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ABSTRACT Human cytomegalovirus (HCMV) is a ubiquitous pathogen that encodes
many proteins to modulate the host immune response. Extensive efforts have led to
the elucidation of multiple strategies employed by HCMV to effectively block NK cell
targeting of virus-infected cells and the major histocompatibility complex (MHC) class
I-primed CD8� T cell response. However, viral regulation of the MHC class II-mediated
CD4� T cell response is understudied in endogenous MHC class II-expressing cells,
largely because the popular cell culture systems utilized for studying HCMV do not en-
dogenously express MHC class II. Of the many cell types infected by HCMV in the host,
myeloid cells, such as monocytes, are of particular importance due to their role in la-
tency and subsequent dissemination throughout the host. We investigated the impact
of HCMV infection on MHC class II in Kasumi-3 cells, a myeloid-progenitor cell line that
endogenously expresses the MHC class II gene, HLA-DR. We observed a significant re-
duction in the expression of surface and total HLA-DR at 72 h postinfection (hpi) and
120 hpi in infected cells. The decrease in HLA-DR expression was independent of the ex-
pression of previously described viral genes that regulate the MHC class II complex or
the unique short (US) region of HCMV, a region expressing many immunomodulatory
genes. The altered surface level of HLA-DR was not a result of increased endocytosis and
degradation but was a result of a reduction in HLA-DR transcripts due to a decrease in
the expression of the class II transactivator (CIITA).

IMPORTANCE Human cytomegalovirus (HCMV) is an opportunistic herpesvirus that
is asymptomatic for healthy individuals but that can lead to severe pathology in pa-
tients with congenital infections and immunosuppressed patients. Thus, it is impor-
tant to understand the modulation of the immune response by HCMV, which is un-
derstudied in the context of endogenous MHC class II regulation. Using Kasumi-3
cells as a myeloid progenitor cell model endogenously expressing MHC class II (HLA-
DR), this study shows that HCMV decreases the expression of HLA-DR in infected
cells by reducing the transcription of HLA-DR transcripts early during infection inde-
pendently of the expression of previously implicated genes. This is an important
finding, as it highlights a mechanism of immune evasion utilized by HCMV to de-
crease the expression of MHC class II in a relevant cell system that endogenously ex-
presses the MHC class II complex.
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Human cytomegalovirus (HCMV) is a clinically significant herpesvirus that drastically
alters the host cell during its protracted replication cycle. Among the well-

characterized alterations is a striking change to the cellular proteome and a remodeling
of the protein composition of the plasma membrane (1). The plasma membrane
composition can be altered by multiple mechanisms, which include modifying the
kinetics of endocytosis, recycling, and lysosomal degradation of target proteins, altering
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their trafficking and localization away from the plasma membrane and changing the
rate of synthesis at the transcriptional and translational levels.

Immune proteins constitute a significant portion of the plasma membrane proteins
regulated by HCMV. Examples of a few of the many immune proteins whose surface
expression is regulated by this virus include MICA (major histocompatibility complex
class I polypeptide-related sequence A), MICB, tumor necrosis factor alpha (TNF-�),
TNF-related apoptosis-inducing ligand receptor 1 (TRAIL-R1), TRAIL-R2, and the UL16
binding proteins 1, 2, 3, and 6 (2–6). Perhaps the best-studied example is major
histocompatibility complex (MHC) class I, as HCMV utilizes several well-described
strategies to ensure reduced MHC class I antigen presentation (7–10). Modulating the
presentation of MHC class II, which presents both exogenous and endogenous anti-
gens, would also be beneficial for HCMV infection. The pool of MHC class II-presented
antigens could include antigens derived from viral proteins expressed within infected
cells (reviewed in reference 11). A CD4� T cell response to endogenous antigen has
been demonstrated for many different viruses (reviewed in reference 12). HCMV-
infected cells can present endogenous antigen to prime the CD4� T cell response (13).
CD4� T cells specific for both murine cytomegalovirus (MCMV) and HCMV express
granzyme B and possess cytolytic activity to control infection (14–16). Therefore,
controlling the action of CD4� T cells would be advantageous for HCMV infection,
specifically, to block the endogenous presentation of viral proteins.

