
JOURNAL OF VIROLOGY, Apr. 2003, p. 4539–4545 Vol. 77, No. 8
0022-538X/03/$08.00�0 DOI: 10.1128/JVI.77.8.4539–4545.2003
Copyright © 2003, American Society for Microbiology. All Rights Reserved.

The Human Cytomegalovirus Protein UL16 Mediates Increased
Resistance to Natural Killer Cell Cytotoxicity through

Resistance to Cytolytic Proteins
Jenny Odeberg,1 Helena Browne,2 Sunil Metkar,3 Christopher J. Froelich,3 Lars Brandén,4

David Cosman,5 and Cecilia Söderberg-Nauclér1*
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Several reports have shown that human cytomegalovirus (HCMV)-infected cells are resistant to NK lysis.
These studies have focused on receptor-ligand interactions, and different HCMV proteins have been indicated
to mediate inhibitory NK signals. Here, we report that the HCMV protein UL16 is of major importance for the
ability of HCMV-infected cells to resist NK cell-mediated cytotoxicity. Fibroblasts infected with the UL16
deletion mutant HCMV strain exhibited a 70% increased sensitivity to NK killing at 7 days postinfection
compared to AD169-infected cells. Interestingly, HCMV-infected cells did not appear to engage inhibitory
molecules on NK cells, since the levels of granzyme B were not reduced in supernatants obtained from NK cell
cocultures with infected target cells compared to uninfected target cells. Furthermore, HCMV-infected cells,
but not cells infected with the UL16 deletion mutant HCMV strain, exhibited a significantly increased
resistance to the action of cytolytic proteins, including perforin, granzyme B, streptolysin O, and porcine NK
lysin. In addition, fluorescence-activated cell sorting for UL16-positive transfected cells resulted in protection
levels of 90% compared to control cells carrying the green fluorescent protein vector. Thus, the UL16 protein
mediates an increased protection against the action of cytolytic proteins released by activated NK cells,
possibly by a membrane-stabilizing mechanisms, rather than by delivering negative signals to NK cells.

Human cytomegalovirus (HCMV) belongs to the herpesvi-
rus family, and a primary infection is followed by latency in
myeloid-lineage cells (33). While HCMV infection usually is
subclinical in immunocompetent individuals, the virus can
cause severe morbidity and mortality in immunocompromised
patients. Hence, the immune status of the host is of utmost
importance to control HCMV infection, and the virus has
developed several immune evasion strategies to be able to
coexist with its host. It is a well-known phenomenon that
HCMV-infected cells escape recognition by both CD4� (23,
29, 36) and CD8� (11, 40) T cells due to downregulation of
HLA class II (25, 26, 29, 32) and class I (1, 14, 16–19, 24, 41)
molecules on infected cells. A number of different HCMV
proteins that affect the expression of HLA class I and class II
molecules have been identified. Furthermore, HCMV-infected
cells have also been shown to be protected against natural
killer (NK) cell-mediated cytotoxicity (5, 7, 8, 12, 28, 39).

In vitro studies of HCMV-infected cells have suggested that
protection against NK lysis may be HCMV strain specific (5,
8), and several different proteins have been postulated to be
involved in the protection against NK lysis of HCMV-infected
cells. These studies have focused on receptor-ligand interac-
tions. First, the HCMV encoded HLA class I homologue UL18
was hypothesized to be involved in the protection against NK

lysis, possibly by delivering inhibitory signals to NK cells
through binding to LIR-1 (6) or CD94 (31). However, pub-
lished data are contradictory regarding the function of UL18 in
the protection against NK lysis, since infection of cells with a
viral mutant strain lacking the UL18 gene still confers protec-
tion against NK lysis (22, 28). More recently, the HCMV UL16
protein was shown to mediate increased resistance to NK lysis,
possibly by blocking the interaction between the NK cell and
triggering receptors (UL16 binding protein) on the target cell
(7). Furthermore, the HCMV protein gpUL40 has been shown
to modulate HLA-E expression, which also was associated with
increased NK resistance (35, 37, 39). In addition, increased
HLA-G expression (30) and decreased expression of LFA-3
(8) have also been suggested to mediate a reduced sensitivity to
NK killing. However, the mechanism and viral proteins respon-
sible for this effect are unknown. Thus, although HCMV has
evolved multiple mechanisms for interfering with NK killing of
infected cells, the exact mechanisms responsible for the in-
creased resistance to NK killing are still unclear.

