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Monocytes differentiated in the presence of phytohemagglutinin P-stimulated T cells could be infected with
human cytomegalovirus AD169 and produced low levels of infectious virus. Additional treatment with
therapeutic levels of hydrocortisone resulted in a 10- to 100-fold increase in infectious virus production.
Hydrocortisone-treated cells demonstrated immediate-early protein kinetics similar to that observed with
human fibroblasts, whereas a delay of up to 24 h was observed with untreated cells. Late protein production
was barely detectable by immunostaining without hydrocortisone treatment. In treated cells, however, late
protein was detected and the levels correlated with the number of cells producing infectious virus. This system
provides a model for human cytomegalovirus infection of macrophages in humans.

Human cytomegalovirus (HCMV) is a common cause of
severe disease in immunocompromised patients, particularly
those undergoing organ transplantation or with AIDS (1, 11).
The virus can be either reactivated or transmitted via the
cellular component of blood or inflammatory cells in a
transplanted organ (1, 6, 14). Through in situ hybridization
studies, viral nucleic acid has been detected in the mono-
cytes and mononuclear cells of healthy seropositive individ-
uals (14, 18). Viral RNA detected in these studies was of the
immediate-early (IE) class (18). In addition, monocytes and
mononuclear cells from viremic patients contain transcripts
representing early and/or late (L) genes and produce infec-
tious virus (2, 17, 23). Thus, the monocyte has been sug-
gested as a possible reservoir for HCMV from which reac-
tivation and dissemination can occur (14).
The life cycle of HCMV is controlled by the cascade

regulation of the genome. IE protein synthesis precedes
early polypeptide synthesis, and both are required for L
protein synthesis and production of mature infectious virions
(9). Several in vitro studies have reported that replication in
monocyte-derived macrophages (macrophages) is restricted
to IE protein expression (3, 16). Depending on the isolate of
HCMV used, 0 to 15% (mean, 2 to 3%) of macrophages
expressed IE but not L proteins. Clinical isolates produced
10- to 100-fold more IE-positive cells than AD169. However,
in vitro studies have been unable to duplicate the switch
from restricted replication as observed in asymptomatic
individuals to active replication as seen in viremic patients.
The restriction on HCMV replication in vitro has been

lifted in other cell systems by differentiation of the cell.
Teratocarcinoma cells become permissive for HCMV after
differentiation with retinoic acid (8). THP-1, a monocytic cell
line, allowed a full cycle of viral replication following treat-
ment with 12-O-tetradecanoylphorbol-13-acetate (25). In
vivo, particularly following organ transplantation, a chemi-
cally induced immunosuppression is associated with HCMV
replication and dissemination (24). Hydrocortisone (HC) is
one of the components of this therapy associated with
increased HCMV disease following organ transplantation
(24). Additionally, in vitro human foreskin fibroblasts (HFF)
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and embryonic kidney cells treated with HC produced more
infectious virus than did untreated cells (4, 12, 13, 22). Thus,
for the development of an in vitro system for the replication
of HCMV in monocytes, we hypothesized that both cellular
differentiation and a chemical inducer of immunosuppres-
sion, like HC, would be most successful. We report here that
T-cell-differentiated, HC-treated macrophages allow unre-
stricted HCMV replication resulting in the switch from IE to
L viral protein production and the release of infectious virus.

Infection of macrophages with HCMV. In preliminary
experiments we, like others (3, 16), were unable to detect the
production of infectious HCMV from recently isolated
monocyte-derived macrophages. Therefore, monocytes
were differentiated in the presence of phytohemagglutinin
P-stimulated autologous T cells. Peripheral blood mononu-
clear cells from HCMV-seronegative donors were sus-
pended at a concentration of 2 x 106/ml in RPMI 1640 with
glutamine, 20% fetal bovine serum, and penicillin (100
U/ml)-streptomycin (100 ,ug/ml) (medium). Peripheral blood
mononuclear cells were stimulated for 3 days with phytohe-
magglutinin P (3 ,ug/ml of medium), nonadherent cells were
removed, and adherent cells fed medium without phytohe-
magglutinin P. After 3 to 4 weeks of culture, cells were
vigorously washed three times with phosphate-buffered sa-
line, scraped from the flasks into cold medium, and read-
hered to tissue culture dishes. At this time the cells were
100% esterase positive (Fig. 1), >99% CD llb (Mac-1)
positive (CD llb [MO-1; Coulter, Hialeah, Fla.] is a macro-
phage marker), and <0.1% CD 3 positive (CD3 [T3; Coulter]
is a T-cell marker).