The MHC class II pathway involves the synthesis of MHC class II proteins, their
association with the invariant chain (Ii) within the endoplasmic reticulum, trafficking of
the complex through the Golgi apparatus to the MHC class II loading compartment
(MIIC), and loading of the peptide with help from accessory factors in endosomal MIICs
(reviewed in reference 17). These mature MHC class II molecules move to the plasma
membrane to present peptide to CD4� T cells. Pathogens employ various mechanisms
to block MHC class II presentation at different steps of the pathway. These strategies
targeting MHC class II and accessory factors can be broadly divided into three catego-
ries: (i) synthesis, assembly, and loading, (ii) altered trafficking and localization, and (iii)
targeted degradation. Blocking the assembly of MHC class II components, for example,
interfering with the interaction between the invariant chain and the MHC class II alpha
and beta chains, is an attractive strategy. In fact, US3-mediated inhibition of Ii-MHC
class II complex formation has been reported for HCMV (18). Altered localization of MHC
class II can be achieved by rerouting MHC class II to endosomes or lysosomes, where
the complex is degraded or retained in these vesicles away from the plasma membrane.
HCMV-infected cells have been shown to contain MHC class II retained within perinu-
clear vesicles in the cell, and this aberrant localization has been observed in fibroblasts,
myeloid cells, and endothelial cells (19–21). Additionally, US2 directly targets MHC class
II for degradation by binding and degrading the alpha chain of human leukocyte
antigen DR (HLA-DR) and HLA-DM within HCMV-infected glioblastoma U373 cells (13).
For MCMV, M78 binds to MHC class II and degrades it in the lysosomes within infected
myeloid cells (22).

In addition to these mechanisms, viruses can use cytokine-mediated effects to
regulate MHC class II. MHC class II is induced by interferon gamma (IFN-�), and blocking
IFN-� signal transduction is an effective approach for preventing induced MHC class II
production. Accordingly, HCMV blocks IFN-�-induced surface MHC class II in infected
endothelial and glioblastoma cells by degrading Jak1 to prevent IFN-� signal transduc-
tion (19, 23). MCMV exerts a similar effect on IFN-�-driven MHC class II expression (24).
While IFN-� induces MHC class II synthesis, interleukin-10 (IL-10), an immunosuppres-
sive cytokine, decreases MHC class II via multiple mechanisms. HCMV encodes an IL-10
homologue, UL111A, that has an immunomodulatory function on responder cells and
decreases MHC class II during latent infections (25, 26). Additionally, HCMV can induce
cellular IL-10 to achieve a similar function (27), and MCMV utilizes IL-10 signaling for
viral persistence in the salivary gland (28). Thus, blocking antigen presentation by MHC
class II molecules is a strategy employed by cytomegaloviruses to promote infection.

HCMV can infect many different cell types, such as fibroblasts, epithelial cells, and
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myeloid cells. HCMV infections in vitro have classically been studied in fibroblasts
because of the robust lytic replication of the virus in this cell type. However, the
dissemination of the virus in vivo occurs primarily through cells of the myeloid lineage.
The virus infects myeloid progenitor cells and undergoes latency. Upon reactivation of
the virus, myeloid cells are integral for viral spread throughout the host. Given their
importance for viral spread and their ability to act as antigen-presenting cells, it is
critical to understand how HCMV manipulates myeloid cells to its advantage during
infection. The use of primary cells as an HCMV infection model has been challenging
due to the fact that these cells obtained ex vivo have considerable donor variability in
terms of infectivity and are not amenable for techniques that require teasing out
specific viral proteins and mechanisms. However, HCMV can infect several cell lines of
the myeloid lineage that mimic primary cells with regard to many aspects of HCMV
infection and thus have a great potential to be experimental models for studying HCMV
infection in vitro (29–32). One of these cell lines, Kasumi-3, expresses appreciable levels
of MHC class II HLA-DR, and we took advantage of this line to investigate how HCMV
controls endogenously expressed MHC class II complexes. These cells are a clonal
myeloid progenitor cell line derived from a myeloperoxidase-negative leukemia pa-
tient, express surface CD34 and MHC class II, and serve as a model of latency and
reactivation (29, 30, 33). Previous work implicating viral genes for MHC class II regula-
tion has involved IFN-� stimulation to drive MHC class II expression in nonmyeloid cells.
The impact of HCMV infection in myeloid progenitor cells for MHC class II has been
understudied. Using Kasumi-3 cells enables us to understand the regulation of endog-
enous MHC class II in infected myeloid cells without differentiation or activation of the
cells. We found that HCMV does downregulate the surface levels of MHC class II but that
this decrease is independent of the mechanisms reported for regulating MHC class II
under either induced or overexpressed conditions. We observed that surface MHC class
II molecules are endocytosed and degraded at the same rate in uninfected and
HCMV-infected cells, indicating that HCMV does not promote the degradation of
surface MHC class II molecules. Rather, our results show that HCMV repression of MHC
class II primarily occurs at the transcriptional level as a result of the downregulation of
class II transactivator (CIITA) expression.

