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Infections with herpes simplex virus type 1 (HSV-1) in humans and in animal models are accompanied by
enhanced natural killer (NK) activity. In vitro, HSV-1 also enhances the NK activity of human peripheral blood
mononuclear cells (PBMC). The molecular basis of this enhanced NK activity, however, is not well charac-
terized. We investigated the role of human interleukin-15 (IL-15) in this phenomenon and report here that
HSV-1-mediated enhanced NK activity was abrogated by neutralizing antibodies for IL-15 but not for other
cytokines (i.e., IL-2, IL-12, gamma interferon [IFN-g], tumor necrosis factor alpha, or IFN-a). Anti-CD122
antibodies which block signaling through IL-2 receptor b chain, and therefore neutralize the effects of IL-15
(and IL-2), also abrogated this enhancement. Furthermore, HSV-1 increased the levels of IL-15 mRNA and the
production of IL-15 in HSV-1-infected PBMC cultures. The neutralization of IL-15 in cocultures of PBMC with
HSV-1-infected cells significantly increased HSV-1 production. These results strongly suggest a role for IL-15
in the HSV-1-mediated in vitro enhancement of NK activity and in the PBMC-mediated suppression of HSV-1
replication.

Herpes simplex virus type 1 (HSV-1), a ubiquitously occur-
ring human herpesvirus (reviewed in references 24 and 67),
infects human beings early in childhood. Primary infections
generally occur early in life and are usually mild or can be
symptomless. These human infections are chronic and incur-
able, as the virus persists latently for the lifetime of the host in
peripheral nervous system, mostly in trigeminal ganglia. In
newborns and immunocompromised individuals, these infec-
tions may be severe and cause fatal encephalitis (67). Latent
HSV-1 infections frequently become reactivated following
physical or emotional stress, exposure to UV radiation, local
tissue damage, and immunosuppression, and they usually man-
ifest as herpes labialis (commonly called cold sores or fever
blisters) (55, 67). These reactivations cause considerable dis-
comfort and morbidity, and they represent a serious health
problem. Studies from animal models of HSV-1 infection as
well as from human beings have established that the sequelae
and the control of primary and reactivated HSV-1 infections
depend on the host immune response (24, 25, 67). Natural
killer (NK) cells, which constitute an important cellular com-
ponent of the innate immune system, play an important role in
controlling these infections (6, 14–16, 60, 66). These cells can
kill a wide variety of malignant and virus-infected cells without
prior sensitization and constitute a first line of defense against
viral infections and malignancy (5, 16). In fact, individuals with
NK cell defects are known to be highly susceptible to progres-
sive herpesvirus infections (10, 20, 25). The infected hosts, in
general, respond to viral infections by increasing NK activity

(5, 58). The enhanced NK activities after HSV-1 infection have
been well documented both in vitro and in vivo (28, 31, 34, 41,
47, 48); however, the molecular mechanism(s) responsible for
this innate immune response has not been fully investigated.

Interleukin-15 (IL-15) is a cytokine that was discovered in-
dependently by two groups in 1994 as an IL-2-like activity in
the culture supernatants (SN) of two transformed cell lines. Its
gene has been cloned and sequenced (17, 39; reviewed in
references 61 and 64). Although it has no sequence homology
at the amino acid level with IL-2, the two cytokines have
similar tertiary structures and belong to the four-a-helix bun-
dle family of cytokines. They also share the same receptor
components for signal transduction (i.e., b and g chains of the
IL-2 receptor [IL-2R] complex [4, 18, 20, 22, 35]). It is not
surprising, therefore, that many of their biological effects are
similar. IL-15 markedly enhances the cytolytic potential of NK
cells and induces the secretion of gamma interferon (IFN-g)
from these cells, alone and in synergism with IL-12 (4, 17, 18,
25, 59, 65). It has been shown to be essential for the develop-
ment and differentiation of NK cells from their precursors (19,
27, 29, 50, 57). More importantly, IL-15 has been proposed as
an immediate response gene which becomes activated and
serves as a signal for the recruitment of immunocytes when
body cells or tissues undergo stress. The stress may be physical
or may occur due to an infectious agent or adverse environ-
mental conditions (64). This characteristic makes IL-15 an
appropriate candidate molecule that may be involved in the
innate host response of enhanced NK activity. Because of our
long-term interest in the innate responses to herpesviruses (1,
3, 33), we investigated whether in vitro infection of human
peripheral blood mononuclear cells (PBMC) with HSV-1 in-
creases their NK activity and whether IL-15 plays any role in
this enhancement. The results of these studies are reported
here.
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for José Menezes: svanasve@justine.umontreal.edu.