Increased replication of HCMV has previously been ob-
served both in vivo and in vitro in the presence of HC (4, 12,
13, 22, 24). Because monocytes are sensitive to the effects of
HC (5, 15, 19-21, 27), it was added to our culture system.
The HC concentration most effective in increasing HCMV
replication was determined by a dose response. Macro-
phages pretreated for 18 h and maintained with HC (Sigma,
St. Louis, Mo.) (10-4 to 10-7 M) or no HC were infected at
a multiplicity of infection (MOI) of 0.2 with supernatant-
derived HCMV AD169, which had been passed through a
0.2-,um-pore-size filter and frozen in 1% dimethyl sulfoxide.
At 7 days postinfection, supernatant was harvested for viral
titration by plaque assay (26) and cells were harvested for
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FIG. 1. Immunofluorescent analysis of HCMV-infected macrophages. Macrophages treated with HC were infected with supernatant-
derived HCMV AD169. Slides were harvested at day 7 postinfection. IFA was performed with antibodies that reacted with CD llb, with
72-kDa IE antigen, or with the 80-kDa L antigen. Secondary antibody was anti-mouse fluorescein isothiocyanate- or rhodamine 1
isothiocyanate-conjugated antibody (CD11b). (A) Esterase stain of uninfected cells; (B) HCMV IE antigen plus fluorescein isothiocyanate;
(C) macrophage marker CD llb plus rhodamine ,B isothiocyanate; (D) light microscopy of multinucleated cell from panel E; (E and F) IE
antigen; (G) normal mouse immunoglobulin G plus fluorescein isothiocyanate; (H and I) L antigen. Magnification, x200 (A) and X400 (B
through I).

immunofluoresent antibody assay (IFA) (Table 1). Viral
staining was performed on acetone-fixed cells. The antibod-
ies used included an anti-IE antibody (Dupont, Boston,
Mass.) which binds the 72-kDa major IE protein and C5
antibody (7) (Syva, Palo Alto, Calif.), which binds an 80-kDa
L protein. There were slight increases in protein expression
and infectious virus production with 10-7 and 10-6 M HC.
However, IE and L protein expression as well as infectious

virus production were 5- to 10-fold above these levels when
the concentration of HC used was increased to 10-5 M. A
dose of lo- M was toxic to the macrophages.

Following the same procedures as the previous experi-
ment, the optimum dose of 10-5 M HC which was used in all
subsequent experiments, was compared with untreated mac-
rophages. Cells and supernatant were harvested at 7 days
postinfection, diluted, and plaque assayed on HFF (Table 1).
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TABLE 1. Dose response of HCMV replication to
HC enhancement

Expt ia results Expt 2b results

HC treat- % IFA-positive Infectious No. of Infectious
ment (M) cells virus infected virus

IE L (102/ml) cells/105 cells (102/ml)

lo-5 1.7 0.5 17.5 1,000 10.0
10-6 0.14 0.10 2.50
10-7 0.06 0.01 1.00
None <0.01 <0.01 <0.5 1.00 0.10

a A total of 105 macrophages, treated with 10-4 to 10-7 M HC or untreated,
were infected with supernatant-derived HCMV AD169 (MOI = 0.2). On day
7 postinfection, supernatant and cells were harvested for plaque assay and
IFA, respectively. The 10-4 M HC was toxic for the macrophages.

b A total of 10i macrophages, treated with 10-1 M HC or untreated, were
infected as described above. On day 7 postinfection, cells and supernatant
were harvested for plaque assay.