NK cell-mediated cytotoxicity is usually mediated by degran-
ulation resulting in apoptosis or by an interaction between
Fas-Fas ligands (3). The granule-mediated apoptosis is in-
duced by the complementary action of perforin, a pore-form-
ing protein, and granzymes, where granzyme B plays an essen-
tial role in inducing apoptosis (15). Although the mechanism
underlying granule-mediated apoptosis is unclear, accumu-
lated data suggest that following interaction with the plasma
membrane of the target cell, perforin facilitates the cytolytic
delivery of granzyme, which in turn initiates caspase-depen-
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dent and -independent death pathways. Hence, HCMV-in-
fected cells may adopt a number of strategies to avoid destruc-
tion by NK cells: (i) by inhibiting NK cell recognition, (ii) by
delivering signals that inhibit activation pathways, and (iii) by
blocking the action of secreted proapoptotic proteins.

Previous studies that have examined the interaction of NK
cells and HCMV-infected cells have focused on how the virus
inhibits lysis by engagement of inhibitory signals. We here
report that HCMV-infected cells indeed trigger NK cell acti-
vation and the release of granzyme B but that HCMV-infected
cells were resistant to the action of cytolytic proteins. The
HCMV protein UL16 played a crucial role in maintaining
membrane integrity of infected or UL16-transfected cells.
These observations provide the first evidence that HCMV also
can resist lysis by cytotoxic cells by a UL16-mediated general
protection against the action of cytolytic proteins.

MATERIALS AND METHODS

Human fibroblast cell cultures. Human lung fibroblasts were maintained in
Dulbecco modified Eagle medium (GIBCO BRL) with 10% fetal calf serum
(FCS), 2 mM L-glutamine, 100 U of penicillin per ml, and 100 �g of streptomycin
per ml at 37°C and 5% CO2 and were used until passage 25.

NK cells. Peripheral blood mononuclear cells were isolated and resuspended
at a concentration of 5 � 106 cells/ml. Monocytes were removed by plastic
adherence for 24 h at 37°C and 5% CO2 in RPMI medium containing 10% FCS,
2 mM L-glutamine, 100 U of penicillin per ml, and 100 �g of streptomycin per ml.
On the following day, the peripheral blood lymphocytes were harvested, counted,
and depleted of CD3-positive cells by incubating the cells with CD3-specific
antibodies (Becton Dickinson, San Jose, Calif.) and magnetic beads (Dynal,
Oslo, Norway). This step was repeated once to increase the purity of the NK cell
population. The B cells were removed by the addition of CD19 magnetic beads
(Dynal) to the peripheral blood lymphocytes. A fluorescence-activated cell sorter
(FACSort; Becton Dickinson) was used to analyze the purity of the NK cell
population. The cells were stained for the cellular markers CD3, CD45, CD14,
and CD56/16. The fraction of CD3� CD56� cells was �95% in each experiment.
The NK cells were cultured at 37°C and 5% CO2 in RPMI with 10% FCS, 2 mM
L-glutamine, 100 U of penicillin per ml, 100 �g of streptomycin per ml, and 1,000
U of interleukin-2 per ml for 2 to 4 days.