7196



MATERIALS AND METHODS

Virus preparation. Cell-free HSV-1 (McIntyre strain) was prepared from the
SN of HSV-1-infected Vero cells as described earlier (37, 38). The viral prepa-
rations were titrated by plaque-forming assay as described elsewhere (49).
Briefly, 1 million Vero cells were incubated with 100 ml of logarithmically diluted
virus preparations for 1 h at 37°C with intermittent shaking. After the addition of
5 ml of 1% methylcellulose, the cells were incubated in 100-mm-diameter culture
dishes at 37°C in humidified (85%) 5% CO2 atmosphere. After 3 days, methyl-
cellulose was removed by gentle suction, and the cell monolayers were washed
with phosphate-buffered saline (PBS; pH 7.2) and fixed with formalin (diluted
1:5 with PBS). The fixed cells were stained with 0.1% crystal violet, and the
plaques were counted under an inverted microscope. The average number of
plaques per culture dish was multiplied by 10 and the dilution factor to determine
the number of PFU per milliliter. The viral stock used contained 108 PFU per ml.
In some experiments, concentrated HSV-1 was used. For this purpose, the virus
was pelleted from the culture SN of HSV-1-infected Vero cells by ultracentrif-
ugation, washed with PBS, and redissolved in PBS to 1/10 of the original volume
as described elsewhere (1). To prepare noninfectious HSV-1, this virus prepa-
ration was either heated in a water bath at 56°C for 1 h or irradiated by exposure
to a UV source that delivered 400 mJ/s for 30 min as described previously (1).
Heat-inactivated and irradiated virus preparations lost infectivity, as tested by
their plaque-forming ability on Vero monolayers. The viral stocks were aliquoted
and kept at 280°C.

PBMC and virus treatment. Peripheral venous blood was obtained from nor-
mal healthy donors in heparinized tubes (Vacutainer; Becton Dickinson,
Oakville, Ontario, Canada). Two of these donors were seronegative for anti-
HSV-1 antibodies, as determined by indirect immunofluorescence assays per-
formed as described elsewhere (38). PBMC were obtained by centrifugation over
Ficoll-Hypaque (Pharmacia, Montréal, Québec, Canada) and washed with cul-
ture medium. In some experiments, we used PBMC after depleting CD31,
CD161, or CD561 cells. For this purpose, PBMC were successively incubated
with anti-CD16, anti-CD56, or anti-CD3 monoclonal antibodies (from Ortho
Diagnostics, Raritan, N.J.) and fresh rabbit serum as detailed in our earlier
publications (2, 33). For virus treatment, the cell pellets were incubated with the
virus preparation (to provide 10 PFU per cell unless indicated otherwise) at 37°C
for 1 h, washed thrice, and resuspended in the culture medium at a concentration
of 4 3 106 cells per ml. The cells were incubated at 37°C in a humidified 5% CO2
atmosphere for 24 h, after which SN were collected and cells were used for NK
assays unless indicated otherwise. The SN were concentrated 10-fold for proteins
by using Microconcentrator 10 filters (Amicon Inc., Beverly, Mass.). In some
experiments, the direct effect of purified HSV-1 on the NK activity of PBMC was
observed. For this purpose, the virus preparation (5 to 100 ml) was added directly
to the NK assay wells (see below).

Target cell line. The cell line used in this study was K562, an erythroleukemic
cell line which does not express major histocompatibility complex class I antigens
and has been used extensively as a target cell line for NK assays (2, 56). These
cells were cultured in RPMI 1640 supplemented with 10% heat-inactivated fetal
bovine serum and antibiotics as described earlier (2).

Determination of NK activity. A standard 51Cr release assay was used to
determine the NK activity of PBMC as described elsewhere (2). Briefly, K562
target cells were radiolabeled by incubation of cell pellets with 100 mCi of
[51Cr]sodium chromate (NEN/Dupont, Boston, Mass.) at 37°C for 1 h with
intermittent shaking. After four washings, 10,000 radiolabeled target cells were
incubated in triplicate with 2 3 105 PMBC in the wells of a V-bottomed micro-
culture plate (target/effector cell ratio of 1:20) in a total volume of 200 ml. The
plates were incubated at 37°C in a humidified incubator in 5% CO2 atmosphere
for 16 h. After this incubation, 100 ml of the SN was aspirated from each well, and
the radioactivity released in the SN was measured in a gamma counter (LKB/
Wallac, Turku, Finland). NK activity was determined as percent lysis, calculated
as [(experimental release 2 spontaneous release)/(maximum release 2 sponta-
neous release)] 3 100; data are presented as average 6 standard error (SE).
Spontaneous release was determined by incubating 10,000 labeled K562 cells in
a 200-ml volume without effector cells (PBMC), whereas maximum release was
determined by lysing 10,000 labeled K562 cells by 1% Triton X-100 in a 200-ml
volume.