In macrophages without HC, infected cells were detected at
a frequency of 1 cell per 105 and supernatant virus equalled
10 infectious virions per ml. With the addition of HC, the
frequency of infected cells increased to 1,000 cells per 105
total cells and 103 infectious virions per ml were released
into the supernatant. Infected cells were also double stained
for the macrophage marker CD lib and IE protein of HCMV
(Fig. 1), further demonstrating that replication was occurring
in the macrophage.
The macrophage culture consisted of three morphologi-
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cally distinct cell types: multinucleated giant, single round,
and single elongated (Fig. 1). In order to determine whether
one of the cell types was preferentially infected by HCMV,
macrophages were scraped from their original flask and
readhered to chambered culture slides. HC-treated cells
were then infected with AD169 (MOI = 10) and harvested
after 7 days. All three cell types, multinucleated giant, single
round, and single elongated cells, were positive for HCMV
proteins (Fig. 1). However, even in the presence of viral
replication there was no cytopathic effect.

Kinetics of infectious virus and protein production. Growth
curves were measured with macrophages, both with and
without HC treatment. To ensure that all susceptible cells
became infected and to facilitate the quantitation of IFA-
positive cells, these and subsequent cultures for IFA were
infected with an MOI of 10, 50-fold more virus than was used
in the initial experiments (Table 1). Results are reported per
105 cells, and data representative of two to three experi-
ments are shown. Macrophage cultures were infected with
HCMV. Then supernatant was obtained for plaque assay,
and cells were harvested for IFA every 2 to 3 days for 14
days. HFF were infected concurrently for IFA controls.
Macrophages treated with HC obtained peak virus titers of 4
x 103 at day 7 postinfection, followed by a reduction to 2 x
102 at days 9 to 11. In contrast, macrophages without HC
consistently produced 10 infectious virus particles through-
out the 14-day period (Fig. 2). Thus, a peak of acute HCMV
replication was observed in HC-treated but not untreated
cells.
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FIG. 2. Kinetics of HCMV replication in macrophages grown with and without HC. A total of 105 cells were infected with
supernatant-derived HCMV AD169 (MOI = 10). Supernatant and cells were harvested on days 2, 4, 7, 9, 11, and 14 postinfection. Supernatant
was assayed by plaque assay on HFF cells (A), and cells were assayed by IFA for IE and L proteins (B). The total number of positive cells
was calculated as percent positive cells x total cells per well. HFF were positive for both IE and L proteins by 2 days postinfection. (B)
HC-treated macrophages positive for IE (HC/IE) and L (HC/L) proteins and untreated macrophages positive for IE (No HC/IE) and L (No
HC/L) proteins.
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All HCMV-infected cells in HFF cultures were positive by
IFA for both IE and L proteins on day 2 and remained
positive throughout the culture period until cells were de-
stroyed by the cytopathic effect of replicating virus (data not
shown). Macrophages treated with HC were positive forIE
proteins at day 2 postinfection, reaching a peak between
days 4 and 7 postinfection. L protein was not observed in
HC-treated macrophages until 4 days postinfection. The
total number of positive cells was also highest on that day
(Fig. 2). Although L-protein production was delayed com-
pared with that in HFF, it did occur, providing additional
evidence for HCMV replication in HC-treated macrophages
during a 14-day culture period. In macrophages without HC,
there was no evidence of acute HCMV replication. A
constant level ofIE expression was maintained from day 2
through day 9 postinfection, followed by a decline. Only
minimal L-protein expression was observed from 4 days
postinfection through the 14-day period. The total number of
L-protein-positive cells ranged from 1 to 7 cells per 105 cells
(Fig. 2). Without HC treatment, macrophages initially ex-
pressedIE proteins which decayed with time, and only a few
cells were fully permissive, allowing for L-antigen expres-
sion. Therefore, the protein kinetics of IE- and L-protein
expression support the growth curve. In HC-treated macro-
phages the peak observed for bothIE and L protein produc-
tion occurred just before the increase in infectious virus
release. The low level of chronic viral release observed for
untreated macrophages can be explained by the very low
numbers of cells producing L protein and the decay of IE
protein. In an additional experiment, when cultures were
assayed over a 28-day period, no subsequent peaks of viral
replication or protein expression were observed for either
culture system, but titers never dropped below 10 (data not
shown). Thus, HC treatment appears to make a subpopula-
tion of macrophages permissive to HCMV replication, per-
mitting both primary replication and a chronic productive
infection. This is analogous with the in vivo situation, in
which even during a disseminated infection only a subpop-
ulation of macrophages appears to be infected with HCMV
(2, 17, 23).

