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Abstract. This is the first study documenting the induction of y-interferon (IFN-y) in
human embryonic fibroblasts during human cytomegalovirus (HCMV) replication. In-
fection of cells with HCMV resulted in the consistent production of IFN-y RNA, as
determined by RT-PCR and Northern blot analysis. Western blot analysis of cell lysates
and immunoprecipitates from the cultural fluids of infected celis demonstrated the
presence of IFN-y at the protein level. Induction of IFN-y required infectious HCMV,
since high-dose ultraviolet inactivation of the virus stock eliminated IFN-y production.
Further, IFN-y induction appears to be a late event in the virus replication cycle, since
inhibition of HCMV DNA synthesis (e.g., phosphonoacetic acid) blocked the increase
in IFN-y. Soluble factor(s) released from HCMV-infected cells apparently did not con-
tribute to the induction of IFN-y, since virus stocks from which virus had been removed
by sedimentation did not induce production of IFN-y. The appearance of IFN-y at late
stages of HCMV infection and its elimination in the presence of an inhibitor (Actinomy-
cin D) of RNA synthesis indicate a true transcriptional induction of this lymphokine
at the RNA and protein levels. The significance of IFN-y production with regard to the
replication and pathogenesis of HCMV in vitro and in vivo will require further investi-

gation.

[P.S.E.B.M. 1997, Vol 215]

number of studies have shown that immunoreg-
Aulatory cytokines may be produced and released

from human cytomegalovirus (HCMV)-
infected cells, supporting the possibility that cytokines
may play a role in modulating the effects of HCMV
infection. For example, in vitro infection of fibroblasts
results in an increase in the expression of tumor necrosis
factor-a (TNF-a), interleukin-6 (IL-6), IL-1, platelet-
derived growth factor (PDGF), and transforming
growth factor— (TGFB) (1, 2). Exposure of peripheral
blood leukocytes (PBLs) to HCMYV results in enhanced
production of y-interferon (IFN-v), colony-stimulating
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factor (CSF), TNF-a, and IL-1B (3-6). Infection of bone
marrow cells with HCMV results in increased production
of IFN-a, IFN-vy, TNF-« (5), IL-6, and basic fibroblast
growth factor (BFGF) (7), and transiently suppresses IL-
la and IL-1B production (8). Similar findings have been
obtained in transplant recipients, where increased levels
of IL-2, IL-6, and IFN-y were noted in bronchoalveolar
fluids (9, 10) and the levels of circulating IL-2 receptor
in the sera were elevated (11). These observations made
both in vitro and in vivo are consistent with the notion
that HCMYV infection is accompanied by modification of
cytokine production.

While IFN-a and -B are produced by multiple cell
types, it has been generally thought that IFN-v is pro-
duced only by cells of immune lineage—that is, T cells
(CD8", subsets of CD4%), B cells, natural killer (NK)
cells, and macrophages (12-15). Fibroblasts, in particu-
lar, are associated with the production of IFN-a and
-B, and not with the production of IFN-y. Recent data
in the murine system, however, has indicated that cells
of nonimmune origin may produce IFN-y in response
to conventional IFN-a and - inducers (i.e., Newcastle
disease virus and the synthetic polyribonucleotide poly
rIrC) and, interestingly, in response to IFN-y itself (16).



Considering the above effects of HCMV on the IFN
system and on cytokines in general, we investigated
the effect of HCMYV infection on IFN-y production in
diploid human fibroblasts.

In this study, we demonstrate for the first time the
induction of IFN-y at the RNA and protein levels in
human embryonic lung fibroblasts after HCMYV infec-
tion. This induction occurs during the late stages of
infection and requires viral DNA synthesis. These find-
ings, when considered together with those describing
the effect of HCMYV infection on cytokine production
by epithelial and endothelial cells, suggest that the possi-
bility that IFN-y may be involved in the replication and/
or pathogenesis of HCMYV infections.