Antibodies. Sources of neutralizing monoclonal antibodies (MAbs) were as
follows: to IFN-g, Genzyme (Boston, Mass.); to IL-2, IL-12, and tumor necrosis
factor alpha (TNF-a), R & D Systems (Minneapolis, Minn.); to IFN-a, Sigma; to
CD122, Becton Dickinson. The IL-15-neutralizing MAb (M112) was a kind gift
from Immunex (Seattle, Wash.). The concentrations of these and the control
antibodies are detailed elsewhere (3, 33).

RT-PCR for IL-15 mRNA. To determine whether HSV-1 treatment of PBMC
had any effect on their level of expression of IL-15 gene transcripts, we used a
quantitative reverse transcription-PCR (RT-PCR) assay as described earlier (3,
33). Briefly, 4 3 106 PBMC were exposed for up to 12 h to the viral preparation,
and total RNA was isolated from these cells at different time points using a
modified guanidinium thiocyanate method as described elsewhere (22). These
time points were chosen since earlier studies had shown that herpesvirus-induced
transcriptional activation of cytokine genes (including IL-15) peaks at 6 to 12 h
postinfection (33, 37, 38). The total RNA was reverse transcribed in a 25-ml
volume using 100 U of Moloney murine leukemia virus reverse transcriptase

(Gibco/BRL, Burlington, Ontario, Canada) and first-strand synthesis buffer
(Gibco/BRL). The reaction mixture contained 10 mM dithiothreitol, 1 ml of
RNA Guard (Pharmacia, Baie d’Urfé, Québec, Canada), 10 pmol of the gene-
specific reverse primer, and 0.2 mM each of the four deoxynucleoside triphos-
phates. The reaction was carried out at 30°C for 1 h. All of the RT product was
used for amplification of a segment of IL-15 cDNA, whereas for the housekeep-
ing b-actin gene, 1/10 of the product was used. PCR was carried out with 2 U of
Taq polymerase (Gibco/BRL) in a 50-ml volume with the accompanying PCR
buffer to which 0.2 mM deoxynucleoside triphosphates, 1.5 mM MgCl2, and 0.5
mM gene-specific reverse and forward primers were added. The reaction mixture
was heated at 95°C for 1 min and chilled on ice before adding the Taq polymer-
ase. Amplification was carried out for 25 cycles for b-actin and 35 cycles for
IL-15; each cycle comprised denaturation at 94°C for 45 s, annealing at 55°C for
45 s, and extension at 72°C for 2 min, with a final 10-min extension at 72°C.

The PCR products were run on ;2.0% agarose gels and validated by Southern
blotting using 32P-end-labeled oligonucleotide probes. The primers and probes
have been described previously (3, 33). The concentration of mRNA for IL-15
was normalized with respect to the b-actin mRNA, using a Pharmacia LKB
Bromma laser densitometer.

Determination of IL-15. IL-15 was determined in the concentrated SN of
PBMC cultures by using a commercial enzyme-linked immunosorbent assay
(ELISA) kit (detection limit, 10 pg/ml; Immunocorp, Montréal, Québec, Can-
ada) according to the manufacturer’s recommendations.

Effect of IL-15 neutralization and rhIL-15 on HSV-1 production. To deter-
mine whether HSV-induced IL-15 production and recombinant human IL-15
(rhIL-15) have any effect on viral replication, we stimulated PBMC with UV-
inactivated HSV-1 and cocultured them with HSV-1-infected K562 cells in the
presence or absence of rhIL-15- or IL-15-neutralizing antibodies. For this pur-
pose, 105 K562 cells were infected with HSV-1 (10 PFU/cell) for 1 h at 37°C.
After extensive washings, the cells were mixed with 5 3 106 PBMC that had been
either mock treated or treated with UV-inactivated HSV-1 for 1 h at 37°C and
washed. The reason for treating PBMC with UV-inactivated viral preparation
was to avoid interference with the titration of HSV-1 in the infected K562 target
cells. In pilot experiments, we determined that the minimum number of PBMC
added to the HSV-1-infected K562 cells that caused a persistent significant
decrease in HSV-1 titers in 3-day cultures was 5 3 106 (i.e., at a target/effector
cell ratio of 1:500). The cell mixtures were incubated at 37°C in 5% CO2
atmosphere with or without rhIL-15 (100 ng/ml)- or IL-15 (5 mg/ml)-neutralizing
antibodies. These and control antibodies were again added on the second day
after the start of the cultures. The cultures were terminated on day 3, and HSV-1
titers were determined in the cultures as described above.