Kinetics of IE-protein expression. In order to further inves-
tigate differences in the early kinetics of IE-protein produc-
tion, cells were infected as described above and assayed for
IE-protein expression at 8, 24, 48, 72, and 96 h postinfection.
All HFF were positive for IE protein by 8 h postinfection
and remained positive through the 96-h period (data not
shown). Macrophages treated with HC were also positive for
IE at 8 h at a low level and remained positive through the
period (Fig. 3). The highest percentage of positive cells was
much lower (8.6% macrophages versus 100% HFF), but the
kinetics of expression was similar for HC-treated macro-
phages and fibroblasts. However, in macrophages without
HC, delayed detection of IE proteins was observed. IE
proteins were not observed in macrophages without HC until
24 h postinfection, at which time 0.6% (increasing to a
maximum of 2.3%) of the cells were positive (Fig. 3).
Therefore, HC treatment and not T-cell differentiation alone
was able to accelerate IE-protein expression in macrophages
to the point observed in a permissive cell like the HFF. In
contrast, HC was unable to increase the number of macro-
phages expressing IE protein to that observed in fibroblasts.
HC requirement. To determine whether HC was required

before viral infection for enhancement ofHCMV replication,
HC was added to macrophages at days -1, 0, and +3
postinfection and maintained through the culture period. At
14 days postinfection, all cells were assayed for expression
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FIG. 3. Kinetics ofIE antigen expression. A total of105 macro-

phages were cultured with or without HC on individual wells of
tissue culture slides and then infected with HCMV AD169 (MOI =

10). At 8, 24, 48, 72, and 96 h postinfection, cells were harvested,
fixed in cold acetone, and then assayed by IFA for IE proteins. HFF
were positive at 8 h.

of IE and L proteins by IFA. All HC-treatmented cells
demonstrated an enhancement in HCMV expression com-
pared with expression in untreated cells. Macrophages with-
out HC contained 1.5% IE-protein-positive cells and no
detectable L protein. The percentages of macrophages ex-
pressing IE and L proteins in cultures either pretreated for 1
day or treated after a 3-h adsorption period were equivalent:
9 and 4%, respectively. In macrophages treated with HC 3
days postinfection, a median increase was observed with 4%
IE-protein-positive and 2% L-protein-positive cells. Thus, it
was not necessary for cells to be pretreated with HC to allow
unrestricted HCMV replication. HC added at up to 3 days
postinfection could enhance HCMV antigen expression.
The mechanism by which HC enhances HCMV replica-

tion in macrophages is unclear. Glucocorticoid hormones
like HC have been reported to have wide-ranging effects on
macrophages in vitro. The production and/or release of
inflammatory molecules, including interleukin-1, interleu-
kin-6, tumor necrosis factor a, superoxide anions, and
CFU-granulocyte macrophage colony-inhibitory molecules,
is inhibited (15, 19, 21, 27). Cell surface expression of
HLA-DR and the receptor for gamma interferon is enhanced
(5, 20). Differentiation of mouse myeloid leukemia cells
following HC treatment has also been reported (10). Thus, it
is possible that HC treatment indirectly enhances HCMV
replication in macrophages by altering cellular function and
changing the viral-cellular interactions to favor viral replica-
tion. Alternatively, HC or physiological effects in response
to HC may have direct effects on HCMV replication. In-
creased titers of HCMV during HC treatment of permissive
cells have been reported (4, 12, 22). The addition of HC after
virus infection can enhance HCMV replication (12, 22).
Also, we have observed elevated levels of IE and early/late
mRNAs (hybridized to EcoRI fragments J and D, respec-
tively) between 1 and 3 days postinfection in HC-treated
permissive HFF compared with levels in untreated HFF
(unpublished observations). HC-receptor complexes may
bind directly to HCMV DNA, or second messengers pro-
duced as the result of HC stimulation may interact with viral
nucleic acid (DNA or RNA). Experiments are in progress to
examine HC-macrophage-HCMV interactions.
Our in vitro data support the in vivo observation that