Materials and Methods

Cells. Fibroblast cells of human origin (LU, WI-38)
were maintained in Eagle’s minimum essential medium
(EMEM; Sigma Chemical Co., St. Louis, MO) con-
taining 10% fetal bovine serum (FBS), supplemented
with glutamine (292 mg/l), streptomycin (100 pg/ml),
and penicillin (100 U/ml). WISH cells were propagated
in EMEM supplemented with 5% FBS. The cell cultures
were routinely examined for mycoplasma contamina-
tion using Hoechst 33258.

Virus Propagation. HCMV (strains AD-169, C-
87, Davis and clinical isolates 83-1, 84-2 [17]) was propa-
gated in LU cells, and the infectivity was determined by
plaque assay as described previously (18). For selected
experiments, culture fluids from infected cells were ini-
tially cleared of debris by low-speed sedimentation for
15 min in a Beckman JA-14 rotor at 10,000 rpm. HCMV
was sedimented from the clarified fluids (Beckman SW-
28 rotor; 27,000 rpm; 1 hr). This procedure allowed for
a 100-fold concentration of the infectivity, as determined
by plaque assay.

Virus Inactivation. Virus suspensions were inacti-
vated by exposure to ultraviolet (UV) light. A Thomas
UV lamp with a GE-G8TS bulb was used to inactivate
1.5-ml aliquots of virus at 80 erg/sec/mm? (19, 20).

Western Blot Analysis and Immunoprecipita-
tion. Cells were harvested by scraping and collected by
sedimentation (800g, 5 min). The cells were lysed in
lysis buffer (50 mM Tris-HCI, pH 7.4; 150 mM NacCl;
0.5% NP-40; 1 mM PMSF; 1 mM DTT; 25 pg/ml peps-
tatin A; 50 wg/ml leupeptin; and 0.2% aprotinin) and
stored at —70°C until used. The protein content of cell
lysates was quantified and equal amounts of protein
were resolved by electrophoresis on 12.5% SDS poly-
acrylamide gels. For immunoprecipitation, 3 ml of se-
rum-free fluids from HCMV-infected cultures were in-
cubated with anti-human IFN-y antibody (Biosource
International Inc., Camarillo, CA) for 4 hr at 4°C. Anti-
body-IFN-y complexes were recovered on Protein A-
Sepharose beads (Sigma), washed four times with NP-
40 lysis buffer, and dissolved in 2X sample buffer fol-

lowed by separation on 12.5% SDS polyacrylamide gels.
The proteins were transferred to nitrocellulose mem-
branes (Amersham Corp., Arlington Heights, IL) and
probed with antibody to IFN-y or HCMYV proteins. The
primary and secondary (peroxidase-labeled anti-rabbit
IgG) antibodies were applied sequentially and the mem-
branes were washed in TBS-T containing 5% nonfat
dried milk. Signal detection was accomplished using the
ECL chemiluminescent detection system (Amersham).

Northern Blot Hybridization. Total RNA was iso-
lated as described previously (21, 22), and its concentra-
tion was determined by spectrophotometry. The RNA
was stored in the presence of ribonuclease inhibitor
(RNasin; Promega, Inc., Madison, WI) at —80°C until
used. Thirty micrograms of RNA per lane were fraction-
ated on a 1.4% agarose gel after glyoxal denaturation
(23) and alkaline transferred (24) onto a hybridization
membrane (Hybond-N*, Amersham). The blotted RNA
was analyzed using oligonucleotide probes to IFN-y
(Clontech, Palo Alto, CA) or to a reference gene
(G3PDH; Clontech). The oligonucleotides were labeled
and the hybridizations were undertaken as described
previously (25).

