodeficiency syn-

drome: Clinicopathologic study of 56 autopsies. Arch Pathol Lab
Med 109:727-734, 1985.

Reichert CM, O’Leary TJ, Levens DL, Simrell CR, Macher AM.
Autopsy pathology in the acquired immunodeficiency syndrome.
Am J Pathol 112:357-382, 1983.

Freeman WR, Lerner CR, Mines JA, Lash RS, Nadel AJ, Starr
MB, Tapper ML. A prospective study of the ophthalmologic
findings in the acquired immunodeficiency syndrome. Am J
Ophthalmol 97:133-142, 1984.

Palestine AG, Rodriguez MM, Macher AM, Chan C, Lane HC,
Fauci AS, Masur H, Longo D, Rechiert CM, Steis R, Rook AH,
Nussenblatt RB. Ophthalmic involvement in acquired immu-
nodeficiency syndrome. Ophthalmology 91:1092-1099, 1984.

. Khadem M, Kalish SB, Goldsmith J, Fetkenhour C, Ogrady RB,

Phair JP, Chrobak M. Ophthalmic findings in acquired immu-
nodeficiency syndrome (AIDS). Arch Ophthalmol 102:201-206,
1984.

Glasgow BJ, Anders K, Layfield LJ, Steinsapir KD, Gitnick GL,
Lewin KJ. Clinical and pathological findings of the liver in the
acquired immunodeficiency syndrome (AIDS). Am J Clin Pathol
83:582-588, 1985.

Skolnik PR, Kosloff BR, Hirsch MS. Bidirectional interactions
between human immunodeficiency virus type I and cytomeg-
alovirus. J Infect Dis 157(3):508-514, 1988.

Davis MG, Kenny SC, Kamine I, Pagano IS, Huang ES. Imme-
diate-early gene region of human cytomegalovirus transactivates
the promotor of human immunodeficiency virus. Proc Natl Acad
Sci USA 84:8642-8646, 1987.

Barry PA, Pratt LE, Peterlin BM, Luciw PA. Cytomegalovirus
activates transcription directed by the long terminal repeat of
human immunodeficiency virus type 1. J Virol 46(6):2932-2940,
1990.

Barry PA, Pratt LE, Unger RE, Marthas M, Alcender DJ, Luciw
PA. Molecular interactions of cytomegalovirus and the human
and simian immunodeficiency virus. J Med Primatol 19(3-
4):327-337, 1990.

Barry PA, Pratt LE, Unger RE, Luciw PA. Cellular factors
regulate transactivation of human immunodeficiency virus type
1. J Virol 65(3):1392-1399, 1991.

Ayra SK, Sethi A. Stimulation of human immunodeficiency virus



21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

type 2 (HIV-2) gene expression by the cytomegalovirus and HIV-
2 transactivator gene. AIDS Res Hum Retroviruses 66(5):649-
658, 1990.

Biegalke BJ, Geballe AP. Sequence requirements for activation
of the HIV.] LTR by human cytomegalovirus. Virology
183(1):381-385, 1991.

Nokta MA, Pollard RB. Patterns of interferon production by
peripheral blood mononuclear cells from patients with human
immunodeficiency virus infection. J Interferon Res 10:173-181,
1990.

Nokta MA, Pollard RB. Human immunodeficiency virus infec-
tion: Association with altered intracellular levels of cAMP and
c¢GMP in MT-4 cells. Virology 181:211-217, 1991.

Nokta M, Lee C, Steinsland OS, Albrecht T. Inhibition of cyto-
megalovirus induced cytomegaly and nuclear inclusions by cyclic
nucleotide modulators. In: Rapp F, ed. Herpesviruses. New York:
Alan R. Liss, pp465-475, 1984.

Nokta M, Eaton D, Steinland OS, Albrecht T. Ca?* responses in
cytomegalovirus-infected fibroblasts of human origin. Virology
157:259-267, 1984.

