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Herpesviruses have evolved numerous strategies to evade detection by the immune system. Notably, most of
the herpesviruses interfere with viral antigen presentation to cytotoxic T lymphocytes (CTLs) by removing class
I major histocompatibility complex (MHC) molecules from the infected cell surface. Clearly, since the her-
pesviruses have evolved an extensive array of mechanisms to remove class I MHC molecules from the cell
surface, this strategy serves them well. However, class I MHC molecules often serve as inhibitory ligands for
NK cells, so viral downregulation of all class I MHC molecules should leave the infected cell open to NK cell
attack. Some viruses solve this problem by selectively downregulating certain class I MHC products, leaving
other class I products at the cell surface to serve as inhibitory NK cell ligands. Here, we show that human
herpesvirus 7 (HHV-7) U21 binds to and downregulates all of the human class I MHC gene products, as well
as the murine class I molecule H-2Kb. HHV-7-infected cells must therefore possess other means of escaping NK
cell detection.

Human herpesvirus-7 (HHV-7) is a betaherpesvirus that
infects over 90% of the population by the age of 3 (for a
review, see reference 58). Like all other herpesviruses, HHV-7
establishes a latent or persistent infection, lasting for the life-
time of its host. Primary infection is usually accompanied by
febrile illness, but long-term infection with the virus is asymp-
tomatic (3, 53). HHV-7 is T-lymphotrophic, but it has also
been found in salivary epithelial cells (30, 62).

As viruses that remain latent or persistent throughout the
life of their hosts, the herpesviruses must interact continually
with the host immune system. In so doing, all herpesviruses
have evolved mechanisms to interfere with viral antigen pre-
sentation by class I major histocompatibility complex (MHC)
molecules as a means to escape detection by cytotoxic T lym-
phocytes (CTLs). Some herpesvirus gene products interfere
with proteolysis of antigens or peptide transport into the en-
doplasmic reticulum (ER) (1, 20, 56, 61). Others retain or
destroy class I molecules (2, 26, 59, 64), enhance the internal-
ization of class I molecules, or divert class I molecules to
lysosomes for degradation (11, 23, 25, 44). Judging from the
number and molecular diversity of these strategies, the re-
moval of MHC class I-peptide complexes from the cell surface
must be evolutionarily advantageous to these viruses as a
means of escaping immune detection. We have described one
such immunoevasin, U21, from HHV-7. HHV-7 U21 binds to
class I MHC molecules in the ER and diverts them to a lyso-
somal compartment, where they are degraded, effectively re-

moving them from the cell surface (23). The mechanism of
U21-mediated diversion of class I molecules to lysosomes is
not known, but the relocalization of class I MHC molecules is
specific—U21 does not cause the rerouting of either the trans-
ferrin receptor or CD4 to lysosomes (22, 23).

Since the herpesviruses have evolved such an extensive array
of mechanisms to remove class I MHC molecules from the cell
surface of infected cells, this strategy must serve them well.
However, when natural killer (NK) cells detect an absence of
class I MHC molecules on the surface of a cell (i.e., “missing
self”), they become activated to kill that cell. NK cells detect
the absence of class I MHC molecules through interaction of
NK cell receptors with NK cell receptor ligands present on the
surface of the target cell (for a review, see references 6 and 7).
When an NK cell surveys a potential target, it integrates the
number and strength of the activating and inhibitory signals it
receives; after weighing the balance, it either remains indiffer-
ent to the target or becomes activated to kill it.

Class I MHC molecules are ligands for inhibitory NK cell
receptors. Thus, when a virus removes class I MHC molecules
from the cell surface to escape detection by CTLs, it simulta-
neously renders the cell vulnerable to NK cell attack. Not
surprisingly, viruses have evolved counterstrategies to protect
their host cells from NK cell-mediated attack. The class I MHC
locus contains three classical class I gene products, HLA-A, -B,
and -C, as well as other “nonclassical” products, including
HLA-E and HLA-G. As a strategy to avoid both CTL and NK
cell attack, some viral immunoevasins selectively downregulate
HLA-A and HLA-B locus products, while leaving HLA-C, -E,
and other inhibitory class I-like molecules at the plasma mem-
brane (10, 16, 35). It has therefore been speculated that
HLA-A and -B may be more effective at antigen presentation
to CTLs than HLA-C (15, 40). The nonclassical class I mole-
cule HLA-E, on the other hand, functions primarily to inhibit
NK cell activation and does not present foreign antigen to
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CTLs (33). As such, its expression at the cell surface is even
promoted by at least one immunoevasin, UL40 from human
cytomegalovirus (HCMV) (54, 57).

We do not know how HHV-7 responds to the selective
pressures exerted by NK cells. We have shown previously that
U21 can associate with and downregulate HLA-A and -B, but
we do not yet know the full extent of its promiscuity (23). For
this reason, we now examine the ability of U21 to bind to and
downregulate the various classical and nonclassical class I
MHC gene products. We find that, unlike many other viral
immunoevasins, HHV-7 U21 can associate with and down-
regulate HLA-C, -E, and -G and even murine class I MHC
molecules. In an infection, this would shift the balance of
inhibitory NK cell ligands on the cell surface to favor NK cell
attack, suggesting that HHV-7 might compensate for such an
imbalance through other means of NK cell evasion.

U21 is 55-kDa type I membrane protein with a short (50-
amino-acid [aa]) cytoplasmic tail. We have shown that its trans-
membrane domain and cytoplasmic tail are not involved in its
association with the lumenal domain of the class I molecule
(22). In addition to gaining information about U21’s potential
influence on CTL and NK cell detection of HHV-7-infected
cells, we also hoped that a survey of its ability to associate with
various class I MHC gene products might help to illuminate
regions of the class I molecule important for association with U21.