RESULTS

HSV-1 enhances the NK activity of PBMC. To determine
the effect of HSV-1 on the NK activity of PBMC, 4 3 106

PBMC from a donor were incubated with 5 3 106 PFU of
HSV-1 at 37°C for 1 h, washed and incubated overnight in 1 ml
of culture medium, and then used as effectors in NK assay. The
PBMC of all donors tested showed a significant increase in lysis
of K562 targets. The results of a typical experiment using three
donors are shown in Fig. 1A, in which donor C is seronegative
for HSV-1. It is evident from these data that the extent of the
increase depended on the baseline NK activity of the donor.
Donors with low NK activity showed an up to threefold in-
crease in NK activity following infection with HSV-1. Further-
more, essentially similar results were obtained for individuals
that were seronegative or seropositive for anti-HSV-1 antibod-
ies (Fig. 1A). We further determined whether direct addition
of the virus preparation to NK assays (in which fresh PBMC
were used as effector cells without prior treatment with the
virus) also increased the NK activity. After adding different
doses of the virus to the assays, we found that addition of the
virus preparation resulted in enhanced NK activity and that 50
ml (containing 5 3 106 PFU) was the optimum dose to induce
maximal increase in the NK assay (Fig. 1B). It is noteworthy
that direct addition of 100 ml of the viral preparation per se
had no cytolytic effect on the target cells in the 16-h 51Cr
release assay. The effects of addition of 50 ml of the viral
preparation on the NK activity of PBMC of three donors are
shown in Fig. 1C. In additional experiments, we determined
whether concentrated HSV-1 (without culture SN from in-
fected Vero cells) could also increase the NK activity of PBMC
and whether infection of PBMC by HSV-1 was necessary for
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this increase. For this purpose, we treated PBMC with purified
infectious HSV-1 and with noninfectious heat-inactivated and
UV-irradiated HSV-1 separately for 1 h at 37°C, washed the
cells, and determined their NK activities. The results of a
typical experiment are shown in Fig. 1D. Both concentrated
infectious and noninfectious viruses were able to induce this
enhancement, indicating that the interaction of HSV-1 with
PBMC, and not the infection process per se or a soluble factor
present in the culture SN of the infected Vero cells, was re-
sponsible for this effect.

To determine whether the lytic activity observed in our mi-
crocytotoxicity assays was authentic NK activity effected by NK
cells, we depleted PBMC of NK cells or of CD31 T cells and
determined their ability to kill NK-sensitive target cells with
and without infection with HSV-1. The results of a typical
experiment are shown in Table 1. It is evident from these data
that the enhanced cytotoxicity due to HSV-1 exposure is me-
diated mainly by CD161 and/or CD561 NK cells. CD31 T cells
(which also include NK T cells) do not seem to play a signif-
icant role in this cytotoxicity (Table 1).

FIG. 1. HSV-1 exposure induces enhancement of NK activity of PBMC. (A) Four million PBMC were incubated with HSV-1 or with mock virus preparation at 37°C
for 1 h, washed, and incubated at 37°C in 5% CO2. After 24 h, their NK activity was determined at a target/effector cell ratio of 1:20 against 104 51Cr-labeled K562 cells.
Data represent the average NK activity (percent lysis) 6 SE of PBMC from three different donors (A, B, and C) with and without (mock) treatment with HSV-1. (B)
NK assays were set up in triplicate in 96-well microculture plates using PBMC without treatment with HSV-1. Different doses of HSV-1 (0 to 100 ml) were added to
these assays, and NK activity was determined 16 h later. The data show that the optimum dose of virus to induce maximum lysis was 50 ml. Note that 100 ml of the
virus itself (without PBMC) did not cause significant lysis of the target cells (bar with asterisk). (C) Average lysis 6 SE from three different donors (A, B, and C) after
the addition of 50 ml of HSV-1 or mock virus preparation to NK assays (as described for panel B). (D) PBMC were incubated with purified HSV-1 or with similar
noninfectious UV- or heat-treated viral preparations, and NK activities were determined 24 h later as described for panel A. Both UV- and heat-inactivated viruses
also enhanced the NK activities of PBMC as did the concentrated infectious HSV-1.
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The kinetics of the enhancement of NK activity by HSV-1
treatment was studied by incubating PBMC with HSV-1 for 1 h
at 37°C and then testing their NK activity at different time
points postincubation (p.i.) as shown in Fig. 2. The NK activity
of HSV-1-treated cells enhanced as early as 6 h p.i., reached its
peak at 24 h p.i., and then gradually declined to the baseline
level by day 4.