Nokta M, Fons M, Eaton D, Albrecht T. Cytomegalovirus: Na*
entry and development of cytomegaly in human fibroblasts.
Virology 146:411-419, 1988.

Lee CH, Albrecht T. Cyclic nucleotide responses to cytomegalovi-
rus (CMV) infection: Partial correlation with inhibition of CMV
yields by Papaverine. In: Abstracts of the Twelfth International
Herpesvirus Workshop. Philadelphia: p382, July 30-August 4,
1987.

Albrecht T, Lee CH, Speelman DJ, Steinlands OS. Inhibition of
cytomegalovirus replication by smooth muscle relaxing agents.
Proc Soc Exp Biol Med 186:41-46, 1987.

Poiez BJ, Ruscett FW, Gazdar AF, Bunn PA, Minna JD, Gallo
RC. Detection and isolation of type ¢ retrovirus particles from
fresh and cultured lymphocytes of a patient with cutaneous
T-cell lymphoma. Proc Natl Acad Sci USA 77:7415-7419, 1980.
Windbank KP, Abraham RT, Pows G, Olsen RA, Barna TJ,
Leisbon PJ. Signal transduction during human natural killer cell
activation: Inositol phosphate generation and regulation by cyclic
AMP. J Immunol 141:3951-3957, 1988.

Nokta MA, Pollard RB. HIV replication; Modulation by cellular

32.

33.

34.

3s.

36.

37.

38.

39.

40.

41.

CMV ENHANCEMENT OF HiV REPLICATION

levels of cyclic AMP. AIDS Res Hum Retroviruses 8(7):1255-
1261, 1992.

Lerner A, Jacobson B, Miller R. Cyclic AMP concentrations
modulate both calcium flux and hydrolysis of phosphatidylino-
sitol phosphates in mouse T-lymphocytes. J Immunol 140:936-
940, 1988.

Nokta MA, Pollard RB. Differential effect of cyclic nucleotide
modulators on HIV replication. Ann NY Acad Sci 616:558-562,
1990.

Somosy Z, Takas A, Kubasova T, Sudar F, Koteles GJ. Effect of
x-irradiation on adenylate cyclase activity and cyclic AMP con-
tent of primary human fibroblasts. Scanning Microscopy 2:2165-
2172, 1988.

Nokta M, Belli J, Pollard RB. X-irradiation enhances in vitro
human immunodeficiency virus replication: Correlation with
cellular levels of cAMP. Proc Soc Exp Biol Med 200:402-408,
1992,

Dumont JG, Jauniaux JC, Roger PP. The cyclic AMP-mediated
stimulation of cell proliferation. Trends Biochem Sci 14(2):67-
71, 1989.

Paya CV, Vireliziev JL, Michelson S. Modulation of T-cell
activation through protein kinase C or A-dependent signaling
pathways synergistically increases human immunodeficiency vi-
rus long terminal repeat induction by cytomegalovirus immediate
early proteins. J Virol 65(10):5477-5484, 1991.

Chee MS, Satchwell SC, Preddie E, Weston KM, Barrell BG.
Human cytomegalovirus encodes three G protein—coupled
homologues. Nature 344:774-777, 1990.

Abu Bakar S, Boldogh I, Albrecht T. Human cytomegalovirus
stimulates arachidonic acid metabolism through pathways that
are affected by inhibitors of phospholipase A; and protein kinase
C. Biochem Biophys Res Commun 166(2):953-959, 1990.
Albrecht T, Boldogh I, Fons M, Abu Bakar S, Deng CZ. Cell
activation signals and the pathogenesis of human cytomegalovi-
rus. Intervirology 31(2-4):68-75, 1990.

Lawrence J, Sikder SK, Jhaveri S, Salmon JE. Phorbol ester
mediated induction of HIV-1 from a chronically infected pro-
monocyte clone: Blockage by protein kinase inhibitors and rela-
tionship to tat-directed transactivation. Biochem Biophys Res
Commun 166:349-357, 1990.

223