MATERIALS AND METHODS

Cell lines. B6/WT3 mouse fibroblast (generously provided by T. Hansen,
Washington University, St. Louis, MO), U373 astrocytoma, and JEG-3 chorio-
carcinoma cell lines were cultured in Dulbecco’s modified Eagle medium
(DMEM)–5% fetal bovine serum–5% newborn calf serum in the presence or
absence of puromycin (375 ng/ml final concentration; Sigma-Aldrich, St. Louis,
MO) or hygromycin B (final concentrations, 250 �g/ml for B6/WT3 and 50 �g/ml
for JEG-3; Invitrogen, Carlsbad, CA). C1R B-lymphoblastoid cells (generously
provided by J. Gumperz, University of Wisconsin, Madison, WI) were cultured

in RPMI 1640–5% fetal bovine serum–5% newborn calf serum in the presence
or absence of 400 �g/ml hygromycin B. 721.221 Epstein-Barr virus (EBV)-
transformed B cells (generously provided by J. Gumperz, University of Wiscon-
sin, Madison, WI) were cultured in RPMI 1640 with 10% iron-supplemented calf
serum in the presence or absence of 200 ng/ml puromycin. Expression of the viral
protein U21 in U373 cells was carried out via retrovirus-mediated gene transfer,
using the vector pLNCX, which carries the selectable marker for neomycin
resistance. The U373 cells uniformly express levels of U21 similar to that seen for
HHV-7 infection of SupT1 T cells (23). Expression of U21 in B6/WT3, JEG-3,
and C1R cells was carried out via lentivirus-mediated gene transfer, using the
vector pHAGE-Hygro, which carries the selectable marker for hygromycin re-
sistance (37). Expression of CD1d, HA-tagged m144 (m144HA), or murine
MHC class I H-2Kb in U373 cells and of U21 in 721.221 cells was carried out via
lentivirus-mediated gene transfer, using the vector pHAGE-puro, which carries
the selectable marker for puromycin resistance (37). U21 expression is uniform
within each cell population (data not shown).

Antibodies. The monoclonal antibody (MAb) W6/32 recognizes assembled,
�2m-associated HLA-A, -B, -C, -E, and -G molecules; MAb HC10 recognizes
unfolded free MHC class I heavy chain; MAb HCA2 recognizes unfolded
HLA-G heavy chain; and MAb 12CA5 recognizes hemagglutinin (HA) epitope
(each generously provided by H. Ploegh, Whitehead Institute, Cambridge, MA).
MAb L31 recognizes free HLA-C heavy chains (generously provided by P.
Giacomini, Regina Elena Cancer Institute, Rome, Italy). MAb Y-3 recognizes
H-2Kb (generously provided by P. Cresswell, Yale University, New Haven, CT).
The CD1d42 and CD1d51 MAbs recognize properly folded CD1d (generously
provided by J. Gumperz, UW-Madison, WI). The MAb HA11 recognizes the HA
epitope (Covance, San Diego, CA). The MAb H4B4 recognizes lamp2 (gener-
ously provided by T. August, Johns Hopkins Medical School, Baltimore, MD).
The following rabbit polyclonal antibodies (PAb) were used: PAb MCW50 was
raised against the cytoplasmic tail of HHV-7 U21 (Q. Wang and A. W. Hudson,
unpublished data), PAb P8 recognizes unfolded H-2Kb heavy chain (generously
provided by H. Ploegh, Whitehead Institute, Cambridge, MA), and “Mingus” is
an anti-lgp120 PAb (generously provided by I. Mellman, Yale University, New
Haven, CT). Alexa Fluor 488-, 594-, and 647-conjugated secondary antibodies
were used in immunofluorescence studies (Molecular Probes, Eugene, OR). A
phycoerythrin (PE)-conjugated anti-mouse MAb (BD Pharmingen, San Jose,
CA) was used in flow cytometry experiments. A horseradish peroxidase (HRP)-
conjugated anti-mouse MAb (Bio-Rad, Hercules, CA) was used in immunoblot
assays.

Pulse-label experiments. 721.221 cells were incubated in methionine- and
cysteine-free DMEM for 30 min at 37°C. The cells were labeled with 500 �Ci/ml

FIG. 1. U21 diverts class I MHC molecules to a perinuclear region. Control U373 cells (a), U21-expressing U373 cells (b), control C1R cells
(c), and U21-expressing C1R cells (d) were labeled with W6/32, an antibody directed against properly folded class I MHC molecules (�-MHC-I),
followed by Alexa 488-conjugated secondary antibody (Ab). Scale bars � 10 �m.
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of 35S-Express label (1,175 Ci/mmol; PerkinElmer, Boston, MA) at 37°C for 1 h.
Cells were lysed in 0.5% Nonidet P-40 lysis buffer (50 mM Tris-HCl [pH 7.4],
0.5% NP-40, 5 mM MgCl2, 150 mM NaCl). U373 and B6/WT3 cells were
incubated in methionine- and cysteine-free DMEM containing 180 �Ci/ml of
35S-Express label for 40 min at 37°C. Cells were lysed in 1% Nonidet P-40 lysis
buffer (50 mM Tris-HCl [pH 7.4], 1% NP-40, 5 mM MgCl2).

All lysates were centrifuged for 8 min at 16,000 � g at 4°C in an Eppendorf
centrifuge to pellet nuclei and debris, followed by immunoprecipitation with
specific antiserum and protein A agarose (RepliGen Corporation, Waltham,
MA). Immunoprecipitates were normalized to equal trichloroacetic acid-precip-
itable 35S-labeled protein. The immunoprecipitates were washed twice with
NP-40 wash buffer (50 mM Tris-HCl [pH 7.4], 0.5% NP-40, 5 mM EDTA, 150
mM NaCl), twice with the same buffer supplemented with 0.1% SDS, and
subjected to SDS-PAGE.

Immunofluorescence microscopy. Cells on coverslips were washed with phos-
phate-buffered saline (PBS) and fixed with 4% paraformaldehyde for 20 min,
permeablized with 0.5% saponin in PBS and 3% bovine serum albumin (BSA),
incubated with primary antibodies for 30 min, washed, and incubated with Alexa
488-, 594-, or 647-conjugated secondary antibodies. Coverslips were first treated
with 0.01% poly-L-lysine (Sigma-Aldrich) for visualization of suspension cells.

Flow cytometry. U373 cells were removed from plates, washed with ice-cold
PBS, incubated with CD1d51 anti-CD1d antibody in PBS and 1% BSA for 30
min on ice, washed, and incubated in PE-conjugated anti-mouse IgG (R&D
Systems, Minneapolis, MN). 721.221 (suspension) cells were similarly washed
and incubated with W6/32 anti-MHC class I antibody followed by secondary
antibody. Cell surface expression of class I MHC and CD1d molecules was then
evaluated using a Beckman FACScalibur flow cytometer.