Presence of NK-enhancing factor in SN. To determine
whether any soluble factor(s) released from the interaction of
HSV-1 with PBMC mediated the enhancement of NK activity,
we tested the effect of culture SN from HSV-treated and mock-
treated PBMC on the NK activity of uninfected freshly isolated

human PBMC. These culture SN were collected 24 h p.i. and
added to the cultures of fresh human PBMC, which were then
incubated for 24 h at 37°C in 5% CO2 atmosphere. As shown
in Fig. 3A, the SN from HSV-treated, and not from mock-
treated, PBMC cultures markedly enhanced the NK activity of
untreated PBMC, indicating that the interaction of HSV-1
with PBMC caused the release of one or more soluble factors
that were responsible for the observed increase in the NK
activity. We also added 50 ml of the culture SN to the NK assay
wells to determine their effect on the NK activity of freshly
isolated human PBMC. In these assays, these SN did not sig-
nificantly increase NK activity (P $ 0.05 [data not shown]).
However, when 10-fold-concentrated SN were added to these
NK assay wells, the SN from HSV-treated PBMC, but not from
mock-treated PBMC, significantly increased the NK activity
(Fig. 3B). These SN alone (without effector cells) had no cy-
tolytic effect on the target cells in these assays.

Identification of the NK activity-enhancing factor. To iden-
tify the NK activity-enhancing factor(s) induced by the HSV-1
treatment of PBMC, we added saturating concentrations of

FIG. 2. PBMC were incubated with HSV-1, washed, and incubated at 37°C in
5% CO2 as described for Fig. 1A. NK activity against 51Cr-labeled K562 targets
was determined at different time points postincubation. Note the peak increase
in NK activity in HSV-treated PBMC at 24 h after the treatment.

FIG. 3. The culture SN from HSV-1-treated PBMC increases NK activity of untreated PBMC. (A) PBMC (4 3 106) were treated with HSV-1, washed, and
incubated at 37°C for 24 h as described in the legend to Fig. 1A. Their SN were collected and filtered through 0.1-mm-pore-size filters. Freshly isolated PBMC were
incubated at 37°C in this SN or with SN from the mock-treated PBMC for 24 h and then used as effectors in NK assays. The effects of these SN from three different
donors on the NK activity of the untreated PBMC are shown. A, NK activity of PBMC incubated for 24 h in culture medium; B to D, NK activity of the same PBMC
after incubation with SN from mock-treated PBMC of three donors; E to G, NK activity of the PBMC after incubation with SN from HSV-treated PBMC of the same
three donors, respectively. (B) The addition of 50 ml of 10-fold-concentrated culture SN from HSV-treated, but not from mock-treated, PBMC to NK assays enhances
the NK activity of freshly isolated untreated PBMC. A, NK activity of PBMC without SN; B to D, NK activity of PBMC with the addition of SN from the mock-treated
PBMC of three different donors; E to G, NK activity of PBMC with the addition of SN from HSV-treated PBMC of the same three donors, respectively.

TABLE 1. Effect of depletion of NK and CD31 cells on
the HSV-induced enhancement in NK activitya

Depletion
NK activity (% lysis)

Mock-treated PBMC HSV-treated PBMC

None 23.31 6 5.69 59.56 6 1.95
CD56 3.66 6 1.54 4.05 6 1.61
CD16 7.33 6 1.07 11.68 6 1.60
CD3 16.42 6 3.54 42.48 6 4.00
Control 17.15 6 0.68 49.04 6 5.72

a PBMC were treated with HSV-1 or mock infected, depleted for cells positive
for the indicated markers as described in Materials and Methods, and used as
effectors in NK assays. Shown is the average percent lysis 6 standard deviation
from three replicate NK assay wells.
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neutralizing antibodies for different cytokines to the PBMC
cultures after incubation with HSV-1 and then tested their NK
activity after 24 h. As shown in Fig. 4, only anti-IL-15 antibod-
ies abrogated the enhanced NK activity due to HSV-1 infec-
tion; the effect of other cytokines was nonsignificant (P $
0.05). In separate experiments, we also determined that IL-2-
and IL-18-neutralizing antibodies had no effect on the HSV-
induced enhancement of the NK activity. Essentially similar
results were obtained when these experiments were repeated
with noninfectious UV- or heat-inactivated HSV-1 (data not
shown). Furthermore, as we reported previously, none of these
antibodies except for IL-15 decreased NK activity of untreated,
freshly isolated PBMC (Fig. 4). These data show that the NK
activity enhanced by exposure of PBMC to HSV-1 is induced
by IL-15.