Treatment of NK cells with strontium (Sr2�). To examine the importance of
the granule release in the NK killing of uninfected and HCMV-infected HL cells,
NK cells were treated with Sr2� as previously described (27) to induce degran-
ulation. Briefly, 10 �l of 2.5 M SrCl2 was added per ml of effector cells at a
concentration of 5 � 106 cells/ml. As control, the same volume of distilled water
(dH2O) was added to control NK cells. After 18 h of incubation at 37°C, the cells
were washed before being used in the cytotoxicity assay.

HCMV infection of fibroblasts. Fibroblasts were infected with HCMV strains
AD169 and Towne (both laboratory strains) and HA (a clinical isolate) and with
three mutant HCMV strains: RV670, which lacks the genes US1 to -9 and US11;
a UL18 knockout HCMV strain, UL18�HCMV (4); and a UL16 knockout
strain, UL16�HCMV (20). The fibroblasts were cultured in Dulbecco modified
Eagle medium (GIBCO BRL) with 5% FCS, 2 mM L-glutamine, 100 U of
penicillin per ml, and 100 �g of streptomycin per ml during the infection. All of
the mutant HCMV strains used are derived from the AD169 strain.

Transfection of fibroblasts. Cells were transfected either with a pDC409 vec-
tor or with a pEGFP-C2 vector containing the UL16 gene (termed UL16:
pDC409 and UL16:pEGFP-C2, respectively) by using a Duofect kit according to
the instructions of the manufacturer (QUANTUM, Appligene) or were trans-
fected by using the polyethyleneimine (PEI) method, as follows. A mixture of 5
�g of DNA and 1.2 �l of PEI (PEI stock of 22.5 mg of 25-kDa PEI [Aldrich] and
10 ml of dH2O [pH 7]) was diluted with dH2O to 20 �l. The mixture was left for
10 min at room temperature before being added to the cell cultures. Transfected
cells were analyzed for their sensitivity to NK lysis and to treatment with perforin
and streptolysin O (SLO).

Cytotoxicity test. The NK cell-mediated cytotoxicity was measured by using a
cyto96 cytotoxicity kit (Promega, Madison, Wis.), and the specific lysis was
calculated by using the following formula: % cytoxicity � 100 � [(total release in
experimental wells � effector spontaneous release � target spontaneous re-
lease)/(target maximum release � target spontaneous release)]. The spontane-

ous release from uninfected or HCMV-infected target cells never exceeded 20%
of the total release. A paired t test was used to calculate P values, and differences
were considered to be statistically significant at a P value of �0.05.

Measurement of the release of granzyme B from NK cells. NK cells were
incubated with uninfected or HCMV-infected fibroblasts, and supernatants were
collected at 4 h after coincubation of target cells with NK cells. The granzyme B
levels in the supernatants were measured by using an enzyme-linked immunosor-
bent assay method as previously described (34). Positive and negative controls
were included as described elsewhere (34).

Lysis of cells with SLO, perforin (10), granzyme B (13), and NK lysin (2). (i)
SLO. Fifty microliters of target cells at 106 cells/ml was incubated with 100 U of
SLO per ml for 30 min at 37°C in a total volume of 100 �l. The percentage of
dead cells was measured by using the cyto96 cytotoxicity kit as described above.

(ii) Perforin and granzyme B. Perforin and granzyme B were used as previ-
ously described (9). Briefly, for perforin, uninfected and HCMV-infected cells
were incubated with different concentrations of perforin for 45 min at 37°C, and
the percentage of dead cells was analyzed by staining the cells with propidium
iodide or trypan blue. For perforin and granzyme B, 0.5 permeabilizing unit (1
permeabilizing units is the amount of perforin which permeabilizes 50% of the
fibroblasts after 20 min of incubation) of perforin and 1 �g of granzyme B per ml
were added to the cells (106/ml) in Eppendorf tubes in a total volume of 500 �l
and left for 3 h at 37°C. Thereafter, the percentage of dead cells was analyzed by
staining cells with propidium iodide or trypan blue.

(iii) NK lysin. Fifty microliters of target cells at 106 cells/ml was incubated with
100 �g of NK lysin per ml for 30 min at 37°C in a total volume of 100 �l. The
percentage of dead cells was measured by using the cyto96 cytotoxicity kit as
described above.