Immunoblots. Immunoblots were performed with cell lysates or crude mem-
brane preparations. To prepare lysates, cells were washed with ice-cold PBS and
lysed in 1% NP-40 lysis buffer, and nuclei and debris were pelleted. For crude
membrane preparations, cells were washed with ice-cold PBS, resuspended in
scraping buffer (100 mM NaPi [pH 7.4], 5 mM EDTA, 250 mM sucrose, 50 mM
NaF, 1 mM PMSF), sonicated twice for 15 s on ice, and centrifuged to pellet
nuclei and debris, and the supernatant was centrifuged for 30 min at 100,000 �
g at 4°C to pellet crude membranes. Membrane pellets were resuspended in
membrane buffer (5 mM NaPi [pH 7.4], 1 mM EDTA, 250 mM sucrose). Protein
concentrations of lysates and crude membranes were determined using a bicin-
choninic acid (BCA) protein assay (Pierce, Rockford, IL). Protein assays were
performed in triplicate and lysates of equal protein concentration were loaded on
SDS gels, except where protein concentrations are specifically noted. The sepa-
rated proteins were transferred to BA-85 nitrocellulose membranes (Whatman,
Florham Park, NJ). To further verify the loading of equal protein concentrations,
membranes were stained with Ponceau S to detect total protein. Membranes
were probed with P8, HC10, HCA2, or L31 antibodies to free class I heavy chains
or MCW50 antibody to U21, followed by an HRP-conjugated secondary anti-
body (Bio-Rad). Bands were visualized using Pierce SuperSignal Chemilumines-
cence reagents (Pierce) and quantitated with an Alpha Imager (AlphaInnotech,
San Leandro, CA). For treatment with lysosomal protease inhibitors, cells were
incubated either in medium containing 200 �M leupeptin (EMD Biosciences,
Inc., San Diego, CA) and 20 �M folimycin (concanamycin A; EMD Biosciences,
Inc.) or in medium containing dimethyl sulfoxide (DMSO) for 14 h. Culture
medium was then replaced with fresh medium containing inhibitors or a DMSO
control for 4 additional hours of incubation prior to lysis.

RESULTS

U21 binds to and affects trafficking of all classical class I
MHC molecules. Our initial assessment of the binding speci-
ficity of U21 for classical class I MHC gene products (HLA-A,
-B, and -C) was performed using isoelectric focusing (IEF) gel
analysis of immunoprecipitated class I MHC molecules (23).
We recovered class I MHC molecules that coprecipitated with
U21 and compared them to the IEF profile of class I MHC
molecules recovered with W6/32, a conformation-specific anti-
class I antibody that recognizes all �2m-bound HLAs. We
found the two IEF profiles to be essentially identical, suggest-
ing that U21 associates with the same array of class I gene
products as W6/32 (23). Although W6/32 recognizes HLA-C,
some of the HLA bands were underrepresented in this prelim-

inary experiment, and we could not be certain that HLA-C
alleles were represented among the polypeptides recovered
and separated on the IEF gel. The idea that some viral immu-
noevasins will downregulate HLA-A and -B, but not HLA-C,
prompted a more careful characterization of U21’s ability to
bind to and redirect HLA-C molecules.

As we have shown previously, in control U373 cells, class I
molecules are localized mainly on the plasma membrane, while

FIG. 2. Binding of U21 to HLA-C is stabilized by lysosomal pro-
tease inhibitors. (a) Equal protein concentrations from lysates of
U373- and U21-expressing U373 cells treated with lysosomal protease
inhibitors folimycin (Foli) and leupeptin (Leu) were immunoblotted
with HC10 to detect class I heavy-chain molecules. (b) Lysates and
U21 immunoprecipitations (IP) of control C1R- and U21-expressing
C1R cells treated with lysosomal protease inhibitors were immuno-
blotted with HC10 to detect class I MHC heavy chains. The upper
band marked by the asterisk is due to reactivity of the HRP-conjugated
secondary antibody directly with the anti-U21 antibody. (c) Samples
from control and U21-expressing U373 cells treated with lysosomal
protease inhibitors were blotted with L31 to detect HLA-C. The fold
increase in signal intensity between bands is indicated by arrows. (d)
Crude membrane preparations of U373, C1R, and U373 and C1R cells
expressing U21 were immunoblotted with MCW50 antibody to U21, as
indicated. Three micrograms of U373 crude membranes and 20 �g of
C1R crude membranes were blotted, as indicated. The upper band
marked by the asterisk is a cross-reacting background band.
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in cells expressing U21, class I MHC molecules are dramati-
cally redistributed to the lysosomal compartment (Fig. 1, com-
pare panels a and b) (17, 22, 23). To specifically examine the
diversion of HLA-C by U21, we turned to the B-lymphoblas-
toid cell line C1R which, due to mutagenesis and negative
selection with anti-HLA antibodies, expresses the HLA-Cw4
gene product, and not HLA-A or -B (52, 63). The C1R cells
are nonadherent, and we observe relatively little plasma mem-
brane localization of HLA-C in these cells, consistent with
reports that 75 to 90% of HLA-C is retained intracellularly (36,
40, 50). Instead, we visualize HLA-C primarily in the biosyn-
thetic compartment (Fig. 1, panel c). Expression of U21 in
these cells resulted in a more punctate distribution of HLA-C,
suggesting that U21 can redirect HLA-C molecules to the
lysosomal compartment (Fig. 1, compare panels c and d). We
note that the steady-state level of class I MHC expression in
control U373 cells is �40-fold higher than in cells expressing
U21 (Fig. 2a, compare lanes 1 and 2), yet W6/32-reactive class
I molecules seen in U21-expressing cells appear disproportion-
ately intense, perhaps because they are concentrated in the
lysosomal compartment (Fig. 1b). We observe a similar phe-
nomenon in UL21-expressing C1R cells (Fig. 1d).

To determine whether expression of U21 also affected the
steady-state levels of HLA-C, we immunoblotted equal con-
centrations of total protein from control C1R cells and U21-
expressing C1R cells using HC10, a monoclonal antibody re-
active with free HLA-A, -B, and -C heavy chains (51). The
total amount of HLA-C was reduced 2.2-fold in the C1R cells
expressing U21, suggesting that the presence of U21 results in
destabilization of HLA-C molecules (Fig. 2b, lanes 1 and 2).
To determine whether U21 associates with HLA-C, we next
performed coimmunoprecipitation experiments from control
C1R and U21-expressing C1R cells, immunoprecipitating U21
and immunoblotting with HC10 to detect free HLA-C heavy
chains. As shown in Fig. 2b, lane 4, class I MHC molecules
coprecipitate with U21.

