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Abstract

Cytomegalovirus (CMV) is an important cause of disease in
the immunocompromised patient and CMVinfection is asso-
ciated with predominantly mononuclear inflammatory re-
sponse. Since products of the CMVimmediate early (IE) gene
region are potent trans-activators, we used the monocyte cell
line THP-1 and a transient transfection assay to determine if
these viral proteins upregulate expression of the TNF gene.
The IE genes of CMVupregulated TNFgene activity as judged
by increases in promoter activity, steady state mRNA,and pro-
tein production. The presence or absence of the 3' untranslated
region of the TNF gene did not affect gene expression induced
by the IE gene products. These studies suggest that activation
of TNFgene expression by the CMVIE gene products may, in
part, account for the inflammatory response associated with
CMVinfections. (J. Clin. Invest. 1994. 93:474-478.) Key
words: Northern analysis * ELISA * CATassay * transfectiona
untranslated region

Introduction

TNF is a cytokine with many biological effects (1). One of the
important functions of TNF is to modulate inflammatory pro-
cesses during various types of infection, especially bacterial in-
fections (2-4). TNFhas also been associated with the wasting
syndromes that characterize chronic infections or malignancy
(5), as well as with the lethal effects of Gram-negative septice-
mia and/or endotoxemia (6). In this regard, antibodies to
TNF inhibit the lethal effects of endotoxin in animal models
(7). Although it is clear that endotoxin derived from bacteria is
an important trigger for TNF release, we postulated that viral
proteins may also play a role in TNF production and release.

Cytomegalovirus (CMV)' is an important cause of pneu-
monia in immunocompromised patients (8, 9), and the ex-
pression of this virus in the lung also appears to trigger an
inflammatory process in the lung (10, 11). After infection,
CMVsequentially expresses its immediate early (IE), early,
and late genes. The IE genes of CMVautoregulate their own
expression, as well as the expression of both the early and late
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genes ( 12). The IE genes have also been shown to modulate the
expression of other, heterologous, viral genes ( 13), including
those of the human immunodeficiency virus ( 14) and adenovi-
rus ( 15, 16). Previous studies from our laboratory have demon-
strated that the CMVIE gene products can upregulate cell-de-
rived genes, including IL- I ( 17, 18) and IL-2, and IL-2R ( 19).
Other immediate early cellular genes have also been shown to
be sensitive to the presence of the CMVIE gene products
(20, 21).

Since CMVinfection of human monocytes and tissue mac-
rophages can induce TNF production (22), we hypothesized
that the CMVIE gene products, specifically, play an important
role in the upregulation of TNFgene expression. Using a mono-
cyte tissue culture system, we determined whether the CMVIE
gene products could upregulate the TNF promoter and in-
crease the amounts of steady state TNFmRNAand TNFpro-
tein. Wefound that the CMVIE gene products strongly upregu-
lated expression of the TNFgene. These studies suggest that the
inflammatory response seen in CMVinfection may, in part, be
due to the effect of the CMVIE gene products on TNFproduc-
tion.

Methods

Cell Culture. THP- 1 cells (a monocytic cell line) were grown in suspen-
sion in RPMI 1640 (University of Iowa Cancer Center, Iowa City, IA)
supplemented with 10% FCS (Sigma Chemical Co., St. Louis, MO),
2.0 mML-glutamine (University of Iowa Cancer Center), and genta-
micin (80 ig/ml) at 37°C in an atmosphere of 5%CO2. Cells isolated
from these cultures were transfected during the log phase of their
growth.