Sorting of transfected cells. Fibroblasts were transfected with the vector
pEGFP-C2 or UL16:pEGFP-C2 by using Lipofectamine 2000 according to in-
structions of the manufacturer (Invitrogen Life Technologies). Green fluorescent
protein (GFP)-expressing cells were sorted and collected by using a MoFLo
cytometer and sorter (Dakocytomation, Glostrup, Denmark). Collected cells
(GFP-expressing cells) were counted and used in NK assays and SLO experi-
ments as described above.

RESULTS

The HCMV protein UL16 mediates protection against NK-
mediated cytotoxicity. Previous studies have suggested that
fibroblasts infected with certain HCMV strains, not including
AD169, are resistant to killing by NK cells (5, 8, 38), possibly
by the engagement of inhibitory molecules on the NK cells. To
examine whether the expression of HLA class I molecules, the
HCMV HLA class I homologue UL18, or the HCMV UL16
protein plays a role in mediating inhibitory signals to NK cells,
fibroblasts were infected with different laboratory strains of
HCMV (AD169 and Towne), a clinical isolate (HA), and the
following mutant strains: (i) RV670 (a recombinant AD169
HCMV strain lacking the genes US1 to -9 and US11, which
include four genes known to downregulate HLA class I mole-
cule expression), (ii) UL16�HCMV (a recombinant AD169
HCMV strain lacking the UL16 gene), and (iii) UL18�HCMV
(a recombinant AD169 HCMV strain lacking the HCMV class
I homologue gene UL18). The cells were examined for their
susceptibility to NK lysis at different time points after infection.
At 1 day postinfection (dpi), fibroblasts infected with these
different HCMV strains (multiplicity of infection [MOI], 1 to
10) did not demonstrate a difference in susceptibility to NK
lysis compared to uninfected cells (Fig. 1A). However, at 4 and
7 dpi, fibroblasts infected with the HCMV strains AD169,
Towne, HA, RV670, and UL18�HCMV exhibited an in-
creased protection against NK lysis (Fig. 1B and C, respective-
ly). In contrast, cells infected with the UL16�HCMV strain did
not show a reduced susceptibility to NK lysis compared to
uninfected cells (Fig. 1A to C and 2A) and showed a 70%
increased sensitivity to NK cytotoxicity compared to AD169-
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infected cells. Complementing this result, transfecting fibro-
blasts with the UL16 gene (UL16-pDC409) resulted in a sig-
nificantly increased protection against NK killing (Fig. 2B).
Although the transfection level generally was low (8 to 35%),
a 22 to 58% increased level of protection was observed, where
paired t test analysis revealed P values of �0.005 at effector/
target cell ratios of 50:1, 25:1, and 12,5:1 (n � 5). Furthermore,
examination of fibroblasts infected with the different HCMV
strains at 1, 4, and 7 dpi did not reveal a significant difference
in infection level as analyzed by immediate-early staining
(100% immediate-early-positive cells at 4 and 7 dpi [data not
shown]), and cells infected with HCMV strains AD169, Towne,
HA, RV670, UL18�HCMV, and UL16�HCMV did not dis-
play a difference in viral growth (Fig. 1D). These results sug-
gest that UL16 is one of the major HCMV proteins that me-
diate resistance to NK killing of infected cells.