RESULTS
HCMV reduces surface and total levels of MHC class II. To determine a suitable

model for addressing the mechanism of MHC class II downregulation in an endoge-
nously expressing system, we checked for the surface levels of the MHC class II human
leukocyte antigen DR (HLA-DR) isotype in three different myeloid cell lines, Kasumi-3,
KG1, and THP-1. While both KG1 and Kasumi-3 cells were positive for surface HLA-DR,
very little was detected in undifferentiated THP-1 cells (data not shown). Since we
found the Kasumi-3 cells to be more amenable to infection and could attain a higher
percentage of infected cells, we chose them as our model for addressing the mecha-
nism of MHC class II regulation by HCMV. We next investigated the surface levels of
other MHC class II HLAs on Kasumi-3 cells. We detected no HLA-DQ, as the cell
population stained for HLA-DQ was indistinguishable from unstained cells (Fig. 1A).
While there was very little staining for HLA-DP, the predominant HLA subtype detected
on Kasumi-3 cells was HLA-DR (Fig. 1A). Thus, we used HLA-DR for our subsequent
experiments to investigate how HCMV regulates MHC class II surface levels.

Since reduced surface expression of MHC class II complexes would benefit a viral
infection, we hypothesized that surface HLA-DR would decrease following infection by
HCMV. To test this hypothesis, we infected Kasumi-3 cells with a virus expressing
mCherry from its genome (34) to allow for identification of infected cells. Although
only a minority of the population was infected, these cells could be identified
as mCherry positive (Fig. 1B) and surface HLA-DR levels could be assessed on both the
mCherry-positive (infected) and -negative (uninfected) populations. Gating the cells on
mCherry allowed us to separate infected and uninfected cells; however, we did not
characterize the infection as lytic or latent. Following HCMV infection, surface HLA-DR
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levels were reduced compared to those for uninfected samples at both 72 and 120 h
postinfection (hpi) (Fig. 1C). Quantification using the geometric mean fluorescence
showed that the levels were reduced to �60% at 72 h, further decreasing to �20% by
120 hpi (Fig. 1D). Thus, MHC class II surface expression steadily declines throughout
HCMV infection of Kasumi-3 cells. To determine whether this surface downregulation
also occurred in primary cells, we next infected CD14� human peripheral blood
monocytes and monitored surface HLA-DR at 72 hpi. We observed decreased surface
HLA-DR (Fig. 1E), similar to what was observed in the Kasumi-3 cells.

We next wondered whether the decrease in surface MHC class II correlated with a
decrease in total MHC class II. Reduced surface levels could be due to intracellular
sequestration of the protein, in which total MHC class II levels would remain steady.
Total HLA-DR levels were measured in permeabilized Kasumi-3 cells that were unin-
fected or in infected cells at 72 or 120 hpi. Similar to the surface levels, total HLA-DR
protein was reduced at 72 hpi and further declined by 120 hpi (Fig. 2A). The decrease
in total HLA-DR protein in infected cells was confirmed by Western blot analysis
(Fig. 2B). Immunofluorescence analysis of uninfected Kasumi-3 cells showed that
HLA-DR localized to both the cell surface and intracellular puncta (Fig. 2C). At 72 h
postinfection, some surface staining remained, but much of the HLA-DR protein
localized to internal puncta. Any HLA-DR detected at 120 hpi was entirely localized to
intracellular puncta, and very little HLA-DR was detected in some cells (Fig. 2C). At 72
hpi, most of the HLA-DR puncta either colocalized with or were adjacent to LAMP1 (Fig.
2D); however, some HLA-DR puncta with no correlation to LAMP1 were present. At 120
hpi, almost all HLA-DR puncta colocalized with LAMP1. These LAMP1/HLA-DR-positive
puncta could represent MHC class II loading compartments or degradative lysosomes,
which would be consistent with the decrease observed for both surface and total
HLA-DR molecules during infection.

The HCMV-dependent reduction in MHC class II is independent of viral proteins
previously reported to downregulate MHC class II. Several mechanisms for how