Anti-CD122 MAb abrogates the NK-enhancing effect of
HSV-1. The foregoing experiments identified IL-15 as the sol-
uble factor induced after interaction of HSV-1 with human
PBMC that was responsible for the enhancement of NK activ-
ity in human PBMC. Since IL-15 uses b and g chains of the
IL-2R system for signal transduction and anti-IL-2Rb (i.e.,
anti-CD122) antibodies are shown to block the NK cell-stim-
ulatory activity of IL-15 (4, 18, 39), we investigated whether
blocking signal transduction by IL-2Rb would also abolish the
NK activity enhancement by HSV-1. For this purpose, we
added anti-CD122 antibodies to the PBMC immediately be-
fore incubating them with HSV-1. As shown in Fig. 5, the
addition of anti-CD122 antibodies to the PBMC at this time
resulted in complete loss of the NK activity enhancement by
HSV-1. Interestingly, this treatment also resulted in NK activ-
ity of PBMC even lower than that of untreated PBMC, further
supporting the results obtained with IL-15-neutralizing anti-
bodies that IL-15 and signaling via IL-2Rb play a role in the
NK function of PBMC under physiological conditions.

Production of IL-15 by HSV-treated PBMC. Having deter-
mined that the NK-enhancing factor in the SN of HSV-treated
PBMC was indeed IL-15, we titrated the SN of the HSV-

infected and mock-infected PBMC from healthy individuals
for IL-15, using a commercial ELISA kit with a detection limit
of 10 pg/ml. Since no signal could be detected in the SN from
HSV-infected and mock-infected PBMC from these individu-
als, these SN were concentrated as described in Materials and
Methods and used in the ELISA. IL-15 was detected in the
culture SN from HSV-1-infected PBMC (mean, 72.38 pg/ml;
standard deviation, 15.83), whereas it remained below the de-
tection limit (10 pg/ml) in the culture SN of the mock-infected
PBMC.

HSV-1 increases IL-15 mRNA expression. Increased synthe-
sis of cytokines is generally accompanied by increased gene
transcription and/or increased stability of their transcripts,
causing increased steady-state levels of their transcripts. A
quantitative RT-PCR was used to compare the expression of
IL-15 mRNA in HSV-1-treated and mock-treated PBMC at
different time points after treatment. The results for two dif-
ferent donors are shown in Fig. 6A; densitometric analysis of a
donor showing the ratio of IL-15 to b-actin transcripts is shown
in Fig. 6B. A threefold increase in the IL-15 mRNA is evident
in the HSV-1-treated PBMC 12 h after the treatment. These
data demonstrate that HSV-1 increases IL-15 gene expression
in HSV-1-treated PBMC.

Effect of HSV-induced IL-15 on viral replication. We deter-
mined the effect of HSV-1-induced IL-15 in PBMC on the
virus replication in K562 cells as described in Materials and
Methods. As shown in Table 2, the addition of PBMC to
HSV-infected K562 cells caused a 2-log decrease in HSV-1
titers. The addition of IL-15-neutralizing antibodies inhibited
this decrease. There was no difference between the viral titers
when HSV-1-treated or mock-treated PBMC were added to
these cultures. This may be due to activation of the uninfected
PBMC upon contact with HSV-1-infected target cells. Further-
more, the addition of rhIL-15 also caused a marked decrease in
HSV-1 titers in the PBMC-K562 coculture but not in K562
cells to which no PBMC were added. Thus, IL-15 had no direct
effect on HSV-1 replication in K562 cells, and its antiviral
effects in the PBMC-K562 cocultures might be mediated indi-

FIG. 4. IL-15-neutralizing antibodies inhibit the HSV-1-mediated increase in
the NK activity of PBMC. PBMC were treated with HSV-1 and incubated in the
presence of different cytokine neutralizing antibodies. Their NK activities were
determined 24 h later. The effects of neutralization of different cytokines on the
HSV-1-mediated increase in NK activity of PBMC are shown. A, mock-treated
PBMC; B, HSV-treated PBMC; C to H, HSV-infected PBMC incubated in the
presence of neutralizing antibodies for cytokines IL-12, TNF-a, IFN-g, IL-15,
control, and IFN-a, respectively. Note that only significant (P , 0.05) inhibition
of the HSV-mediated enhancement of NK activity was caused by IL-15-neutral-
izing antibodies (compare F with B).