To further demonstrate the interaction between U21 and
HLA-C, we performed the same experiment with U373 cells,
which contain all of the classical class I gene products. In this
experiment, the immunoblots were performed using L31, an
antibody specific for free HLA-C heavy chains (48). Here, too,
in U373 cells, 4.5-fold-lower steady-state levels of HLA-C were
detected when U21 was present, further suggesting that U21
expression results in the degradation of HLA-C (Fig. 2c, lanes

FIG. 3. U21 associates with and relocalizes HLA-G. Control JEG-3 cells (a) and U21-expressing JEG-3 cells (b) were labeled with W6/32, an
antibody directed against properly folded class I MHC molecules, followed by an Alexa 488-conjugated secondary antibody. Scale bars � 10 �m.
(c) Lysates and U21 immunoprecipitations of control and U21-expressing JEG-3 cells treated with lysosomal protease inhibitors folimycin and
leupeptin were immunoblotted with HCA2 to detect HLA-G. The fold increase in signal intensity between bands is indicated by arrows. (d) Crude
membrane preparations of U373, JEG-3, and U373 and JEG-3 cells expressing U21 were immunoblotted with MCW50 antibody to U21, as
indicated. Three micrograms of U373 crude membranes and 20 �g of JEG-3 crude membranes were immunoblotted, as indicated. The lower band
marked by the asterisk is a cross-reacting background band.

VOL. 84, 2010 HHV-7 U21 DOWNREGULATION OF CLASS I MHC MOLECULES 3741



1 and 2). For comparison, we also performed the experiment
with U373 cells, detecting all free classical class I heavy chains
using HC10. In U373 cells, we observed a larger (�40-fold)
reduction, likely because HLA-A and -B comprise 80 to 90%
of the total surface class I (Fig. 2a, lanes 1 and 2).

U21 binds to class I molecules and redirects them to lyso-
somes, where they are degraded (17, 23). Predictably, inhibi-
tion of lysosomal proteases results in the stabilization of both
U21 and class I MHC molecules (Fig. 2a, compare lane 4 with
lane 2) (17, 23). Likewise, when U21-expressing C1R cells were
treated with lysosomal protease inhibitors, we observed an
11-fold increase in the HLA-C that coimmunoprecipitates with
U21 (Fig. 2b, compare lane 6 to lane 4), demonstrating that
HLA-C, too, associates with U21 and is redirected to the
lysosomal compartment for degradation. A 2.5-fold increase in
recovery of coprecipitated HLA-C molecules following treat-
ment with lysosomal protease inhibitors was also observed for
U373 cells (Fig. 2c, compare lane 6 to lane 4).

The stable U21-expressing cell lines we describe were gen-
erated using retrovirus-mediated gene transfer and selected in
puromycin or another selection agent. This mode of transduc-
tion generally yields uniform populations of cells that do not
express toxic levels of protein, because the cells must continue
to grow. We note that the levels of U21 expressed in U373 cells
are similar (within 10-fold) to the levels of U21 expressed
during HHV-7 infection of T cells in culture (23). The stable
cell lines are quite uniform in their expression of U21 within
each cell population, and the cells depicted in immunofluores-
cence images are representative of �80% of the cells exam-
ined. However, the steady-state levels of U21 expression vary
considerably from cell type to cell type. To assess the steady-
state U21 expression levels in the C1R cells compared with
that in the U373-U21 cells, we performed immunoblotting
experiments on crude membrane preparations from each cell
line. Notably, all of the nonadherent cell lines we have tested
express significantly lower levels of U21 than U373 cells (Fig.
2d, compare lanes 4 and 2).

U21 interacts with properly folded HLA-G molecules. To
further assess the ability of U21 to associate with the HLA
molecules, we next examined whether U21 could affect the
nonclassical class I molecule HLA-G. HLA-G is expressed
only in placental tissue and is thought to be involved in pro-
tecting the fetus from its mother’s NK cells (12, 13).

For these experiments, we expressed U21 in JEG-3 chorio-
carcinoma cells, which express HLA-G and HLA-C, but not
HLA-A or HLA-B (46). We first examined the localization of
class I MHC molecules. In control JEG-3 cells, the class I
MHC (W6/32) immunofluorescence labeling pattern is some-
what different from that in U373 cells: the HLA-C and -G
molecules in these cells label the cell surface with a grainy
appearance, and the Golgi complex is more intensely visible
(Fig. 3a). This pattern likely reflects the absence of HLA-A
and -B in these cells and the relatively poor expression of
HLA-C on the cell surface (36, 40, 50). In JEG-3 cells express-
ing U21, however, we observe striking redistribution of class I
MHC molecules to a punctate perinuclear compartment sim-
ilar to that observed for U373 U21 cells, demonstrating that
U21 diverts W6/32-reactive class I MHC molecules in these
cells (Fig. 3, compare panel b to panel a). Although this redis-
tribution is dramatic, and the absence of HLA-A and HLA-B

in these cells suggests that both HLA-C and HLA-G are relo-
calized, this experiment does not rule out the possibility that
U21 excludes HLA-G and that this redistribution is attribut-
able solely to HLA-C relocalization.

Therefore, to assess whether U21 can associate with
HLA-G, we first examined steady-state levels of HLA-G in the
absence and presence of U21. Just as for HLA-C, the amount
of HLA-G in cells expressing U21 was reduced (Fig. 3c, lanes
1 and 2). We next performed coimmunoprecipitation experi-
ments (as described above for HLA-C) in which we performed
immunoprecipitations with U21 to recover all U21-associated
class I products, and we immunoblotted with HCA2, an anti-
body recognizing free HLA-G heavy chains (Fig. 3c, lanes 3
and 4). Although the HCA2 antibody was raised against
HLA-A, it cross-reacts with HLA-G, and since JEG-3 cells lack
HLA-A, HCA2 allows specific detection of HLA-G (47). In
addition, since its cytoplasmic tail is shorter, HLA-G migrates
faster than the classical class I molecules in SDS-polyacryl-
amide gels, so its detection is unmistakable. Like HLA-C,
HLA-G coimmunoprecipitated with U21, and incubation in
the presence of lysosomal protease inhibitors enhanced the
amount of HLA-G recovered �4-fold, suggesting that U21
redirects HLA-G to the lysosomal compartment as well (Fig.
3c, compare lanes 4 and 6).