FIG 1 HCMV downregulates surface expression of MHC class II in a myeloid progenitor cell line. (A) Flow cytometry analysis of
unstained Kasumi-3 cells or cells stained for HLA-DR, HLA-DQ, and HLA-DP. (B) Flow cytometry scatter plot of HCMV-infected (72 hpi)
and uninfected cells showing the relationship between mCherry (a marker of HCMV infection) and HLA-DR. (C) Histograms of
HCMV-infected (mCherry) and uninfected Kasumi-3 cells stained for surface HLA-DR at 72 and 120 h postinfection. (D) Bar graph of
the geometric mean (GM) fluorescence values for the samples used in the assay whose results are presented in panel C, displayed as
a percentage of the value for the uninfected sample. (E) Geometric mean fluorescence values from uninfected or HCMV-infected
CD14� human peripheral blood monocytes (HPBM) at 72 hpi. Values are averages from a minimum of three independent experiments.
*, P � 0.05.
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HCMV regulates MHC class II in cell lines in which the complex is not natively expressed
have been reported (13, 18, 21, 22, 25, 35). We next sought to determine which of these
mechanisms might apply to the regulation of endogenously expressed MHC class II in
cells of the myeloid lineage. Two HCMV proteins expressed from the unique short (US)
region of the genome, US2 and US3, alter the stability, loading, and trafficking of MHC
class II molecules (13, 18). However, the expression of these genes was disrupted during
the generation of the bacterial artificial chromosome (BAC) used to propagate the
TB40/E strain (36). As confirmation, both US2 and US3 were detected in cDNA harvested
from cells infected with the AD169 strain but not in that harvested from cells infected
with the TB40/E strain, utilized for the experiments described above (Fig. 3A). Thus, the
MHC class II regulation that we observed is not dependent on US2 or US3.

MHC class II regulation has been reported for two other viral proteins, the tegument
protein pp65 and the viral IL-10 homologue UL111A (21, 25, 35). In IFN-�-stimulated
fibroblasts, transfection of pp65 alone was sufficient to reduce surface HLA-DR levels
(21). To test whether endogenously expressed MHC class II was reduced in the presence
of pp65, we expressed either green fluorescent protein (GFP) or GFP-pp65 in Kasumi-3
cells and compared the expression of surface HLA-DR in the GFP-positive populations.
Expression of pp65 did not reduce MHC class II surface levels (Fig. 3B). Thus, pp65 alone
is not responsible for the downregulation of MHC class II during infection of Kasumi-3
cells. To test the contribution of the viral IL-10 or UL111A protein, we generated a virus
in which the start codon of UL111A was replaced with a stop codon (the UL111A-STOP
virus). The UL111A-STOP virus produced infectious virions at wild-type levels (Fig. 3C),
and Western blot analysis confirmed that UL111A was not expressed (Fig. 3D). MHC
class II surface levels were still decreased, despite the absence of UL111A (Fig. 3D). Thus,
the HCMV downregulation of MHC class II is independent of the viral IL-10 protein.

FIG 2 Total MHC class II is reduced during HCMV infection. (A) Bar graph of the geometric mean
fluorescence values of total HLA-DR protein in uninfected and infected samples (72 and 120 hpi). Values
are a percentage of the value for the uninfected sample and are averages from at least three indepen-
dent experiments. *, P � 0.05. (B) Western blot analysis of uninfected and HCMV-infected Kasumi-3 cells
at 24 and 72 hpi to detect HLA-DR, IE2, and p115 (loading control) protein levels. (C) Immunofluores-
cence of total HLA-DR protein (green) in uninfected and HCMV-infected Kasumi-3 cells at 72 and 120 hpi.
Infected cells expressed mCherry (red) from the genome as marker for infection. (D) Immunofluorescence
of total HLA-DR (pink) and LAMP1 (green) in HCMV-infected (red) Kasumi-3 cells at 72 and 120 hpi. Nuclei
stained with DAPI. Bars (C and D), 1 �m.
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A recent study using mouse cytomegalovirus demonstrated a role for the MCMV
M78 protein in degrading MHC class II (22). To test whether the HCMV homologue may
play a similar role, we generated a virus deficient for UL78 expression by replacing the
entire UL78 open reading frame (ORF) with galK. The UL78-galK virus grew as well as
and perhaps even slightly better than the wild-type virus (Fig. 3C) and was able to
downregulate MHC class II with kinetics similar to those in the wild-type virus (Fig. 3E).
To confirm that UL78 was not responsible for the observed MHC class II surface
downregulation, we next transfected Kasumi-3 cells with a vector control or a plasmid