J. VIROL.



NOTES 6375

HCMV replication and disease are increased following im-
munosuppressive therapies using glucocorticoids during
transplantation (1, 24). Macrophages, which under normal
conditions are semipermissive for HCMV, are capable of
acute replication during HC treatment. Thus, the cellular
host range of HCMV is expanded and the total number of
cells producing virus is increased. Because HCMV does not
appear to be lytic for macrophages, HCMV-infected macro-
phages may also participate in the dissemination of HCMV
which can occur during immunosuppressive therapy follow-
ing organ transplantation (1).

In summary, our experiments demonstrate that HCMV
can replicate in macrophages in vitro and that this replication
is enhanced by HC treatment of cells. HC increases the
number of cells expressing L protein and infectious virus.
Acceleration of IE-protein production, to the time point
observed in HFF cells, also occurred as the result of HC
treatment. L protein expression, however, was still delayed
compared with that in HFF cells. The overall replication
observed, therefore, has a different pattern than that previ-
ously reported for HFF. These differences observed in viral
replication may have important implications regarding
HCMV pathogenesis and suggest that generalizations re-
garding HCMV replication in fibroblasts may not always be
applicable to in vivo situations. The system described here
will permit these questions to be investigated in macro-
phages.
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for assistance in preparing the manuscript.

This work was supported by Public Health Service grants
A128270, MH45294, A127670, and A127563.

REFERENCES
1. Betts, R. F. 1982. Cytomegalovirus infection in transplant pa-

tients. Prog. Med. Virol. 28:44 64.
2. Dankner, W. M., J. A. McCutchan, D. D. Richman, K. Hirata,

and S. A. Spector. 1990. Localization of human cytomegalovirus
in peripheral blood leukocytes by in situ hybridization. J. Infect.
Dis. 161:31-36.

3. Dudding, L. R., and H. M. Garnett. 1987. Interaction of strain
AD169 and a clinical isolate of cytomegalovirus with peripheral
monocytes: the effect of lipopolysaccharide stimulation. J.
Infect. Dis. 155:891-896.

4. Forbes, B. A., C. A. Bonville, and N. L. Dock. 1991. The effects
of a promoter of cell differentiation and selected hormones on
human cytomegalovirus infection using an in vitro cell system.
J. Infect. Dis. 162:39-45.

5. Gerrard, T. L., T. R. Cupps, C. H. Jurgensen, and A. S. Fauci.
1984. Increased expression of HLA-DR antigens in hydrocorti-
sone-treated monocytes. Cell. Immunol. 84:311-316.

6. Gnann, J. W., J. Ahimen, C. Svalander, L. Olding, M. B. A.
Oldstone, and J. A. Nelson. 1988. Inflammatory cells in trans-
planted kidneys are infected by human cytomegalovirus. Am. J.
Pathol. 132:239-248.

7. Goldstein, L. C., J. McDougall, R. Hackman, J. D. Meyers, E. D.
Thomas, and R. C. Nowinski. 1982. Monoclonal antibodies to
cytomegalovirus: rapid identification of clinical isolates and
preliminary use in diagnosis of cytomegalovirus pneumonia.
Infect. Immun. 38:273-281.

8. Gonczol, E., P. W. Andrews, and S. A. Plotkin. 1984. Cytomeg-
alovirus replicates in differentiated but not in undifferentiated
human embryonal carcinoma cells. Science 224:159-161.

9. Ho, M. 1982. Human cytomegalovirus infections in cells and
tissues, p. 9-32. In M. Ho (ed.), Cytomegalovirus, biology and

infection. Plenum Publishing Corp., New York.
10. Honma, Y., T. Kasukabe, and M. Hozumi. 1977. Structure

requirements and affinity of steroids to bind with receptor for
induction of differentiation of cultured mouse myeloid leukemia
cells. Gann 68:405-412.