First-Strand cDNA Synthesis. The cDNA was
synthesized from RNA by reverse-transcription (RT)
using the SuperScript preamplification system from
Gibco-BRL Inc. (Gaithersburg, MD). Briefly, total
RNA (3 pg/reaction) was mixed with random hexamers
and heated to 70°C for 10 min and quick-chilled on
ice. The mixture was supplemented with 5X “synthesis
buffer” (200 mM Tris-HCL, pH 7.5; 30 mM MgCl,; 10
mM spermidine; 50 mM NaCl), dNTPs (1 mM of dATP,
dGTP, dCTP, and dTTP), 30 mM DTT, and 20 U Super-
Script reverse-transcriptase. The reverse-transcription
took place at 42°C for 60 min, and the reaction was
terminated by heating at 90°C for 5 min. The cDNA
was stored at —80°C until used.

Polymerase Chain Reaction. Each polymerase
chain reaction (PCR) reaction contained the following
reagents from Perkin-Elmer Cetus (Norwalk, CT) in a
total volume of 50 l: 1 X reaction buffer, 200 pM dNTPs
(dATP, dGTP, dGTP, dCTP; final concentration),
primer 1 and 2 (0.5 pM each), 30 mM MgCl,, 2.5 U
AmpliTaq DNA polymerase and experimental cDNA
template. The oligonucleotide primers (sense: 5'-GCA
TCG TTT TGG GTT CTC TTG GCT GTT ACT GC-
3’; antisense: 5'-CTC CTT TTT CGC TTC CCT GTT
TTA GCT GCT GG-3') were purchased from Clontech.
Denaturation (94°C for 1 min), primer annealing (60°C
for 1 min), and extension (72°C for 1 min) were per-
formed on a PTC-100 programmable thermal controller
(MJ Research, Inc., Watertown, MA).

Characterization of PCR Product. The amplified
products from PCR were separated by TBE- (0.089 M
Tris-borate, pH 8.0; 0.002 M EDTA) agarose (3% Nu-
Sieve GTG and 1% SeaPlaque, FMC, Inc.) gel electro-
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Figure 1. Kinetics of IFN-y RNA induction in HCMV-infected cells
as demonstrated by Northern blot analysis. Total RNA was isolated
at selected times after infection as indicated in the figure and equal
amounts (30 ug RNA/lane) were fractionated on agarose gels (22).
The [*P]-labeled oligonucleotide probe (Clontech) specific for human
IFN-y was hybridized to RNA from mock- or HCMV-infected cells.
After removal of probe, the RNA containing filters were rehybridized
with a [*P]-labeled G3PDH oligonucieotide probe (Clontech).

phoresis. X174/ Hae 111 DNA was used as a size marker
(Gibco-BRL). The DNA bands were visualized under
UV light after ethidium bromide staining and photo-
graphed. PCR products were transferred onto hybrid-
ization membrane [Hybond-N* (Amersham)] by alka-
line (0.4% NaOH) blotting as described by Li et al
(24). The abundance of PCR products bound to the
membranes was analyzed by hybridization (25) to {**P]-
labeled oligonucleotide probes (specific activities were
between 6.4 and 7.8 cpm/pmol) for target (IFN-y) and
reference (G3PDH) genes (Clontech). The levels of hy-
bridization were visualized by autoradiography.

IFN-y Assays. Interferon assays were performed by
a slightly modified microplaque assay as described else-
where on human WISH cells (26).

Results

Detection of IFN-y RNA and Protein in HCMV-
Infected Cells. Confluent or subconfluent LU cells were
infected with HCMYV at a multiplicity of infection (MOI)
of five plaque-forming units (PFU) per cell. At various
times (indicated in Fig. 1) after HCMV exposure, the
infected cells were harvested, collected by sedimenta-
tion, and divided to process the cell lysates for determi-
nation of IFN-y RNA (Northern blot and RT-PCR anal-
ysis) and protein (Western blot). The results presented
in Figures 1 and 2 show that increasing amounts of
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Figure 2. HCMV-mediated IFN-y RNA induction as detected by RT-
PCR analysis. Three micrograms of RNA from each RNA sample
prepared at the times indicated were subjected to cDNA synthesis.
The cDNAs were PCR amplified, fractionated on agarose gels, trans-
ferred onto nylon membranes, and hybridized with probes as de-
scribed in the legend to Figure 1.
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Figure 3. Detection of IFN-y from cell lysates (A) and cultural fluids
(B) of HCMV-infected cells. The cell lysates and cultural fluids were
prepared at selected intervals after infection and processed forimmu-
noprecipitation and/or Western blot analysis as described in Materials
and Methods. The proteins on nitrocellulose membranes were probed
by a monoclonal anti-human IFN-y antibody purchased from Bio-
source International. The solid arrowhead marks the position of
IFN-y from a pool of cell lysates prepared at 72 hr of HCMV infection.
The recombinant IFN-y from Biosource International demonstrated
an apparent molecular mass of approximately 17 kDa (data not
shown).