FIG 3 Kasumi-3 cells do not regulate MHC class II using viral proteins previously reported to decrease MHC class
II expression and localization. (A) RT-PCR analysis of US2, US3, IE1, and GAPDH transcripts from uninfected
fibroblasts or fibroblasts infected with the AD169 or TB40/E strains of HCMV (96 hpi). (B) (Left) Histograms of surface
HLA-DR protein in Kasumi-3 cells 48 h after electroporation with either the GFP control or GFP-pp65. (Right)
Quantification of the geometric mean fluorescence as a percentage of the value for the GFP control sample. (C)
Infectious titers at 120 hpi of wild-type TB40/E (wild type [WT]) and the UL111A-STOP and UL78-galK viruses
following infection of fibroblasts at an MOI of 3. (D) (Left) Histograms of surface HLA-DR protein in Kasumi-3 cells
infected with mCherry expressing wild-type TB40/E or a virus lacking UL111A (UL111A-STOP) expression at 72 hpi.
(Middle) Western blot analysis confirms the absence of the UL111A protein. (Right) Quantification of the geometric
mean fluorescence as a percentage of the value for the uninfected sample. (E) (Left) Histograms of surface HLA-DR
protein in Kasumi-3 cells infected with mCherry expressing wild-type TB40/E or a virus lacking UL78 expression
(UL78-galK) at 72 hpi. (Right) Quantification of the geometric mean fluorescence of TB40/E or a virus lacking UL78
(UL78-galK) as a percentage of the value for the uninfected sample. (F) Graph representing the geometric mean
fluorescence of surface HLA-DR protein in Kasumi-3 cells at 48 h postelectroporation with either the vector control
or a plasmid expressing UL78. The histograms in panels B, D, and E are representative images from one of at least
three independent experiments. The values in the bar graphs in panels B to F are percentages of the geometric
mean fluorescence for uninfected or control transfected cells and are averages from at least three independent
experiments.
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expressing UL78. We observed no decrease in surface MHC class II in the UL78-
transfected samples (Fig. 3F). Collectively these data show that UL78 is not responsible
for MHC class II downregulation in Kasumi-3 cells.

Class II molecule downregulation is independent of the unique short region of
the HMCV genome. HCMV downregulates MHC class II in the myeloid lineage
Kasumi-3 cell line; however, this downregulation appears to be independent of previ-
ously published mechanisms. We sought to determine the viral factors responsible for
downregulating MHC class II and hypothesized that the factor(s) responsible may be
expressed from the unique short region of the genome, a region that has been shown
to encode several factors important for immune modulation and the regulation of MHC
class I and NK cell ligands. To screen this region for class II-regulating factors, we
generated five viruses in which five to six contiguous genes were replaced with galK
(the ΔUS7-US12, ΔUS13-US18, ΔUS19-US24, ΔUS26-US30, and ΔUS31-US34A viruses), as
depicted in the schematic in Fig. 4A. Successful replacement of the US region gene
segments with galK was confirmed by PCR (Fig. 4B).

We were able propagate all of the US region deletion viruses, and importantly, none
of the viruses exhibited a growth phenotype on fibroblasts (Fig. 4C). Analysis of surface

FIG 4 The unique short region is not required for the downregulation of surface MHC class II molecules in Kasumi-3 cells. (A) Schematic of the
US region of the HCMV genome showing the strategy for segmentally knocking out proteins expressed from the US region. Black arrows indicate
primer sets either flanking the galK insertion region or binding within galK and a neighboring flanking region. (B) PCR analysis showing
replacement of the indicated segment of the US region with galK. The expected values for wild-type and galK-containing bands are indicated
below the images. (C) Infectious titers at 120 hpi of wild-type TB40/E (WT) and the US deletion mutants (indicated by Δ7-12, Δ13-18, Δ19-24,
Δ26-30, and Δ31-34A) following the infection of fibroblasts at an MOI of 3. (D) Bar graph generated from the geometric mean fluorescence values
of surface HLA-DR staining of Kasumi-3 cells infected with wild-type TB40/E or viruses lacking segments of the US region gene (the ΔUS7-US12,
ΔUS13-US18, ΔUS19-US24, ΔUS26-US30, and ΔUS31-US34A viruses) at 72 hpi. NS, not significant. (E) Histograms from one representative
experiment for the samples for which the results are shown in panel D. The values in panels C and D are averages from three independent
experiments.
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MHC class II levels following infection with US region deletion viruses showed that all
five viruses were competent for downregulating MHC class II surface expression (Fig. 4D
and 4E). In cells infected with the ΔUS13-US18 virus, a slight increase in HLA-DR surface
levels compared to the levels in a wild-type infection was observed; however, this
increase was not statistically significant and the virus still largely retained the ability to
downregulate surface MHC class II. This may indicate that a factor in this region could
be a minor participant in regulating surface HLA-DR; however, this factor is clearly not
solely responsible for reducing surface MHC class II. Thus, MHC class II surface levels
were still reduced in the absence of each the HCMV US region proteins. This suggests
that none of these proteins alone are responsible for the MHC class II downregulation,
although we cannot rule out the possibility of a redundancy among other US region
genes that were still expressed in each of the deletion viruses. Attempts to replace the
entire US region of the genome were unsuccessful, as the virus was unable to spread
following electroporation of the US region-deficient BAC.