FIG. 4. U21 associates with and downregulates surface expression
of HLA-E. (a) Control 721.221 (shaded) and U21-expressing cells
(bold) were incubated with W6/32 followed by secondary incubation
with a PE-conjugated secondary antibody. Control cells incubated with
secondary antibody only are indicated with the thin trace. (b) 721.221
control cells and U21-expressing cells were metabolically labeled for
1 h with [35S]cysteine and [35S]methionine, and HLA-E molecules
were recovered with W6/32. (c) Crude membrane preparations of
U373, 721.221, and U373 and 721.221 cells expressing U21 were im-
munoblotted with MCW50 antibody to U21, as indicated. Three mi-
crograms of U373 crude membranes and 20 �g of 721.221 crude
membranes were blotted, as indicated.
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Similar to results for U21-expressing C1R cells, an immu-
noblot analysis of crude membranes showed steady-state ex-
pression of U21 in JEG-3 cells to be much lower than that in
U373-U21 cells (Fig. 3d, compare lanes 4 and 2).

U21 associates with and reduces surface expression of
HLA-E molecules. We next investigated whether U21 could
reduce the surface expression of HLA-E. For these experi-
ments, we expressed U21 in 721.221 lymphoblastoid cells
which, due to gamma ray-induced mutations in the HLA com-
plex, express only HLA-E (29, 49).

Like most class I MHC molecules, stable assembly of
HLA-E requires that peptide be bound within its peptide bind-
ing groove. Unlike other class I products, HLA-E’s peptide
binding groove accepts nonamer peptides derived from the
cleavable signal sequences of other class I HLA molecules, to
the exclusion of most conventionally processed antigens (4,
34). As such, it functions primarily as an inhibitory ligand for
NK cells.

Since the 721.221 cells in these experiments express HLA-E
in the absence of other class I products, class I-derived peptide
antigens are unavailable; thus, assembly of HLA-E is impaired.
Surface expression of endogenous HLA-E is therefore low

(34). Still, when we expressed U21 in these cells and examined
surface expression of HLA-E, the surface HLA-E was reduced
to an almost undetectable level (Fig. 4a).

To determine whether U21 associates with HLA-E mole-
cules, we performed coimmunoprecipitation experiments, us-
ing W6/32 to recover HLA-E from metabolically labeled U21-
expressing 721.221 cells. When HLA-E molecules were
immunoprecipitated with W6/32, U21 molecules were recov-
ered as well, demonstrating that HLA-E, too, associates with
U21 (Fig. 4b).

Similar to U21-expressing C1R and JEG-3 cells, immuno-
blot analysis of crude membranes showed steady-state expres-
sion of U21 in 721.221 cells to be much lower than that in
U373-U21 cells (Fig. 4c, compare lanes 4 and 2).

U21 diverts the murine class I MHC molecule H-2Kb to
lysosomes. HHV-7 infection is species specific, and it does not
infect mice. Because U21 was capable of association with all of
the HLA gene products we examined, we next hypothesized
that it may also be capable of interaction with the structurally
similar murine class I MHC molecules, despite their more-
divergent primary sequence (see Fig. 12). Our investigation
into U21’s association with murine class I MHC molecules was

FIG. 5. U21 diverts the murine class I MHC H-2Kb to the lysosomal compartment in human cells. U373 cells expressing H-2Kb with or without
U21 were labeled with Y-3 anti-H-2Kb MAb and the anti-lamp2 lysosomal marker protein MAb H4B4. The antibodies used in each panel are
indicated. Primary antibodies were detected with Alexa Fluor-conjugated secondary antibodies. Arrows indicate specific points of colocalization
between H-2Kb and lamp 2 labeling. Scale bars � 10 �m.
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therefore performed not for physiological reasons, but to gain
a deeper understanding of the breadth of its substrates.

We first examined whether murine H-2Kb molecules could
be relocalized by U21. When H-2Kb molecules are expressed
in human U373 cells, they assemble with human �2m and are
localized to the cell surface (Fig. 5a and c) (19). When we
expressed U21 in H-2Kb-expressing U373 cells, the redistribu-
tion of H-2Kb was as striking as the redistribution of human
class I molecules: H-2Kb molecules were localized to a perinu-
clear location that colocalized with lamp 2, a marker for the
lysosomal compartment (Fig. 5, compare panels a and b, c and
e, and e and f). To demonstrate that U21 expression results in
the punctate distribution of class I molecules within the pop-
ulation of cells as a whole, smaller scale images are shown (Fig.
5a and b).

U21 associates with H-2Kb in human astrocytoma cells. To
assess the association of U21 with H-2Kb, we performed co-
immunoprecipitation experiments, recovering U21, H-2Kb,
and endogenous class I MHC from metabolically labeled U373
cells expressing U21, H-2Kb, or both gene products together
(Fig. 6a). Using control U373 cells, we recovered HLA heavy
chains with W6/32 (Fig. 6a, lane 1). From U373 cells expressing
H-2Kb, we recovered H-2Kb with the anti-H-2Kb antibody Y3
(Fig. 6a, lane 6). Of note, in U373 cells expressing H-2Kb, HLA
class I heavy chains recovered with W6/32 were barely detect-
able (Fig. 6a, compare lanes 4 and 1). The decrease in W6/32-
reactive human class I levels in these cells likely reflects a
competition between orthologous class I molecules for the
available �2m. The observation that murine H-2 molecules can
associate with human �2m molecules is long known (19, 21);
thus, the observation that murine H-2Kb appears to possess

greater affinity than the human class I molecules for �2m,
causing a reduction in W6/32-reactive �2m-bound human class
I molecules, is consistent with the literature.

If indeed the HLA heavy-chain molecules “lose” the com-
petition for available �2m, then although W6/32-reactive,
properly folded class I MHC molecules are barely detectable in
the H-2Kb-expressing cells, unfolded �2m-free HLA class I
MHC molecules should be present at similar levels, regardless
of H-2Kb-expression. This is indeed the case: U373 and U373-
H-2Kb lysates show comparable levels of class I MHC heavy
chains, when detected with a monoclonal antibody recognizing
unfolded HLA heavy chains (Fig. 6b, compare lanes 1 and 3).

Immunoprecipitation of HLA class I alleles from U373 cells
expressing U21 also results in recovery of fewer HLA heavy-
chain molecules than from U373 control cells (Fig. 6a, com-
pare lane 7 to lane 1). In this case, however, the reduced class
I recovered is due to the expression of U21 in these cells, which
results in degradation of class I molecules in lysosomes (Fig. 2a
and 6b, lanes 1 and 2). Immunoprecipitation of U21 from these
cells coprecipitates class I HLA heavy chains (Fig. 6a, lane 8).