IFN-y RNA were produced in HCMV-infected cells.
The molecular size of the RNA hybridized to the IFN-y
probe was 1.2 kb (27). The kinetics of IFN-y RNA (or
protein) appearence in HCMV-infected cells correlated
with the intensity of infection. For example, in cells
infected at 10 PFU/cell, IFN-y RNA was detectable
as early as 24 hr postinfection (p.i.). As the MOI was
decreased to 3 or 1 PFU/cell, RNA appeared at progres-
sively later times (60 hr p.i. or later), respectively (data
not shown). Infection of cells at MOlIs of 10, 5, 3, and
1 PFU/per cell resulted in de novo synthesis of HCMV
specific antigens in >99%, >95%, >80%, and >60% of
the cells observed at 24 hr p.i., respectively (data not
shown). No IFN-y RNA was detectable in RNA ex-
tracted from mock-infected cells using RT-PCR (data
not shown).

Since the results described above demonstrate that
IFN-y RNA was detected in HCMV-infected cells, we
next examined if this RNA was translated into protein.
Accordingly, protein lysates prepared from mock- or
HCMV-infected cells (LU or WI-38) were subjected to
Western blot analysis. The proteins resolved on SDS
PAGE were transferred onto nitrocellulose membranes
and probed with mouse anti-human IFN-y antibody.
The antibody demonstrated reactivity from 36 hr p.i.,
as illustrated in Figure 3A for LU cells. Similar results
were obtained for WI-38 cells (data not shown). The
results obtained using Western blot analysis were consis-
tent with the results of Northern blot (or RT-PCR)
analysis, indicating that the higher levels of IFN-y RNA
were reflected in higher protein levels for IFN-y. Mono-
clonal antibody reacted with polypeptides of about 24
(Fig. 3) and 17 kDa (Fig. 4, Lanes 1, 2, and 4), which
may correspond to glycosylated and non-glycosylated
forms of IFN-y (27). Recombinant human IFN-y
(rhIFN-v, used as control) obtained from Biosource In-
ternational demonstrated a molecular size of about 17
kDa (16.8 kDa; data not shown). At a MOI of 5 PFU/
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Figure 4. The effect of virus inactivation and selected inhibitors on
HCMV-induced IFN-y production. LU celis were infected with HCMV
stock (Lane 1), HCMV sedimented from virus stock (Lane 2), or
mock-infected with the supernatant fluids from which virus particles
had been sedimented (Lane 3); HCMV stock inactivated by UV irradi-
ation for 1, 10, or 20 min (Lanes 4, 5, and 6, respectively). Lanes 7
and 8 demonstrate the lack of IFN-y production when PAA (700 p.M)
was added from 1 to 72 hr p.i. (Lane 7) or actinomycin D (10 ug/
ml) was added from 24 to 72 hr p.i. (Lane 8). The cells were harvested
at 72 hr p.i. to prepare protein lysates. Equal amounts of protein
were subjected to SDS-PAGE and transferred to nitrocellulose mem-
branes. The membranes were probed with anti~IFN-y antibody. The
crossed dot (+) shows the non-glycosylated form of IFN-vy. The solid
arrowhead marks the position of the same infected cell lysate pool
described in the legend to Figure 3.

cell, the abundance of IFN-y in the cell lysates increased
until 96 hr p.i. and decreased thereafter. The kinetics
of IFN-y production apparent in this experiment seem
to follow the progression of HCMV-mediated cytopa-
thology and cell lysis in both 1ILU and WI-38 cells (data
not shown) (18). The cell lysates were also evaluated
for HCMV IE (Fig. 5A) and a late (pp28) polypeptide
(Fig. 5B). Figure 5 demonstrates that the appearences
of IFN-y and pp28 occur in parallel, indicating that both
are produced in the late phase of HCMV replication.
IFN-y was not detectable at any time in lysates of mock-
infected cells (data not shown).