HCMV utilizes an immediate or early protein to regulate surface MHC class II
levels. To this point, none of the viral factors investigated were responsible for the
decrease in MHC class II surface protein during infection of the myeloid progenitor
Kasumi-3 cell line. It is unclear which, if any, of the above-described gene products are
even expressed during an infection of Kasumi-3 cells. To investigate the expression of
viral genes in our Kasumi-3 cell infections, we examined the protein levels of two
immediate early proteins (IE1 and IE2), two delayed early proteins (UL71 and pp150),
and two late proteins (pp28 and pp71) at 24, 72, and 120 h postinfection. We found that
both the immediate early and early proteins were expressed and that their expression
peaked at 72 hpi, with markedly reduced levels being detected at 120 hpi (Fig. 5A). Both
late proteins, which are present in the virion tegument layer, were present at 24 hpi,

FIG 5 Reduced MHC class II protein requires early viral gene synthesis. (A) Western blot analysis of uninfected (UI) or HCMV-infected
Kasumi-3 cells at 24, 72, and 120 hpi, showing the results for two immediate early proteins (IE1 and IE2), two delayed early proteins (UL71
and pp150), two late proteins (pp71 and pp28), and a loading control (p115). (B) (Left) Histograms of one representative experiment of
surface HLA-DR staining of uninfected Kasumi-3 cells or cells infected with wild-type TB40/E and treated with DMSO or acyclovir. (Right)
The bar graph shows the geometric mean fluorescence values for infected samples at 72 hpi. (C) Histograms of one representative
experiment of surface HLA-DR staining at 72 hpi of Kasumi-3 cells infected with UV-inactivated virus. (D) Infectious titers at 120 hpi of
wild-type TB40/E (WT) and the ΔUL20 viruses following infection of fibroblasts at an MOI of 3. (E) (Left) Histograms of one representative
experiment of surface HLA-DR staining at 72 hpi of Kasumi-3 cells infected with wild-type TB40/E or a virus expressing GFP in place of
UL20 (ΔUL20). (Right) Bar graph generated from geometric mean fluorescence values. The values graphed in panels A, D, and E are
averages from a minimum of three independent experiments.
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likely a result of incoming protein from the infections at a high multiplicity of infection
(MOI). However, very little late protein was detected at 72 and 120 hpi, indicating
suppressed expression of late proteins in our Kasumi-3 cell infections. This may indicate
that the infected cells were shutting down viral protein expression, although we have
not adequately characterized the infection as lytic or latent. At least some cells were
undergoing a productive infection, as small amounts of infectious virions could be
recovered (data not shown). Thus, we hypothesized that MHC class II downregulation
was a result of immediate or early gene expression. To test this, we investigated
whether acyclovir could prevent the decrease in surface MHC class II levels. Expression
of viral late proteins is dependent upon DNA replication, which can be blocked by the
addition of a replication inhibitor, such as acyclovir. Addition of acyclovir did not
prevent the decrease in HLA-DR surface levels (Fig. 5B). Thus, the regulation of MHC
class II is not dependent on viral DNA replication and therefore appears to be depen-
dent on a viral factor expressed with immediate early or early kinetics.

Our protein expression data detected the presence of tegument proteins at 24 hpi.
While the levels of these proteins were nearly undetectable at 72 and 120 hpi, when the
greatest reduction in surface MHC class II was observed, it is nonetheless important to
rule out the possibility of a contribution of incoming virion proteins in downregulating
MHC class II. This is particularly important due to the high number of virions added to
the Kasumi-3 cells to initiate infection. To test whether incoming virion proteins were
responsible for the MHC class II downregulation, we added UV-inactivated virus to
Kasumi-3 cells and measured surface MHC class II levels. The levels of surface HLA-DR
were indistinguishable from the levels on uninfected cells (Fig. 5C), indicating that
incoming virion proteins were not responsible for the MHC class II downregulation.
Thus, the downregulation of MHC class II appears to be mediated by a gene whose
expression is not dependent on DNA replication.

One factor of interest expressed with immediate early kinetics is UL20. UL20 is a
putative T cell receptor homologue that is immediately trafficked to the lysosome for
degradation following expression and is not required for infection in fibroblasts (37).
We hypothesized that in Kasumi-3 cells, UL20 may bind to newly synthesized MHC class
II molecules and deliver them to lysosomes for degradation, thus resulting in decreased
surface localization. To test this hypothesis, we generated a UL20-null virus that
expresses GFP in place of UL20. UL20 has previously been reported to be dispensable
for growth on fibroblasts (38), and we similarly found that infectious virion production
was equivalent between the ΔUL20 and wild-type viruses (Fig. 5D). No difference in the
reduction of MHC class II molecules was observed in the absence of UL20 (Fig. 5E). Thus,
UL20 is not the factor responsible for reducing surface MHC class II levels.