In cells expressing both U21 and H-2Kb, we again observed
very few labeled HLA heavy-chain molecules coimmunopre-
cipitating with W6/32 (Fig. 6a, lane 10), while immunoprecipi-
tation with U21 resulted in the coprecipitation of H-2Kb and
HLA molecules (Fig. 6a, compare lane 11 with lanes 10 and
12). The reciprocal immunoprecipitation with antibody to
H-2Kb recovered U21 in addition to H-2Kb, demonstrating
interaction between the two proteins (Fig. 6a, lane 12). Note
that in metabolic labeling experiments, we visualize only 35S-
labeled protein. Thus, the relative amounts of labeled protein
in these experiments cannot be compared, since their steady-

FIG. 6. U21 associates with H-2Kb in human cells. (a) U373 control cells (lanes 1 to 3), along with U373 cells expressing U21 and/or H-2Kb

(lanes 4 to 12), were labeled for 40 min with [35S]cysteine and [35S]methionine. Class I MHC molecules were recovered with W6/32 (lanes 1, 4,
7, and 10), U21 was recovered with PAb MCW50 anti-U21 (lanes 2, 5, 8, and 11), and H-2Kb was recovered with the anti-H-2Kb MAb Y-3 (lanes
3, 6, 9, and 12). Recovery of properly folded class I molecules with the W6/32 antibody was notably lessened in H-2Kb-expressing cells (lanes 4
and 10). The film exposure time for lanes 1 to 6 (72 h) was longer than that of lanes 7 to 12 (40 h). (b and c) Eight micrograms of the indicated
lysates were immunoblotted with the HC10 antibody reactive with free HLA heavy chains (a) and P8 antibody to free H-2Kb heavy chains (b).
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state levels, localization, and rates of synthesis are dissimilar.
Lane 10 of Fig. 6a is particularly illustrative of this point; here,
U21 appears more abundant than the class I MHC molecules
that were immunoprecipitated.

To assess relative expression levels of class I MHC mole-
cules, immunoblots were performed with lysates from these
stable cell lines. As seen with U373 cells expressing U21 (Fig.

6b, lanes 1 and 2), the steady-state levels of class I HLA
heavy-chain molecules are reduced when U21 is expressed in
the U373 H-2Kb cells (Fig. 6b, lanes 3 and 4).

We note that there appears to be slightly more H-2Kb

present in the U373 U21 H-2Kb cells than in the U373 H-2Kb

cells (Fig. 6a, compare lanes 12 and 6). We suspect that these
levels differ because the U373 and U373-U21 cells were inde-

FIG. 7. U21 associates with endogenous H-2Kb and diverts it to a lysosomal compartment. B6/WT3 and U21-expressing cells were labeled with
Y-3 anti-H-2Kb antibody along with anti-lgp120 antibody to murine lamp-1. The antibodies used in each panel are indicated. Primary antibodies
were detected with Alexa Fluor-conjugated secondary antibodies. Arrows denote specific points of colocalization between H-2Kb and lgp-120. Scale
bars � 10 �m. (g) Control B6/WT3 and U21-expressing cells were labeled for 40 min with [35S]cysteine and [35S]methionine. U21 was recovered
with anti-U21 PAb, and H-2Kb was recovered with Y-3. (h) Crude membrane preparations of U373, B6/WT3, and U373 and B6/WT3 cells
expressing U21 were immunoblotted with MCW50 antibody to U21, as indicated. Three micrograms of U373 crude membranes and 5 �g of
B6/WT3 crude membranes were blotted, as indicated.
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pendently transduced with an H-2Kb retrovirus, and as a result,
the cells express slightly different levels of H-2Kb (Fig. 6c,
compare lanes 3 and 4).

U21 associates with H-2Kb in murine fibroblast cells. We
next assessed whether U21 could affect endogenous murine
class I MHC molecules. The mechanism of U21-mediated re-
routing of class I MHC molecules is not known, but if its
function depends upon cellular trafficking proteins, in order to
affect class I H-2 molecules in murine cells, the murine versions
of these auxiliary cellular proteins must substitute for their
human counterparts. To determine whether U21 could bind to
and divert H-2Kb molecules to a lysosomal compartment in
murine cells, we expressed U21 in the b haplotype murine
fibroblast line B6/WT3 and examined localization of H-2Kb by
immunofluorescence microscopy. In B6/WT3 cells, the endog-
enous H-2Kb labels the cell surface and the biosynthetic com-
partments but has a more grainy appearance in these cells than
it does when expressed in human U373 cells (compare Fig. 7c
to Fig. 5c). Here, too, expression of U21 results in a dramatic
change in localization of H-2Kb to the lysosomal compartment,
showing significant colocalization with the murine lysosomal
marker protein lgp120 (Fig. 7, compare panels c and e and
panels e and f). To demonstrate that U21 expression results in
the punctate distribution of class I molecules within the pop-

ulation of cells as a whole, smaller-scale images are shown (Fig.
7a and b).

We also performed coimmunoprecipitation experiments
with these cells, recovering U21 and H-2Kb molecules from
metabolically labeled control and U21-expressing B6/WT3

FIG. 8. U21 does not alter the localization of CD1d. U373 cells expressing CD1d, U21, or both were labeled with MAb CD1d42 anti-CD1d
and with PAb anti-U21. The antibodies used in each panel are indicated. Primary antibodies were detected with Alexa Fluor-conjugated secondary
antibodies. Scale bars � 10 �m.

FIG. 9. U21 does not alter surface expression of CD1d. (a) Control
CD1d-expressing U373 cells (shaded) and cells expressing both CD1d
and U21 (bold) were incubated with CD1d51 anti-CD1d MAb fol-
lowed by secondary incubation with a PE-conjugated secondary anti-
body. Control cells incubated with secondary antibody only are indi-
cated by the thin trace. (b) Three micrograms of crude membrane
preparations of U373 control cells and U373 cells expressing U21
and/or CD1d were immunoblotted with MCW50 antibody to U21.
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cells. Immunoprecipitation with an antibody directed against
the C terminus of U21 coprecipitated H-2Kb molecules (Fig.
7g, lane 2), and precipitation with an antibody to H-2Kb re-
covered H-2Kb from control cells as well as from U21-express-
ing cells (Fig. 7g, lanes 3 and 4). Strangely, however, although
U21 coprecipitated with H-2Kb in H-2Kb-expressing U373
cells, U21 failed to coimmunoprecipitate with H-2Kb from
U21-expressing B6/WT3 cells, despite identical experimental
conditions (compare Fig. 7g, lane 4, to Fig. 6a, lane 12). The
most obvious difference between this experiment and the one
performed with U373 cells lies in the available �2m xenotype.
In murine cells, H-2Kb folds in complex with endogenous mu-
rine �2m, whereas in human cells, it folds with human �2m.