Since the genomic sequence (28) and biological
characteristics (29, 30) of cell culture—adapted and non-
adapted strains of HCMV differ in some respects, we
also infected LU cells with other cell culture—adapted
HCMV strains (Davis, C-87) or with non-adapted
HCMV strains (17). When late cytopathic effects (18)
were observed in 95% or more of the cells, the cells
were harvested and cell lysates prepared. The cultural
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Figure 5. Progression of HCMV replication, demonstrated at the
level of protein synthesis. HCMV-infected cells were harvested as
indicated and the cell lysates were resolved by SDS-PAGE (with
equal amounts of protein loaded in each lane), transferred to nitrocel-
lulose filters, and probed with antibody to HCMV IE1 and IE2 proteins
(A) (33) or HCMV late protein, pp28 (B) (34, 35).

fluids from infected cells were clarified and supernatant
fluids subjected to immunoprecipitation. The cell lysates
and immunoprecipitates of the clarified cultural fluids
were investigated for the presence of IFN-y by Western
blot analysis. The results summarized in Figure 6 dem-
onstrate induction of IFN-y by all HCMYV strains evalu-
ated, with IFN-vy detectable in both the cell lysates and
immunoprecipitated cultural fluids. The quantity of
IFN-vy detected varied among the strains. The non-
adapted strains, which provided for substantially lower
multiplicities than did the adapted strains, demonstrated
substantially lower levels of IFN-y induction.

Induction of IFN-y Requires Infectious HCMV.,
Since HCMV stocks contain infectious and defective
virus particles, as well as soluble factors (1, 31, 32), that
could affect cytokine production, the effect of several
HCMYV preparations on induction of IFN-y was mea-
sured to determine the component in the virus stocks
responsible for the increase in IFN-y. The preparations
evaluated included: HCMYV stock, sedimented HCMV
(purified from soluble factors that might induce IFN-y
production), and the supernatant fluids from which the
virus had been removed (residual virus infectivity <10}
PFU/ml). Cells were infected with equal MOIs (5 PFU/
cell), except for the supernatant fluids, and harvested
72 hr later. As illustrated in Figure 4, HCMV stock
(Lane 1) and purified HCMV (Lane 2) induced similar
levels of IFN-y. The virus-free supernatant fluids failed
to induce detectable levels of IFN-y (Fig. 4, Lane 3).

Cell cultures were also infected with HCMV (5
PFU/cell, measured prior to inactivation) that was inac-
tivated by UV irradiation (1, 10, and 20 min at a dose
rate of 80 ergs/sec/mm?). The infected cells were har-
vested at 72 hr p.., when maximum levels of IFN-y
induction were observed with non-irradiated virus. As
demonstrated in Figure 4, Lane 4, 1 min of UV irradia-
tion reduced, but did not eliminate, induction of
IFN-v. UV irradiation of virus stocks for 10 or 20 min
(Lanes 5 and 6, respectively) did eliminate detectable
IFN-vy production.