HCMV does not alter the internalization rate of class II molecules. Surface
expression of MHC class II is reduced by HCMV, and understanding the mechanism of
this downregulation is important for identifying the viral factor mediating this effect.
Potential mechanisms of downregulation include actively targeting the MHC class II
molecules for internalization and degradation, preventing the proper assembly and
loading of the MHC class II complex, or modulating MHC class II expression at the
transcriptional or translational level. We first tested whether HCMV increases the
endocytosis rate of surface MHC class II molecules (Fig. 6A). HCMV-infected Kasumi-3
cells were labeled with antibody against HLA-DR at 24 h postinfection. Secondary
antibody conjugated to a fluorescent probe was then added at 0, 4, 8, 12, 24, and 36 h
after the addition of primary antibody, and immunofluorescence was measured using
flow cytometry. The internalization of MHC class II, as measured by the rate of
fluorescence loss, was indistinguishable between uninfected and HCMV-infected cells
(Fig. 6B). Thus, the difference in surface MHC class II levels is not likely due to an
increase in the internalization and degradation of the complex.

HCMV reduces MHC class II transcription by preventing CIITA expression. We
next tested whether MHC class II was regulated at the transcriptional level. At 24 hpi,
the levels of the MHC class II HLA-DR� transcript were unchanged. However, at 72 hpi,
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transcript levels were significantly reduced (Fig. 7A). Thus, HCMV either reduces the
expression or enhances the degradation of HLA-DR� transcripts. The HLA class II
promoter is dependent upon the MHC class II transactivator (CIITA). We next investi-
gated whether HCMV also transcriptionally downregulates CIITA. We detected a small
but not significant decrease in CIITA transcripts at 24 hpi, with a much greater and
significant reduction in transcript levels being observed at 72 hpi (Fig. 7B). Thus, the
reduction in MHC class II can be explained by the downregulation of its essential
transcriptional transactivator.

CIITA contains four promoters, and to define how HCMV downregulates CIITA
transcription, it is first important to understand the contribution of each of these
promoters. Transcriptional activity has largely been assigned to promoters I, III, and IV.
Promoter I is active in monocyte-derived dendritic cells, promoter III is active in B cells,
T cells, and monocytes, and promoter IV is active in response to IFN-� induction
(39–41). We investigated which promoter(s) was active in uninfected Kasumi-3 cells and
the effect of infection on promoter usage. The predominant transcripts in uninfected
Kasumi-3 cells were a product of promoter III (Fig. 7C). A very small population of
transcripts derived from promoter IV was also present, but no transcripts corresponding
to promoter I could be detected. Thus, Kasumi-3 cells primarily utilize promoter III to
endogenously express CIITA. As expected, the levels of transcripts generated from
promoter III were decreased at 24 and 72 hpi, similar to what was observed for total
CIITA transcript levels (Fig. 7C). The minor pool of transcripts derived from promoter IV
remained relatively constant throughout the infection. Thus, the decrease in CIITA
transcript levels can be attributed to either repression of promoter III transcription or a
decrease in the stability of transcripts derived from promoter III.

The major immediate early (MIE) proteins are multifunctional proteins essential for
HCMV infection that regulate the transcription of a diverse set of genes. We hypoth-
esized that these genes transcriptionally repress CIITA promoter III. This would be
consistent with our observation that the factor responsible for downregulation is an
immediate early or early gene, since addition of acyclovir did not block the downregu-
lation of surface HLA-DR. We first transfected Kasumi-3 cells with a plasmid that
contains the entire major immediate early gene region (42) and that can express both
IE1 and IE2 as well as the other gene products produced from this region. We observed
reduced surface HLA-DR levels in these samples at 48 h posttransfection (Fig. 7D). The
reduced surface HLA-DR correlated with a decrease in CIITA transcripts (Fig. 7E). We
next wanted to determine which of the major immediate proteins was responsible for

FIG 6 HCMV does not alter the rate of MHC class II internalization in Kasumi-3 cells. (A) Schematic showing the strategy for
measuring the rate of MHC class II internalization. (B) Graph plotting the remaining surface HLA-DR levels in uninfected or
infected samples at 0, 4, 8, 12, 24, and 36 h after the addition of primary antibody. Values are the means from three
independent experiments.
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this downregulation. The major immediate protein 2 (IE2) was the more abundantly
expressed MIE protein in our infections (Fig. 5A) and can act as a transcriptional
repressor, which was first identified by its ability to directly bind a target sequence in
its own promoter, termed the cis repression signal (43, 44). IE2 has since been shown
to repress the transcription of other genes (45–48), and we hypothesized that IE2 is the
MIE protein responsible for the transcriptional repression of CIITA. We next transfected
Kasumi-3 cells with a plasmid that expressed IE2 alone. Interestingly, surface HLA-DR
was not reduced in the presence of IE2 alone, suggesting that IE2 is insufficient by itself
to mediate the transcriptional repression of CIITA and, hence, MHC class II transcription
and the subsequent decrease in surface protein (Fig. 7F). IE1 was also insufficient by