HCMV-infected cells trigger NK cell activation and the re-

lease of granzyme B. In order to verify whether HCMV-in-
fected cells delivered inhibitory signals to NK cells, the amount
of granzyme B released from activated NK cells was measured
in supernatants obtained from NK cells incubated with unin-
fected or HCMV (AD169, HA, RV670, �UL18, and �UL16)-
infected fibroblasts that were cocultured with NK cells for 4 h.
Interestingly, the levels of granzyme B were not decreased in
supernatants from NK cells cocultured with infected cells (at 4
or 7 dpi) compared to supernatants from NK cells cocultured
with uninfected cells (Fig. 3). These results clearly suggest that
HCMV-infected cells trigger NK cells to release their granule
content of granzyme B and suggest that virus-infected cells
may not be protected against NK lysis mainly through an en-
gagement of negative signals to NK cells. To further examine
the importance of the granule pathway in lysis of fibroblasts,
we also analyzed the susceptibility of uninfected and HCMV-
infected fibroblasts to NK cells treated with strontium (Sr),
which is an agent that induces degranulation of NK cells.
Degranulation of NK cells prior to the NK assay resulted in a
significant reduction in the ability of NK cells to kill uninfected
cells, and the percent lysis reached levels similar to those ob-
served for HCMV-infected cells. A decreased susceptibility of
HCMV-infected cells to untreated or Sr-treated NK cells was
not demonstrated at 7 dpi (Fig. 3B). Hence, uninfected cells
were mainly lysed by the cytolytic proteins released from the
NK granules and not by a Fas-Fas ligand interaction pathway.

HCMV-infected cells are protected against the action of
cytolytic proteins. Due to the observation that the levels of
granzyme B were not decreased in cell supernatants obtained
from NK cells incubated with HCMV-infected cells, we exam-
ined whether HCMV-infected cells were less susceptible to the
action of cytotoxic proteins delivered by activated NK cells.
Uninfected and HCMV-infected cells were analyzed for their
sensitivity to cytolytic proteins, including perforin, granzyme B,

FIG. 1. HCMV- but not UL16�HCMV-infected cells are resistant
to NK lysis. Fibroblasts uninfected or infected with AD169, HA,
Towne, UL18�HCMV, RV670, or UL16�HCMV were analyzed for
their susceptibility to NK killing at different time points after infection.
(A to C) Sensitivity of infected cells to NK killing at 1 (MOI, 10), 4
(MOI, 5), and 7 (MOI, 0.5) dpi, respectively (n � 5; mean values �
standard errors of the means at an effector/target cell ratio of 50:1 are
shown). (D) Cells infected with the different HCMV strains demon-
strate similar levels of viral growth at 3 and 7 dpi (n � 3; mean values
� standard errors of the means are shown). Statistical analysis was
done by the paired t test (**, P � 0.005; *, P � 0.05).

FIG. 2. UL16-transfected cells exhibit increased protection against
NK lysis. UL16-transfected cells were analyzed for their sensitivity to
NK lysis. (A) Results from a representative experiment showing sus-
ceptibility of HCMV AD169- and UL16�HCMV-infected cells to NK
killing at 7 dpi, compared to uninfected cells. (B) One representative
example of the sensitivity of UL16-transfected cells to NK lysis. E:T,
effector/target cell ratio. **, P � 0.005; *, P � 0.05.
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the bacterial toxin SLO, and porcine NK lysin (a porcine an-
tibacterial peptide), which utilize different mechanisms to in-
duce pore formation and to induce apoptosis of target cells.
Interestingly, while AD169-infected cells exhibited a 	80%
increased resistance to the action of perforin in the presence or
absence of granzyme B (Fig. 4A), UL16�HCMV-infected cells
were not protected against membrane damage at 7 dpi (Fig.
4A). Similar results were demonstrated for NK lysin (Fig. 4B).
In addition, while fibroblasts infected with AD169, Towne,
HA, or the two mutant AD169 strains RV670 and �UL18
showed an increased resistance to SLO treatment at 7 dpi (Fig.
4C), cells infected with the UL16�HCMV strain were not
protected against SLO treatment (Fig. 4C). Remarkably, tran-
sient transfection of fibroblasts with a vector containing a GFP-
tagged UL16 gene resulted in 50% increased resistance to
perforin (P � 0.001) and 43% increased resistance to SLO (P
� 0.001) (Fig. 5A and B, respectively), despite a general low
transfection level (8 to 30%). To confirm that the protection
also was valid for NK lysis, we sorted and collected UL16-
transfected cells or vector-positive cells and analyzed the two
cell population for their sensitivity to NK killing. The cells that
were selected for experimental analysis are shown within the
bars in Fig. 6A. While GFP-transfected cells (pEGFP-C2)
were highly susceptible to NK killing (Fig. 6B), UL16-GFP-
expressing cells (UL16:pEGFP-C2) exhibited a very high in-
creased resistance to NK lysis (Fig. 6B). In addition, sorted
UL16-GFP-expressing cells were also significantly less suscep-
tible to SLO treatment than pEGFP-C2-positive cells (data not
shown). Hence, these results clearly suggest that the UL16
protein protects target cells from NK cell lysis and also from
damage mediated by membranolytic proteins with entirely dif-
ferent mechanisms of action.