FIG. 5. Effects of anti-CD122 antibodies on HSV-induced enhancement of
NK activity. PBMC were mock treated or treated with HSV-1, washed and
incubated in the presence of anti-CD122 or control antibodies for 24 h, and used
as effectors in NK assays. The data show the average 6 SE NK activities of these
PBMC. A, mock-treated PBMC; B, HSV-treated PBMC; C, HSV-treated PBMC
incubated in the presence of anti-CD122 antibodies; D, HSV-treated PBMC
incubated in the presence of control antibodies; E, HSV-treated PBMC incu-
bated in the presence of anti-IL-15 antibodies.
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rectly via PBMC due to their IL-15-induced enhanced NK
activity and/or release of some other IL-15-induced antiviral
mediator(s). These data suggest a role for IL-15 in the PBMC-
mediated repression of HSV-1 replication in these cell cul-
tures.

DISCUSSION

We have demonstrated here that HSV-1 induces the pro-
duction of IL-15 from human PBMC and that this induced
IL-15 subsequently enhances the NK activity of these cells.
Increased NK activity in acute viral infections particularly with
herpesviruses has been well documented both in infected hu-
man beings and in animal models of these infections (11, 62;
reviewed in reference 14). In the case of HSV-1, activation and
blastogenesis of NK cells occur in mice within 2 to 3 days after
an experimental infection (6, 66). In vitro, HSV-1 also activates
NK cells and increases their cytolytic activity. HSV-1-infected
cells of several lineages not only become more susceptible to
NK cell-mediated killing but also activate NK cells (6, 66). The
molecular mechanisms responsible for this enhanced NK cell
activity are not fully understood. Our studies clearly show that
virus-induced IL-15 plays a role in this phenomenon. It is

generally assumed that virus-induced IFN-a and -b are respon-
sible for NK cell activation. However, we could not find any
study in which the in vitro virus-mediated NK cell activation
was shown to be caused by IFN-a/b or by any other soluble
factor. In fact, on the contrary, several workers observed that
this NK cell activation either was not correlated to the pro-
duction of IFN-a/b or could not be abrogated by neutralizing
these cytokines (9, 12, 28, 31, 32). In vivo studies in mice with
HSV-1 and murine cytomegalovirus, however, have shown that
administration of IFN-a-neutralizing antibodies can abrogate
virus-mediated NK cell activation and the antiviral effects of
this cytokine (41, 53). In view of the facts that (i) antiviral
effects of IFNs are mediated by IFN response factor 1 (46) and
(ii) this factor has been shown to be necessary and sufficient for
inducing IL-15 (52), it would not be surprising if the ultimate
effector molecule of these IFN-mediated effects was found to
be IL-15 or some IL-15-induced factor(s). This observation is
further supported by the reports that (i) IFN-a and -b can
activate NK cells, but their in vitro effects are antiproliferative
for NK and T cells (7, 63, 69), and (ii) the in vivo effects of
inducing proliferation of CD81 memory T cells by these IFNs
have been clearly shown to be mediated via IL-15 (69).

Previous studies from this laboratory have shown that
HSV-1 induces TNF-a but little IL-1b in human PBMC cul-
tures (37, 38). TNF-a, however, was not induced in HSV-
infected PBMC cultures until 4 to 5 days after infection. The
virus-mediated enhancement of NK cell activity, on the other
hand, peaks within 24 h postinfection. Furthermore, the target
K562 cells used in our study are resistant to TNF-a-mediated
killing (51), and we also demonstrated that neutralization of
TNF-a did not affect the virus-mediated enhancement of NK
cell activity reported here. All of these observations strongly
argue against a role of TNF-a in this enhanced NK cell activity.
Some viruses (e.g., Epstein-Barr virus [38]) induce the produc-
tion of IL-6 in human PBMC cultures, and this cytokine can
also increase their NK activity. However, we can rule out a role
of this cytokine in the HSV-mediated increase in NK activity of
PBMC, since previous studies from this laboratory have dem-
onstrated that HSV-1 does not induce the production of IL-6
in human PBMC cultures (37, 38). HSV-1 was recently re-
ported to induce IL-12 in PBMC cultures, and this cytokine
was shown to be important in in vivo virus-induced IFN-g
production (54; reviewed in reference 8). Both IL-15 and IL-12
are produced from monocytes/macrophages in PBMC. Com-
pared to IL-12, IL-15 is a weaker stimulus for inducing IFN-g
from human NK cells. The effects of both cytokines are, how-
ever, synergistic (59, 61). Therefore, virus-induced IL-15 may
also contribute to IFN-g production from NK cells. IFN-g
production is important for activating macrophages and for
inducing a strong pathogen-specific immune response. IL-12
and IFN-g, however, are not involved in the virus-mediated