11. Jacobson, M. A., and J. Mills. 1988. Serious cytomegalovirus
disease in the acquired immunodeficiency syndrome (AIDS).
Ann. Intern. Med. 108:585-594.

12. Koment, R. W. 1985. Lytic cytomegalovirus replication and the
hormones of human pregnancy. J. Med. Virol. 15:149-156.

13. Koment, R. W. 1989. Restriction to human cytomegalovirus
replication in vitro removed by physiological levels of cortisol.
J. Med. Virol. 27:44 47.

14. Nelson, J. A., J. W. Gnann, and P. Ghazal. 1990. Regulation and
tissue-specific expression of human cytomegalovirus. Curr.
Top. Microbiol. Immunol. 154:75-100.

15. Pasquale, D., G. Chikkappa, G. Wang, and D. Santella. 1989.
Hydrocortisone promotes survival and proliferation of granulo-
cyte-macrophage progenitors via monocytes/macrophages.
Exp. Hematol. 17:1110-1115.

16. Rice, G. P. A., R. D. Schrier, and M. B. A. Oldstone. 1984.
Cytomegalovirus infects human lymphocytes and monocytes:
virus expression is restricted to immediate-early gene products.
Proc. Natl. Acad. Sci. USA 81:6134-6138.

17. Saltzman, R. L., M. R. Quirk, and M. C. Jordan. 1988.
Disseminated cytomegalovirus infection: molecular analysis of
virus and leukocyte interactions in viremia. J. Clin. Invest.
81:75-81.

18. Schrier, R. D., J. A. Nelson, and M. B. A. Oldstone. 1985.
Detection of human cytomegalovirus in peripheral blood lym-
phocytes in a natural infection. Science 230:1048-1051.

19. Stosis-Grujicic, S., and M. M. Simic. 1982. Modulation of
interleukin 1 production by activated macrophages: in vitro
action of hydrocortisone, colchicine, and cytochalasin B. Cell.
Immunol. 69:235-247.

20. Strickland, R. W., L. M. Wahl, and D. S. Finbloom. 1986.
Corticosteroids enhance the binding of recombinant interfer-
on-y to cultured human monocytes. J. Immunol. 137:1577-1580.

21. Szefler, S. J., C. E. Norton, B. Ball, J. M. Gross, Y. Aida, and
M. J. Pabst. 1989. IFN--y and LPS overcome glucocoricoid
inhibition of priming for superoxide release in human mono-
cytes: evidence that secretion of IL-1 and tumor necrosis
factor-a is not essential for monocyte priming. J. Immunol.
142:3985-3992.

22. Tanaka, J., T. Ogura, S. Kamiya, H. Sato, T. Yoshie, H. Ogura,
and M. Hatano. 1984. Enhanced replication of human cytomeg-
alovirus in human fibroblasts treated with dexamethasone. J.
Gen. Virol. 65:1759-1767.

23. Turtinen, L. W., R. L. Saltzman, M. C. Jordan, and T. H.
Haase. 1987. Interactions of human cytomegalovirus with leu-
kocytes in vivo: analysis by in situ hybridization. Microb.
Pathog. 3:287-297.

24. Velasco, N., G. R. D. Catto, N. Edward, J. Engeset, and M. A. J.
Moffat. 1984. The effect of the dosage of steroids on the
incidence of cytomegalovirus infections in renal transplant
recipients. J. Infect. 9:69-78.

25. Weinshenker, B. G., S. Wilton, and G. P. A. Rice. 1988. Phorbol
ester-induced differentiation permits productive human cyto-
megalovirus infection in a monocytic cell line. J. Immunol.
140:1625-1631.

26. Wentworth, B. B., and L. French. 1970. Plaque assay of cyto-
megalovirus strains of human origin. Proc. Soc. Exp. Biol. Med.
135:253-258.

27. Zanker, B., G. Walz, K. J. Wieded, and T. B. Strom. 1990.
Evidence that glucocorticosteroids block expression of the
human interleukin-6 gene by accessory cells. Transplantation
49:183-185.

VOL. 65, 1991