—IFEN-7
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Figure 6. Induction of IFN-vy by tissue culture—adapted HCMV strains
(AD-169, C87, Davis) or by non-adapted clinical isolates of HCMV
(83-1, 84-2). Cell cultures were infected with adapted HCMV strains
at a MOI of 5 PFU/cell or with non-adapted isolates at a multiplicity
of approximately 1 PFU/cell. When late cytopathic effects were evi-
dent in more than 95% of cells, the cells and cultural fluids were
harvested and processed for immunoprecipitation (cultural fluids)
and/or Western blot analysis. a, cell lysate; b, immunoprecipitated
cultural fluids. For AD169, the IFN-y that was immunoprecipitated
from cultural fluids is shown in Figure 3B.
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Twenty-four hours prior to and at the time of har-
vesting cells for analysis of IFN-y levels, cell cultures
treated in parallel were fixed and evaluated for expres-
sion of HCMV-specific proteins by immunofluorescence
using antibody to immediate early (33) and late (34, 35)
HCMV proteins. The cells that were infected with non-
irradiated HCMV stocks or HCMV exposed to UV light
for 1 min induced both IE and late HCMV proteins. UV
irradiation for 10 min resulted in delayed and reduced
expression of HCMYV IE proteins, with detectable fluo-
rescence in about 60% and 80% of cells at 48 or 72 hr
p.., respectively, and no detectable expression of
HCMV late proteins (20). After 20 min of irradiation,
neither IE nor late HCMV-specific proteins were de-
tected (20). Similar data were obtained when cell lysates
from the LU cells infected with UV-irradiated HCMV
were evaluated by Western blot analysis for IE and
late HCMV-specific protein synthesis (data not shown).
Since UV doses that eliminate expression of late HCMV
synthetic events (HCMV DNA synthesis, expression of
late viral genes) also result in a failure to detect
IFN-v, these data suggest that induction of IFN-v re-
quires virus capable of expressing late virus genes.

To investigate further if late viral synthetic events
were essential for induction of IFN-v, a well-character-
ized inhibitor (phosphonoacetic acid [PAA], 700 pM)
of HCMV DNA synthesis (36, 37) was added to the
culture medium of HCMV-infected cells (MOI = 5) at
1 hr p.i., At 72 hr PI, the cells were harvested and
evaluated for evidence of IFN-y production by Western
blot analysis. The failure to detect IFN-vy in lysates of
those cells treated with PAA (Fig. 4, Lane 7) indicates
that activities associated with late synthetic events in the
HCMYV replication cycle were related to the induction of
IFN-y.

Actinomycin D (Act-D) an inhibitor of transcrip-
tion was also used in these studies. As demonstrated in
Figure 4 (Lane 8), in the presence of Act-D (10 ng/
ml) IFN-y was not detected by Western blot analysis,
suggesting that the IFN-y gene was transcriptionally
activated in HCMV-infected cells. These data largely
exclude the possibility that IFN-y RNA accumulated
during HCMYV infection and was transcribed into pro-
tein at late times in HCMV infection. The results of
RT-PCR analysis (Fig. 2, Lane 2) and the lack of RNA
detection at 3, 6, and 12 hr p.i. (data not shown) also
support this assumption.

Effects of IFN-y on Virus Replication. To deter-
mine if the levels of IFN-y induced during HCMYV infec-
tion affect virus replication, the following studies were
undertaken. Parallel cultures of cells were treated with
selected concentrations (0, 1, 10, 100, and 300 U/ml) of
recombinant human IFN-y (rhIFN-vy) prior to or follow-
ing virus adsorption and continuing throughout the virus
replication cycle. At 96 hr p.i., the infected cultures were
harvested, and the infectivity determined by plaque
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Table I. Effect of IFN-y on HCMV Replication
Virus yield (PFU/ml)

IFN-y (IU/ml) Pretreated?(+SD) Post-treated®(=SD)
0 5 X 10® = 1.78 5 x 10% + 0.75
1 6 X 10 = 1.47 7 X 10° + 1.86
10 5 X 10° + 1.87 4 X 10° + 2.16
100 1 X 10* = 1.78 5 x 10* + 0.63
300 3 x10° £ 0.75 3 X 10% + 1.51

aCells were treated with IFN-vy 12 hr prior to infection and throughout
the infection.
Cells were treated with IFN-vy after virus adsorption and throughout
the infection.

assay. The results, summarized in Table I, show that a
concentration of 1 or 10 U/ml of rhIFN-y (in the range
of the IFN-y activities produced during HCMYV replica-
tion) had no effect on HCMV replication. One unit of
rthIFN-y per milliliter appeared to increase slightly
the virus yield, while 10 units/ml of rthIFN-y resulted
in an insignificant decrease. Higher concentrations of
rhIFN-y (100 or 300 units) demonstrated significant
anti-HCMYV activity, similar to the findings previously
published by Yamamoto et al. (38).