Although both complexes are recognized by the H-2Kb-specific
antibody, and the �2m orthologs are 66% identical and 80%
similar at the amino acid level, it is possible that a slight
difference in the conformation achieved after binding of �2m
may influence immunoprecipitation outcomes: the antibody
binding to H-2Kb might somehow exclude U21 from immuno-
precipitations when complexed with murine but not human
�2m. Immunoblot analysis of crude membranes showed
steady-state expression of U21 in B6/WT3 cells to be lower
than that in U373-U21 cells (Fig. 7 h, compare lanes 4 and 2).

U21 does not alter CD1d localization. In further examining
the breadth of substrates that can be relocalized by U21, we
next assessed the trafficking of CD1d. CD1d is a class I MHC-

FIG. 10. U21 does not alter the localization of m144HA. U373 cells expressing HA-tagged m144, U21, or both were labeled with HA11 anti-HA
MAb and with anti-U21 PAb. The antibodies used in each panel are indicated. Primary antibodies were detected with Alexa Fluor-conjugated
secondary antibodies. Scale bars � 10 �m.
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like molecule that presents lipid antigens to T-cell receptors on
NKT cells. Although not encoded in the MHC, it assembles
with �2m and has a three-dimensional structure nearly super-
imposable with class I MHC molecules (31; for a review, see
reference 24). Because CD1d has been recently described as a
target for downregulation by HCMV, Kaposi’s sarcoma-asso-
ciated virus, herpes simplex virus, and vesicular stomatitis virus
(41–43, 45), we hypothesized that U21 might also cause relo-
calization of CD1d to lysosomes.

CD1d expression is confined to professional antigen-pre-
senting cells, so to assess U21’s ability to affect CD1d, we
expressed exogenous CD1d using human U373 cells. When
expressed in control U373 cells, CD1d localizes to the cell
surface (Fig. 8c). When CD1d and U21 were coexpressed in
U373 cells, no relocalization of CD1d was observed (Fig. 8e),
despite reasonably high levels of U21 expression (Fig. 8, com-
pare panel f to panel b).

To more quantitatively assess whether expression of U21 has
an effect on surface CD1 localization, we performed flow cy-
tometric analysis of the surface CD1d expression. Surface lev-
els of CD1d were unaffected by the expression of U21 in the
cells (Fig. 9a). The uniformity of CD1d expression within the
cell populations is also illustrated in these flow cytometric
histograms. Immunoblot analysis of crude membranes showed
steady-state expression of U21 in U373 CD1d-expressing cells
to be similar to that in U373-U21 cells (Fig. 9b, compare lanes
4 and 2).

U21 does not interact with m144. In an effort to evade
detection from NK cells, some viruses encode proteins that act
as decoy class I MHC molecules, masking the absence of class
I MHC that is downregulated by the virus (27). The murine
cytomegalovirus (MCMV) m144 protein is one such immuno-
evasin (9, 32, 39). Because m144 assembles with �2m and
possesses a three-dimensional structure similar to that of class
I MHC molecules, as part of our investigation into the struc-
tural and sequence requirements for association with U21, we
examined whether m144 may also be a substrate for U21.

To determine if U21 could alter the localization of m144, we
expressed C-terminally HA-tagged m144 in control U373 cells
and in U373 cells expressing U21 (Fig. 10, compare panel a to
panels c and e). Despite expression of U21, m144 remained on
the cell surface and in the biosynthetic compartment (Fig. 10,
compare panels c and e.) To demonstrate that U21 expression
has no effect upon the distribution of m144 molecules within
the population of cells as a whole, smaller-scale images are also
shown (Fig. 10g and h).

The cytoplasmic HA tag on m144 negated the option to
quantitatively assess its surface expression by flow cytometry,
but to determine whether U21 could interact with m144, we
performed coimmunoprecipitation experiments, recovering
U21 and HA-tagged m144 from metabolically labeled cells.
Because both U21 and m144HA migrate similarly in SDS-
PAGE (data not shown), to resolve the two proteins, immu-
noprecipitates were first treated with PNGase F to remove
N-linked glycans from the molecules. Immunoprecipitation
with an anti-HA antibody recovered m144HA from m144HA-
expressing cells (Fig. 11a, lane 4). Similarly, immunoprecipita-
tion with antibody to U21 recovered U21 from U21-expressing
cells (Fig. 11a, lane 5). In cells expressing both proteins, re-
covery of U21 did not coprecipitate m144HA, nor did the

recovery of m144HA coprecipitate U21 (Fig. 11a, lanes 7 and
8), suggesting that U21 does not associate with m144 despite its
structural similarity to class I MHC. Immunoblot analysis of
crude membranes showed steady-state expression of U21 in
U373 m144-expressing cells to be similar to that in U373-U21
cells (Fig. 11b, compare lanes 4 and 2).

Amino acid sequence comparison of U21-sensitive MHC
proteins. U21 is notable among immunoevasins in its ability to
bind to all human HLAs. To survey the primary sequence
variation among U21’s substrates, we aligned their amino acid
sequences. The HLAs are highly similar (Fig. 12a). The �3
domains, marked by dark gray lines over the sequences, display
the greatest identity. Not surprisingly, H2-Kb is least similar
among the class I MHC sequences, having 64% identity to
HLA-A (Fig. 12b). Still more divergence is seen with CD1d;
despite sharing the same MHC fold, CD1d has only 17%
identity (28% similarity) with HLA-A (sequence alignment not
shown). The greatest degree of conservation among all of the
proteins exists within the �3 domain.