Plasmids. Construction of all IE plasmids has been described previ-
ously ( 15, 23, 24). The plasmid, pLink760 (control) contains only the
CMVIE promoter-regulatory region and consists of a 760-bp Sau3A-I
fragment cloned into the bacterial vector pAT1 53. The plasmid pIEl
(pSVCC I ) contains the CMVIE promoter-regulatory region upstream
of the bona fide IE 1 gene; it contains the 3.6-kb ClaI restriction frag-
ment, which spans the IE I gene as well as the CMVIE promoter-regu-
latory region cloned into the plasmid pSVOd. Plasmid pIE2
(pCSdlAcc) contains the CMVIE promoter-regulatory region up-
stream of the bona fide IE2 gene. Finally, pIE 1 + 2 (pSVCS) contains
the IE promoter-regulatory region upstream of both the IE1 and IE2
genes (25). The TNFCATplasmids were constructed as previously
described (26). 5TNFCAT contains a 2.9-kb fragment, which in-
cludes the 5TNF untranslated region and the CATgene. 5'TNFCAT3'
is similar to 5TNFCATexcept that it contains a 1,02 1-bp fragment,
which encompasses the 3' untranslated region (UTR) of the TNFgene,
located downstream from the CATgene. Fig. 1 schematically displays
these plasmids along with the 5' and 3' limits of each promoter. In
addition, a series of plasmids that contain various deletions in IE 1 or
IE2 were used to determine the effect of the specific proteins in these
interactions. These mutated plasmids have been described previously
and have been shown to express protein (25).

Transfections. THP- 1 cells were transfected via the DEAE-Dextran
method as previously described (27). Briefly, the cells were washed and
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Figure 1. Schematic representation of the plasmid constructs used in
these studies, along with the 5' and 3' extents of each promoter. Con-
struction of the plasmids is described in Methods.

resuspended in serum-free medium at a density of 10 X 106 cells/ml. 1
ml of cells was added to 10 ml of serum free medium containing 100
jug/ml DEAE-Dextran (Pharmacia Fine Chemicals, Piscataway, NJ),
50 mMTris, and 1 Ag/ml of each plasmid DNAthat was used. The cells
were incubated in this medium for 20 min and then washed and resus-
pended in fresh medium containing 10% FCS for 48 h. For Northern
blots, the cells were resuspended in fresh media for 24 h and then
harvested at subsequent time intervals. In some experiments, LPS ( 10
,ig/ml; Sigma Chemical Co.) was added at varying time intervals after
transfection. Autoradiograms were quantitated using laser densi-
tometry.

Differentiation. THP-1 cells were differentiated using a combina-
tion of hydrocortisone (HC; Sigma Chemical Co.) and phorbol 12-
myristate 13-acetate (PMA; Sigma Chemical Co.). Cells were har-
vested and counted. 106 THP-l cells were added to 4 ml RPMI with
10% FCS. The cultures were supplemented with hydrocortisone to a
final concentration of 5 x 10-5 M. After 2 d the medium was changed
and a similar amount of hydrocortisone was added. 3 d later the me-
dium was again changed and supplemented with hydrocortisone. In
addition, PMAwas added to a final concentration of 2 X 10-8 M. Cells
were then infected with the Towne CMVlaboratory strain at a multi-
plicity of infection (MOI) of 10. Supernatants were harvested at
various time points after infection.

CAT assays. Cell extracts were prepared and assayed as previously
described (28). ['4C]Chloramphenicol (0.1 Ci; New England Nu-
clear, Wilmington, DE) was incubated with 10 mMacetyl coenzyme A
and 100 0I of cell extract for 1 h at 37°C. The percentage of ['4C]-
chloramphenicol that was converted to its acetylated derivatives was

Control plE1 plE2 plEl +2

determined using ascending thin layer chromatography (TLC). Radio-
activity was quantitated using an automated TLC scanner (Radioma-
tic, Tampa, FL).

Northern blot analysis. Total endogenous cellular RNAwas iso-
lated by using the guanidine isothiocyanate method (29). RNAwas
loaded onto a 1.5% agarose gel at a concentration of 10 ,g RNA/lane.
After electrophoresis, the RNAwas transferred to a nylon membrane
(Gene Screen Plus; New England Nuclear). Hybridization was per-
formed at 60'C using a TNFcDNAprobe (obtained from B. Beutler,
University of Texas, Southwestern) labeled with [ 32p] dCTP(New En-
gland Nuclear) in a nick translation system (Bethesda Research Labora-
tories, Gaithersburg, MD). Autoradiograms were developed after a 6-h
exposure. Autoradiograms were quantitated using laser densitometry.
Ethidium bromide staining of the gel was performed to ensure equal
loading.

Protein determination. Endogenous TNF protein produced by
transfected and infected THP- 1 cells was assayed using a commercially
available TNF ELISA (Endogen, Inc., Boston, MA). Supernatants
were obtained from TNFcells transfected with either the control plas-
mid or pIE 1 + 2. These supernatants were obtained at variable inter-
vals after stimulation with LPS.