To evaluate if the IFN-y produced in HCMV-in-
fected cells was biologically active, we collected media
from the HCMV-infected and mock-infected cultures
and tested for anti-VSV activity on WISH cells (26).
The results showed that the cultural fluids from HCMV-
infected cultures exhibited substantial antiviral activity
from 48 hr p.i. The maximum level of antiviral activity
was obtained at 72 hr p.i., when 8 * 3 units/ml were
measured (data not shown). As a control, thIFN-y
was used.

In order to verify the type of IFN responsible for
the anti-VSV activity in the cultural fluids of HCMV-
infected cultures, we eliminated IFN-vy activity with neu-
tralizing antibody from Biosource International. Fol-
lowing neutralization with the IFN-y—specific antibody,
no anti-VSV activity was detected. Further, the cultural
medium was evaluated by immunoprecipitation using
mouse anti-human IFN-y. The immunoprecipitates
were subjected to SDS PAGE and Western blotting.
From 36 to 48 hr p.i., a band corresponding to 24 kDa
was identified (Fig. 3B), which coincides with the molec-
ular weight of glycosylated human IFN-y (27).

Discussion

The present study appears to be the first evidence
for induction of IFN-vy in human fibroblast cells and in
particular by HCMV. The induction of IFN-v in these
cells by HCMV may be noteworthy, since several agents
(Newcastle’s disease virus, Poly rIrC, and IFN-v itself)
that were recently shown to induce IFN-y RNA in
mouse 1929 cells or mouse embryo fibroblasts (16) in-
consistently induced IFN-v in the diploid human fibro-



blasts used in this study (data not shown). Thus, it would
appear that, for human fibroblasts, HCMV is a consis-
tent inducer of IFN-v, while classical IFN inducers need
to be evaluated further.

Traditionally, induction of IFN-« and -B has been
related to virus infection, whereas induction of IFN-y
has been associated with exposure to mitogens or spe-
cific antigens (39). However, in this study we showed
that the induction of IFN-y was caused specifically by
HCMYV infection and not by soluble mediators present
in the virus stocks. For example, neither the supernatant
fluids from virus stocks nor inactivated virus stocks in-
duced a detectable increase in IFN-vy. In fact, the latter
series of experiments indicated that HCMV with the
capacity to express late virus proteins was necessary for
induction of IFN-y at both the RNA and protein levels.
Furthermore, the increase in IFN-y after HCMYV infec-
tion does not appear to be a consequence of lysis of the
infected cells and passive release of existing IFN-y. At
the time of maximum IFN-y levels, very little, if any,
cell lysis was evident; and when cell lysis was evident
beginning at 120 hr, IFN-y RNA and protein levels and
activities were decreasing.

To the contrary, the data obtained in this study,
when considered together, strongly suggest that the in-
crease in IFN-vy levels is a true induction resulting from
cellular transcriptional activation during the late phase
of HCMYV replication. Several observations support this
view. One, IFN-y RNA and protein are not detected at
early times in the virus replication cycle; in addition, at
later times the increase in IFN-y RNA is sensitive to
the action of actinomycin D. Two, an inhibitor of
HCMYV DNA synthesis, PAA, blocks the increase in
IFN-vy. Three, high doses of UV irradiation that block
viral DNA synthesis also prevent the increase in
IFN-vy. As noted previously, HCMV infection has been
associated with the induction of a number of other cy-
tokines (31) that appear to be mediated by HCMV IE
proteins (2). The timing and quite possibly the mecha-
nism for induction of IFN-y by HCMV in human fibro-
blasts seem to be distinct from those observed for these
other cytokines. Whether the IFN-y promoter is directly
influenced by regulatory proteins specified by HCMV
during later phases of replication (40) is a subject of
further investigation.