DISCUSSION

NK cells are generally believed to play an important role in
the first line of defense against virus infections. Previous stud-
ies have shown that HCMV-infected fibroblasts become less

FIG. 3. HCMV-infected cells trigger the release of granzyme B.
(A) To analyze whether HCMV-infected cells delivered inhibitory
signals to NK cells, the amount of granzyme B was measured in the
supernatant after cocultivation of NK cells with uninfected or infected
target cells. The presence of granzyme B in the supernatants obtained
from NK cells incubated with target cells infected with the different
HCMV strains compared to uninfected cells is shown for 4 and 7 dpi.
The bars represent the mean values � standard errors of the means.
(B) To examine whether NK cells lyse fibroblast mainly by using the
granule pathway and not the Fas-FasL interaction, NK cells were
treated with strontium (Sr) (which causes degranulation of the NK
cells) prior to the NK cell lysis test. While Sr-treated NK cells exhibited
a reduced ability to kill uninfected cells compared to untreated NK
cells, the susceptibility of HCMV-infected cells to NK lysis was not
affected. Mean values � standard deviations (n � 4) at an effector/
target cell ratio of 50:1 are shown.

FIG. 4. HCMV-infected cells exhibit an increased resistance to perforin, granzyme B, NK lysin, and SLO. (A and B) AD169-infected (A) and
UL16�HCMV-infected (B) fibroblasts were examined for their sensitivities to perforin (PFN), granzyme B (GrB), and NK lysin, and the
percentage of dead cells is shown (n � 4). (C) Cells infected with AD169, HA, Towne, RV670, UL18�HCMV, or UL16�HCMV were also
analyzed for their susceptibility to SLO treatment at 7 dpi (n � 5). Mean values � standard errors of the means are shown. Statistical analysis was
by the paired t test (**, P � 0.005; *, P � 0.05).
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sensitive to NK lysis, but the mechanisms responsible for this
protection are not clearly understood. In this study, we report
that fibroblasts infected with three different strains of HCMV
exhibited an increased resistance to NK lysis at 4 and 7 dpi.
This protection from NK cell lysis was also observed when cells
were infected with the HCMV AD169 mutant strains
UL18�HCMV and RV670, which suggests that NK resistance
is not mainly dependent on the virus-encoded HLA class I
homologue UL18 or the expression of HLA class I molecules
on infected cells. However, infection with UL16�HCMV did
not offer protection, suggesting that the HCMV UL16 protein
provides a major inhibitory effect on NK lysis of infected cells.
Since granzyme B secretion from NK cells was not decreased
after incubation with HCMV-infected fibroblasts compared to
uninfected fibroblasts, HCMV-infected cells did not appear to
deliver significant inhibitory signals to NK cells. Instead, we
found that HCMV-infected cells were resistant to the cytolytic
effects of perforin, porcine NK lysin, and the bacterial toxin

SLO. This resistance was mediated by the HCMV protein
UL16, since UL16�HCMV-infected fibroblasts were not pro-
tected and since transient expression of UL16 in uninfected
fibroblasts conferred an increased resistance against both NK-
mediated permeabilization and the effects of isolated perforin
and SLO.