FIG. 6. HSV-1 increases IL-15 mRNA levels in PBMC. (A) Four million
PBMC were incubated with HSV-1. Total RNA was extracted from the PBMC
at the indicated time points, reverse transcribed, and used in PCR for amplifi-
cation of the IL-15 or b-actin cDNA segments as described in Materials and
Methods. The PCR products were validated on Southern blots using gene-
specific 32P-labeled probes. The amplified transcripts from the PBMC of two
different donors (1 and 2) are shown. The bands in rows A and B show RT-PCR
products of IL-15 and b-actin, respectively. Lanes a to d represent 0, 4, 8, and
12 h of incubation with the virus. (B) Densitometric analysis of the IL-15 tran-
scripts expressed as a ratio with b-actin transcripts at different time points after
incubation of the PBMC with HSV-1.

TABLE 2. Effect of PBMC and IL-15 neutralization
on HSV-1 replicationa

Treatment
HSV-1 titer

K562 K562 1 PBMC I K562 1 PBMC II

Anti-IL-15 antibodies 4.7 3 105 3.43 3 104 4.83 3 104

Control antibodies 3.50 3 105 2.17 3 103 2.46 3 103

rhIL-15 6.10 3 105 6.2 3 102 9.5 3 102

a K562 cells (105) were infected with HSV-1 (106 PFU), washed, and cocul-
tured with mock-treated (PBMC I) or UV-inactivated HSV-1-treated (PBMC II)
cells (5 3 106) with or without the presence of IL-15-neutralizing antibodies or
of rhIL-15 (100 ng/ml). On day 3 postinfection, HSV-1 titers in these cultures
were determined; the results of a typical experiment are shown.
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enhancement of NK cell activity reported here, as the satura-
tion concentrations of neutralizing antibodies specific for these
cytokines did not significantly reduce the virus-mediated in-
crease in NK cell cytotoxicity. Cousens et al. (26) have recently
shown that IFN-a and -b produced by PBMC in response to a
viral infection strongly inhibit IL-12 production from mono-
cytes. Monocytes are the cell type which also produce IL-15. Its
production from monocytes is, however, much more resistant
to the downregulatory effects of inhibitory cytokines (e.g.,
transforming growth factor b, IL-4, IL-10, and IFN-a [29]).
Thus, the inhibition of IL-12 production in virus-infected
PBMC by IFNs may be responsible for a lack of its role in the
enhancement of HSV-mediated NK activity.

HSV-1 infects a wide variety of target cells and shuts off the
synthesis of macromolecules in these cells within 24 h after
infection. The viral protein Vhs mediates this shutoff. Freshly
isolated monocytes and T, B, and NK cells are resistant to
infection with this virus (13, 42). Previous results from this and
other laboratories have shown that monocytes are the main cell
type in PBMC that produces IL-15. This may explain why
HSV-1 does not shut off the synthesis of this (and other mono-
kines) from human PBMC.

With respect to inducing IL-15 in human PBMC cultures,
HSV-1 behaves like human herpesviruses 6 and 7 (3, 33). In
fact, the induction of IL-15 by viral infections seems to be a
general phenomenon, as several different viruses including
HSV-1 have recently been reported to activate this cytokine
gene in human PBMC cultures (30, 36, 45). Interestingly, ex-
tremely variable levels of this cytokine have been found in
biological fluids and PBMC cultures (21, 29, 30, 44, 45). Nev-
ertheless, it seems to be a defensive mechanism on the part of
host to ensure enhanced NK cell activity and a strong adaptive
immune response, as IL-15 has been shown to be an excellent
adjuvant (21, 40, 43, 44, 63, 68). The NK cell activation may be
particularly effective in controlling the so-called NK cell-sen-
sitive viruses like HSV-1. This virus, like many others, down-
regulates major histocompatibility complex class I antigen ex-
pression on the surface of infected cells (to evade host
cytotoxic T-cell responses) and thus renders these cells more
susceptible to NK cell-mediated killing. However, it seems that
the virus has also evolved strategies to escape this host re-
sponse. Virus-infected cells have been reported to become
resistant to NK cell-mediated killing in the later phase of
infection, probably by expressing certain viral glycoproteins on
the surface (23).

In this in vitro study, we have demonstrated a role of IL-15
in HSV-1-mediated activation of NK cells. It is highly likely
that this cytokine also plays an important role in controlling
viral infections in vivo. Further studies to address this issue
should be forthcoming. The availability of IL-15 knockout mice
will facilitate these studies.
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