Natural human IFN-v displays molecular masses of
about 17, 20, or 25 kDa, depending upon the level of
glycosylation sites occupied (27, 41, 42). The IFN-y de-
tected in HCM V-infected fibroblasts demonstrated mo-
lecular masses of about 24 kDa (about 90% of the total
IFN-y detected based on densitometric analysis of the
autoradiographic bands) and 16-17 kDa, which may
correspond to the glycosylated and nonglycosylated
forms of IFN-v, respectively (27, 41, 42). It is not known
presently if the lack of partially glycosylated (~20 kDa)
IFN-y in human fibroblasts infected with HCMV is a

characteristic of the cells or the virus infection. In either
case, at the level of glycosylation, the HCMV/human
fibroblast system appears to be different from other cells
producing natural IFN-y (39, 41).

The role of IFN-y in HCMYV replication and in the
cellular response to virus infection needs to be investi-
gated. It is known that binding of IFN-y to its receptor
results in the rapid phosphorylation of receptor-depen-
dent (STAT-1a) and -independent (Jak1, Jak2) tyrosine
kinases followed by a number of events, such as activa-
tion of protein kinase (PK)—-C, Na*/H"* antiporters, and
Ca?*/calmodulin-dependent PKs (43, 44). These events
result in changes in intracellular pH (pH;), cell volume,
and activation of primary response genes, such as MHC
class I and IT, and ICAM-1, etc. (45). Similarly, HCMV-
mediated cellular responses also result in activation of
PKCs, PKAs, amiloride-sensitive Na*/H* antiporters,
changes in intracellular ionic levels (e.g., Na*, Ca*"),
pH;, [Ca’*];, and upregulation of MHC class I and II
(46). Since both IFN-y production and development and
progression of cytomegaly (46) are late events in virus
replication, it is possible that HCMV-induced IFN-y is
involved in the development and progression of the
cellular changes associated with efficient HCMV repli-
cation.

Cytokine induction during viral infection has been
demonstrated for a number of viruses (31, 32, 47). The
cytokines can play a major role in several pathogenic
processes during the course of virus disease and may
strongly influence the outcome of the virus-host interac-
tion. The IFN-y levels observed in HCM V-infected cul-
tures are unlikely to adversely affect HCMYV yields (Ta-
ble I) and are more likely to be related to cellular
pathogeneis of virus infection. High levels of circulating
IFN-vy have been reported in HCM V-infected bone mar-
row transplant recipients (48) and in infants with con-
genital HCMV disease (49). Whether IFN-vy released
from HCMV-infected fibroblasts contributes signifi-
cantly to these circulating levels of IFN-vy is not known.
Furthermore, the effect of high circulating levels of
IFN-y appears to be controversial based on studies of
rat CMV (RCMV). For example, in immunocompetent
animals, neutralization of endogeneous IFN-y activity
significantly reduced the number of RCMV antigen-
expressing cells in the spleen, the predominant site of
RCMYV replication (50). High does of IFN-y, however,
protected immunosuppressed rats against a lethal
RCMYV challenge (50).

IFN-y produced by HCMV-infected cells in vivo
may be important, particularly at the local sites of infec-
tion. For example, HCMYV infection is often associated
with ulcerative lesions of the digestive system in HIV-
infected individuals (51, 53). Fibroblasts are among the
cell types infected in these lesions (54). In this local
environment, IFN-y, which is a key cytokine in the in-
flammatory response, could have a profound effect, ini-
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tiating the proinflammatory cascade (27, 55), modifying
the T helper cell population toward Th; (27), activating
macrophages, and increasing HLA class I and II and
ICAM-1 (56, 57). Since low levels of cytokines have
profound effects through their ability to synergize with
other cytokines (such as TNF-a), the IFN-y levels ob-
served in this study could substantially affect the patho-
genesis of HCMYV infection.
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