For the in vivo situation, uninfected cells, such as macro-
phages, endothelial cells, and fibroblasts, are generally not
believed to be susceptible to NK lysis. Therefore, these in vitro
experimental systems must unfortunately be considered artifi-
cial, in the sense that NK cells are stimulated with cytokines
and hence are lymphokine-activated killer cells. However,
these cells are generally referred to as NK cells. NK cells are
not believed to normally require exogenous cytokine stimula-
tion to perform their functions. However, this experimental
system is widely used to examine the function of NK cells in the
killing of virus-infected cells. Using this system, we found not
only a clear protective effect against NK lysis by the HCMV
protein UL16 but also that the UL16 protein appears to me-
diate a membrane stabilization of target cells that was unre-
lated to NK cell activation.

Previous attempts to understand the protective effect of
HCMV infection have focused on the role of inhibitory NK
signals, including HLA-E (35, 39), HLA-G (30), adhesion mol-
ecules (8), and the class I homologue UL18 (31). While the

FIG. 5. UL16-transfected cells exhibit increased resistance to the
action of perforin and SLO. (A and B) Cells transiently transfected
with a vector containing the UL16 gene (UL16:pEGFP-C2), were
examined for susceptibility to perforin (A) and SLO (B) treatment
compared to uninfected cells. The mean percentages of dead cells (�
standard errors of the means) are shown. **, P � 0.005; *, P � 0.05.
(C) The intracellular distributions of UL16-GFP (right) and a GFP
control (left) were analyzed by confocal immunofluorescence.

FIG. 6. The UL16 protein confers protection against NK lysis.
GFP-expressing cells (pEGFP-C2 and UL16: pEGFP-C2) were sorted
with a MoFLo sorter and collected to be used in an NK assay. (A) The
cells that were selected for sorting are shown within the bars. (B) Sus-
ceptibility of GFP-expressing cells to NK killing. E:T, effector/target
cell ratio.
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UL18 protein initially appeared to mediate protection against
NK lysis (31), this finding remains uncertain due to conflicting
evidence presented by other investigators (22, 28). Further-
more, more recent evidence suggests that the UL40-mediated
induction of HLA-E expression may confer protection against
CD94/NKG2A NK cells (35, 39). In addition, the UL16 protein
has been suggested to prevent the NK-triggering molecules
ULBP-1, -2, and -3 from interfering with NK cells and thereby
to increase protection of infected cells against NK lysis (7).
Our results offer the unanticipated explanation that a virus-
encoded protein mediates a generalized protection against the
action of cytolytic proteins. Resistance of HCMV-infected cells
to the action of SLO and NK lysin would indeed provide a very
powerful tactic to evade membrane damage caused by both
NK and cytotoxic T cells. We speculate that the HCMV UL16
protein, either by interaction with additional proteins or by
itself, can neutralize the action of cytolytic peptides in several
different ways: (i) by preventing pore formation in the cell
membrane (a membrane stabilization function), (ii) by block-
ing the binding of these proteins to the cell membrane, (iii) by
degrading the cytolytic proteins inside the cells, or (iv) by
inhibiting intracellular signaling pathways induced by cytolytic
proteins that cause apoptosis of the target cell. Interestingly,
tumor cells have been reported to exhibit increased resistance
against perforin but not against SLO or the action of comple-
ment, possibly because of impaired binding of perforin to the
tumor cell membrane (21). Hence, further studies that aim to
clarify the role of UL16 in mediating increased cellular mem-
brane integrity are ongoing in our laboratory. It is hoped that
such studies will give further insights into the poorly under-
stood ability of cytolytic proteins to kill their target cells, and
they may have important consequences far beyond the area of
infectious diseases.

ACKNOWLEDGMENTS

We thank Mats Andersson for providing the NK lysin, Giannis
Spyrou for initial discussion regarding this project, and Erna Möller for
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