Results

Effects of the CMVIEgene products on expression of TNFCAT
in THP-1 cells. To determine the effects of the CMVIE gene
products on TNF gene expression, THP- 1 cells were cotrans-
fected with one of the TNFCATconstructs (i.e., 5 TNFCATor
5'TNFCAT3') and one of the CMVIE effector plasmids (i.e.,
control, pIEl, pIE2, or pIEl + 2) (Fig. 1). For each transfec-
tion cells were stimulated for 24 h with LPS (10 ug/ml). Both
IE 1 and IE2 increased expression of the TNF promoter (Fig.
2). More CAT activity was noted when both the lE 1 and IE2
gene products were present. No promoter activity was noted in
the presence of the control plasmid. The presence of the TNF3'
UTRmarkedly inhibited (by - 80%) the ability of LPS and
the CMVIE gene products to upregulate the TNF promoter
(Fig. 2). However, even in the presence of the 3' UTR, the
presence of the CMVIE gene products upregulated the TNF
promoter to a greater degree than with stimulation alone (Ta-
ble I).

Effect of mutant CMVIE gene products on expression of
TNFCAT in THP-I cells. To determine whether the effect of
the CMVIE gene products was due to the CMVIE protein or
to other aspects of the plasmid, THP- 1 cells were cotransfected
with the 5 'TNFCAT plasmid and with one of the CMVIE l or

Figure 2. CMVIE gene products upregulate the TNF
promoter. THP- 1 cells were cotransfected with one
of the CMVIE gene products and either 5TNFCAT
(left) or 5TNFCAT3' (right). Cells were stimulated
24 h after transfection with LPS (10 ,ug/ml) and har-
vested after an additional 24 h in culture. (Top) Rep-
resentative experiment. (Bottom) Results from three
separate experiments expressed as percent conversion
of [ '4C] chloramphenicol to its acetylated derivatives.
Results are expressed as the mean + SEM.
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Table I. The CMVIE Gene Products Upregulate
the TNFPromoter Despite the Presence of the 3' UTR

Percent Fold
conversion increase

Control 0.3 1
LPS alone 1.3 4.3
LPSand IEI + 2 6.4 21

THP- 1 cells were transfected and CATassays were performed as de-
scribed in Methods. All groups were transfected with the 5TNFCAT3'
plasmid. Control, cells also transfected with the control CMVplasmid
and not stimulated with LPS; LPS alone, cells also transfected with
the CMVcontrol plasmid and stimulated with LPS; LPS and IE 1 + 2,
cells also transfected with the pIE I + 2 plasmid and stimulated with
LPS. Percent conversion represents conversion of [14C]-
chloramphenicol to its acetylated derivatives. Fold increase compares
CATactivity in experimental groups of cells to control cells, which
are assigned a fold increase of 1.

IE2 plasmids, which are known to produce defective proteins.
For each transfection cells were stimulated as above. Mutations
in any part of either IE 1 or IE2 resulted in a marked decrease in
TNFpromoter activity as compared with the wild type IE 1 or
IE2 protein (Fig. 3). These data suggest that it is the CMVIE
proteins, either IE 1 or IE2, that are directly responsible for the
increase in TNF promoter activity.

Effect of the CMVIE gene products on endogenous TNF
gene expression in THP-J cells. Since the ability of the CMVIE
gene products to enhance expression of the TNFpromoter was
strongly modulated by the presence of the 3' UTR, we assessed
the ability of the CMVIE gene products to effect steady state
levels of endogenous TNF RNA. Whole cell RNAwas ob-
tained from THP- 1 cells transfected with either the control
plasmid or pIE 1 + 2. Whole cell RNAwas then detected by
Northern blot analysis (30). The human TNF probe detected
an RNAspecies of - 1.5 kb. The presence of the CMVIE gene
products increased the amount of steady state TNFRNA(Fig.
4). The steady state level of TNFRNAincreased 1.2-fold at 1
h, 3-fold at 3 h, and 7-fold at 5 h. By 24 h no significant differ-
ences were noted. These differences could not be accounted for
on the basis of differences in loading as demonstrated by ethi-
dium bromide staining, nor did the presence of the CMVIE
gene products influence the expression of actin mRNA(data
not shown). These data indicate that the CMVIE gene prod-
ucts increased the steady state levels of endogenous TNFRNA.