DISCUSSION

The ability of viruses to downregulate certain class I MHC
gene products, while leaving others at the cell surface, has been
well documented (10, 16, 25, 35, 46). For example, human
immunodeficiency virus Nef downregulates HLA-A and -B
gene products, but not HLA-C or -E gene products (10).
HCMV US2 affects HLA-A and most -B alleles, but not
HLA-C, -E, or -G, and HCMV US11 affects HLA-A, -B, and
some -C, but not HLA-E or -G (16, 35, 46). The selectivity of

FIG. 11. U21 does not associate with m144HA. (a) U373 control
cells (lanes 1 to 2), along with U373 cells expressing U21 and/or
HA-tagged m144 (lanes 3 to 8) were labeled for 40 min with [35S]cys-
teine and [35S]methionine. U21 molecules were recovered with PAb
MCW50 anti-U21 (lanes 1, 3, 5, and 7), and m144HA was recovered
with MAb HA11 anti-HA (lanes 2, 4, 6, and 8). Immunoprecipitations
were treated with PNGase F prior to electrophoresis. (b) Three mi-
crograms of crude membrane preparations of U373 control cells or
U373 cells expressing U21 and/or m144HA (labeled m144) were blot-
ted with MCW50 antibody to U21.
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these viral immunoevasins for particular class I MHC products
seems straightforward: viruses strive to downmodulate class I
MHC molecules that act as effective antigen-presenting mole-
cules for CTLs, while leaving molecules that serve as inhibitory
ligands for NK cells at the cell surface. There are exceptions to
this rule: HCMV US6 prevents assembly of all TAP-dependent
HLA molecules, including HLA-C and -E (28, 35), and HCMV
US3 prevents surface expression of all tapasin-dependent class

I products, which include HLA-C, -E, and -G (28). Nonethe-
less, it seems that HCMV goes to great lengths to ensure that
NK cell-inhibitory HLA-E is expressed at the cell surface: the
cleavable signal peptide from the UL40 gene product serves as
a canonical ligand for HLA-E’s peptide binding groove, en-
hancing cell surface expression of HLA-E in a TAP-indepen-
dent manner (54, 57).

Here, we demonstrate that HHV-7 U21 is not selective in its

FIG. 12. Sequence alignments of HLA-A, -B, -C, -E, and -G, as well as murine H-2Kb. (a) Sequence comparison of the human HLAs. HLA-A
through HLA-E share �58% identity and have a majority consensus at �94% of residues at the amino acid level. Identity is indicated by dark gray
shading, while consensus is indicated by light gray shading. (b) Sequence comparison of HLA-A with murine H-2Kb, which share �73% similarity
(light gray shading) and �64% amino acid identity (dark gray shading). Light gray lines over the sequences indicate �1 and �2 domains, and dark
gray lines over the sequences indicate �3 domains. Boxes show predicted transmembrane domains, while black hash marks and squares indicate
predicted signal peptide cleavage sites.
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association with class I molecules; it binds to and affects the
cell surface expression of classical, nonclassical, and even mu-
rine class I MHC molecules, but not of the structurally similar
CD1d or MCMV m144 molecules. In downregulating the in-
hibitory NK cell ligand HLA-E, U21-expressing cells would
seem to expose themselves to NK cell killing. Other viruses
that downmodulate HLA-E along with the other classical class
I molecules have evolved compensation mechanisms for this
apparent oversight: HCMV, for example, encodes UL40 to
bypass US6’s effect upon HLA-E. In addition, HCMV itself
encodes class I MHC homologs (UL18, UL142) that can act as
NK cell-inhibitory ligands (8, 61; for a review, see reference
60). HCMV also encodes a microRNA that represses the ac-
tivating NK cell ligand MICB (38), as well as several other
protein products (UL16, UL141) that downregulate still more
activating NK cell receptor ligands (8, 55). Thus, we hypothe-
size that HHV-6 and -7, betaherpesviruses that are most
closely related to HCMV, must also encode other mechanisms
of NK cell evasion.

In a previous work, we demonstrated that U21, a type I
membrane protein with a 50-amino-acid cytoplasmic tail, does
not rely on its transmembrane domain or cytoplasmic tail to
mediate the trafficking of class I MHC molecules to lysosomes
(22). From experiments performed with chimeric U21 mole-
cules, we demonstrated that the association of U21 with class
I molecules occurs within their lumenal domains and is �2m or
conformation dependent (22). We believe that U21 utilizes
as-yet-unknown cytoplasmic cellular sorting machinery for di-
version of class I molecules to lysosomes; thus, the observation
that U21 can reroute H-2Kb molecules when it is expressed in
murine cells implies that any unidentified cellular proteins
necessary to reroute class I molecules are functional and con-
served in mice.

HHV-6 and -7 exhibit exquisite species specificity and do not
infect mice. Thus, while U21’s ability to affect murine H-2Kb

may not be physiologically meaningful, the discovery that U21
can affect murine H-2Kb sheds unexpected light on U21’s as-
sociation with its substrates. Human class I molecules assume
a slightly different conformation when bound to murine �2m
than when complexed with human �2m and are no longer
recognized by the conformation-specific antibody W6/32 (14,
19). Similar conformational changes occur when murine H-2K
associates with human �2m, yet regardless of the source of
�2m, U21 retains its ability to bind to and reroute class I
molecules, suggesting that U21’s association with class I/�2m
heterodimers is independent of this conformation change.

HLA-G, a nonclassical class I molecule expressed in chori-
onic trophoblasts, is thought to provide the fetus protection
from maternal NK cells (12, 13). However, the majority of
HHV-7 infections are presumably acquired through contact
with the saliva of adults (5), and congenital infection with
HHV-7 has not been demonstrated (18); thus, U21-mediated
downregulation of HLA-G in trophoblasts is an unlikely sce-
nario. Nonetheless, U21’s ability to reroute HLA-G to the
lysosomal compartment contributed to our understanding of
U21’s ability to associate with a wide range of class I molecules.
U21 associates exclusively with properly folded, �2m-bound
class I molecules (22). Together with the information we have
gained with respect to its association with such a wide range of
class I molecules, our data suggest that U21 may have confor-

mation-dependent binding determinants for class I binding,
rather than a primary sequence consensus.

HHV-7 is an exceptionally successful virus, shed in the saliva
of almost all healthy adults. Its persistence and prevalence
within the population suggest that it must constantly interact
with the immune system. U21 downregulates all of the classical
and nonclassical class I MHC molecules, including the NK
cell-inhibitory ligands. If U21 expression results in the efficient
removal of NK cell-inhibitory ligands from the cell surface of
HHV-7-infected cells, then HHV-7 has likely evolved other
novel means of NK cell evasion.
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