Effect ofthe CMVIEgene products on TNFprotein produc-
tion in THP-J cells. Having shown that the CMVIE gene prod-
ucts upregulate expression of the TNF gene, we determined
whether there was also an increase in TNFprotein production.
THP- 1 cells were transfected with either the control plasmid or
the plasmid containing pIE 1 + 2. Cells were cultured for 24 h
and then treated with LPS. Supernatants were harvested after
varying time intervals and assayed for the presence of TNF
protein production using a commercially available TNF
ELISA.

TNF production peaked at 3 h after stimulation with LPS
in the absence or presence of the CMVIE gene products. How-
ever, the amount of TNF produced in the presence of the IE
gene products was significantly greater than that of the control
cells (Fig. 5). Both the control cells and the cells transfected
with the CMVIE gene products showed increased TNFproduc-

A. IEl Mutants
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Figure 3. Mutations in the CMVIE gene products abolish upregula-
tion of the TNFpromoter. THP- I cells were cotransfected with the
5TNFCATand with plasmids expressing mutant CMVIE proteins.
Cells were stimulated 24 h after transfection with LPS (100sg/ml)
and harvested after an additional 24 h in culture. On the abscissa are
the IE mutant plasmids and on the ordinate is conversion of unace-
tylated chloramphenicol (CM) to its acetylated derivatives (CM-i-AC
and CM-3-AC). (A) A representative experiment where THP- I cells
were transfected with various pIE 1 plasmids. Cells were transfected
with either the wild type pIE I (lane I) or with an IE I plasmid with a
155-amino acid deletion in exon 4 (lane 2), an IEI plasmid with a
173-amino acid deletion in exon 4 (lane 3), or an IEI plasmid with
a 143-amino acid deletion in exon 4 (lane 4). These deletions are
overlapping and cover the entire coding region for exon 4. (B) A
representative experiment where THP- 1 cells were transfected with
various pIE2 plasmids. Cells were transfected with either the wild
type pIE2 plasmid (lane 1), or a plasmid that codes for a smaller IE2
protein (lane 2), or plasmids with a 52-amino acid deletion in exon
3 (lane 3), a 25-amino acid deletion in exon 5 (lane 4), a 169-amino
acid deletion in exon 2 (lane 5) or a 290-amino acid deletion in exon
5 (lane 6). The deletions in exon 5 are not overlapping.

tion in response to increasing doses of LPS (Fig. 6). Again, the
response was significantly higher in the cells containing the
CMVIE gene products (Fig. 6).

To determine whether these effects were also seen with
CMVinfection, THP- 1 cells were differentiated with hydrocor-
tisone and PMA. Cell supernatants were harvested at various
time points after infection. TNF production increased to a
peak of 268 pg/ 106 cells at 24 h after infection in differentiated
cells. Uninfected cells had no TNFactivity despite differentia-
tion (data not shown).

A B A B A B

1 h 3 h 5 h

A B

24 h
Figure 4. CMVIE gene products upregulate steady state TNFmRNA.
THP- 1 cells were transfected as described in Methods and allowed
to incubate for 24 h. Cells were then harvested at varying time inter-
vals and RNAwas extracted as described in Methods. The time points
on the abscissa represent intervals after the 24-h incubation period
posttransfection. Equal amounts of RNAwere loaded on to 1.5%
agarose gels. Blots were transferred to a nylon membrane and probed
with a 32P-labeled TNFprobe. Autoradiograms were obtained after
a 6-h exposure.
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Figure 5. The presence of the CMVIE gene products upregulates
TNF protein production over time. THP-1 cells were transfected as
described in Methods. Cells were cultured for 24 h and then stimu-
lated with LPS. Supernatants were harvested after varying time inter-
vals after LPS exposure. On the abscissa is time (h) and on the ordi-
nate is TNFproduction (pg/ml per 106 cells). Cells were transfected
with the plasmid containing the CMVIE I + 2 genes (filled dia-
monds) or with the control plasmid (open squares). Shown is a rep-
resentative study of three separate experiments that demonstrated
the same effect.

Discussion

These studies demonstrate that the CMVIE gene products can
enhance expression of the TNFgene. The effect of the IE gene
products in THP- 1 cells appeared to be due to the activity of
both the IE I and IE2 gene products. Mutations in the CMV
IE I or IE2 protein abolished this effect. Although the ability of
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Figure 6. The presence of the CMVIE gene products upregulates
TNFprotein production over a range of LPS concentrations. THP- 1
cells were transfected and harvested as noted in Methods. Various
concentrations of LPS are noted on the abscissa. On the ordinate is
TNFprotein production (pg/ml per 106 cells). Cells were transfected
with the plasmid containing the CMVIE 1 + 2 genes (filled dia-
monds) or with the control plasmid (open squares). Shown is a rep-
resentative study of three separate experiments that demonstrated
the same effect.

the IE gene products to upregulate the TNF promoter was
strongly modulated by the 3' UTR, the presence of the CMVIE
gene products resulted in increased amounts of steady state
TNFmRNAand protein. Whether the CMVIE gene products
directly increased mRNAproduction or increased message sta-
bility is not addressed by these studies. While stimulation with
LPS also upregulates TNF protein production, the effect of
LPS stimulation was much greater in the cells transfected with
the CMVIE gene products, implying an additional effect from
the presence of the CMVIE gene products. CMVinfection of
differentiated THP- I cells also resulted in increased TNF pro-
duction, confirming that THP- 1 cells are a reasonable model
for CMVinfection of monocytes and macrophages.

Regulation of transcription from the TNF gene has not
been fully elucidated. Like most cytokine genes, the TNFpro-
moter-regulatory region contains several elements that modu-
late production (31 ). A key feature of the promoter is the pres-
ence of four NF-KB motifs that appear important in the regula-
tion of the promoter (32, 33). A cyclic AMPresponse element
has been noted, along with SP- 1 and AP-2 sites, within 130 bp
of the transcriptional start site (34). In addition, TNF is one of
a series of genes that is also controlled by a specific sequence in
the 3' UTR(35). This motif has also been noted in the inter-
feron and IL-1 genes. This region appears to negatively affect
RNAmessage stability and subsequently limit protein produc-
tion. Although it is clear that the CMVIE gene products upregu-
late the TNFpromoter, steady state RNA, and protein produc-
tion, the exact mechanism of action of these viral gene prod-
ucts remains to be determined. Studies have demonstrated that
IE 1 may indirectly stimulate transcription from a region in the
5' promoter of the IL- 1 gene that binds a nonviral cellular
factor ( 18, 36). However, a similar motif has not been noted in
the TNF promoter.

A recent report by Smith et al. (22) noted an increase in
TNFprotein production from monocytes infected with CMV.
In addition, infection of THP- I cells with the laboratory strain
of CMVAD169 resulted in an increase in TNFprotein produc-
tion (37). This study represents the first report of the effect of
specific viral proteins on expression of the TNF gene.

Several other reports have demonstrated interactions be-
tween other infectious agents and the TNF gene. Becker et al.
(38) demonstrated that macrophages infected with respiratory
syncytial virus produced increased levels of TNF mRNAand
protein. Although the mechanism for this finding was not de-
fined, the effect was seen 1 h after infection. Goldfeld et al. (39)
demonstrated upregulation of TNF in fibroblasts and mono-
cytes using Sendai virus and LPS. Using promoter deletion
plasmids, they were able to demonstrate that the NF-KB sites
located in the TNFpromoter are not necessary for viral induc-
tion of the TNF gene by Sendai virus. Other studies have
shown that the interaction between HIV- 1 and the CD4 recep-
tor on mononuclear cells results in an increase in TNFproduc-
tion (40). Finally, it appears that cells previously infected with
HIV- 1 demonstrate augmented expression of TNFafter infec-
tion with a second virus (41 ). This is particularly important in
light of the current study with CMV, as CMVis a frequent
copathogen in patients with HIV infection (42, 43). The rela-
tively nonspecific response of TNF to infectious agents may
provide a simple mechanism for immune control of an invad-
ing pathogen and a preliminary step toward immune surveil-
lance.

In summary, patients with CMVinfection display an in-
flammatory response marked by monocyte infiltration (10,
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44). Recent studies strongly suggest that one part of this inflam-
matory process is the release of TNF (22). This study strongly
suggests that the CMVIE gene products upregulate expression
of the TNFgene during CMVinfection.
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