FIG 7 HCMV reduces MHC class II in Kasumi-3 cells by downregulating the expression of CIITA. (A and
B) Quantitative PCR analysis of HLA-DR� (A) or CIITA (B) transcript levels in uninfected (UI) and
HCMV-infected samples at 24 and 72 hpi. The values shown are relative to those for uninfected samples
after normalization to the value for GAPDH. (C) Quantitative PCR analysis of CIITA transcripts derived from
promoter I, III, or IV (PI, PIII, or PIV, respectively) in uninfected and HCMV-infected samples at 24 and 72
hpi. Values are the absolute numbers of transcripts per 105 copies of GAPDH. ND, not detected. (D)
Quantification of the geometric mean fluorescence for surface HLA-DR in Kasumi-3 cells electroporated
with a DNA control (Vector) or pSVH. (E) Quantitative PCR analysis of CIITA transcripts following
electroporation of a DNA control (Vector) or pSVH into Kasumi-3 cells. (F) (Left) Quantification of the
geometric mean fluorescence for surface HLA-DR in Kasumi-3 cells electroporated with the pCDH vector,
pCDH-IE1, or pCDH-IE2. (Right) Western blots of the samples for which the results are shown in panels
D and F, showing the expression of IE1 and IE2 after transfection of the pSVH, pCDH-IE1, and pCDH-IE2
plasmids. All values in panels A to F are averages from at least three independent experiments.
*, P � 0.05; ns, not statistically significant.
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itself to mediate the downregulation of surface MHC class II (Fig. 7F). Western blot
analysis confirmed protein expression from the transfected plasmids. Therefore, while
HCMV decreases MHC class II surface expression by using the MIE region, IE1 and IE2
alone are insufficient. Thus, IE1 and IE2 either work in concert or one of the other gene
products expressed from the pSVH plasmid is responsible for repressing CIITA transcript
levels.

DISCUSSION

HCMV is an opportunistic pathogen that can cause disease in immunocompromised
individuals and neonates. The virus has developed multiple strategies to effectively
combat the host immune response, specifically, the MHC class I-driven CD8� T cell
response and NK cells. While there is some information on how HCMV controls MHC
class II expression following interferon gamma induction or in overexpression systems,
the regulation of endogenous MHC class II has been less well characterized. It is
important to investigate MHC class II regulation under endogenous expression condi-
tions, as both HCMV and MCMV are known to interfere with interferon gamma signal
transduction (19, 24, 49). Also, the MHC class II synthesis and processing pathways can
be quite distinct within different cell types (reviewed in references 17 and 50), thus
highlighting the importance of investigating MHC class II regulation in cells relevant to
the host infection. HCMV establishes latency in undifferentiated cells of the myeloid
lineage, and Kasumi-3 cells express markers of myeloid progenitor cells, can differen-
tiate down the myeloid pathway, and have been shown to be a suitable model for
supporting cytomegalovirus latency and reactivation (29). Importantly, they robustly
express HLA-DR on their surface, making them a great model for investigating the
HCMV-mediated mechanism of MHC class II downregulation.

Modulation of MHC class II is functionally important for infection. CD4� T cells are
critical for resolution of persistent murine cytomegalovirus (MCMV) infection in salivary
glands (51). Additionally, CD4� T cells reactive to HCMV antigens are found within the
human host (52). Blunting of the MHC class II-primed CD4� T cell response would be
advantageous to the virus since CD4� T cells form an essential branch of the adaptive
immune system for clearance of the virus. Endogenous gB can be presented by infected
cells to prime CD4� T cells (53); therefore, understanding MHC class II presentation in
the context of endogenous antigen presentation in infected cells is essential. We
observed a reduction in surface and total HLA-DR in infected Kasumi-3 cells over the
course of infection. Interestingly, this downregulation occurred only in infected cells
and was not observed in uninfected cells in the same culture. Thus, the downregulation
is not mediated by a secreted factor, such as cellular IL-10. This highlights the impor-
tance of MHC class II regulation within the infected cells and serves to demonstrate that
HCMV decreases HLA-DR in these cells as a means to prevent endogenous MHC class
II presentation.

In our efforts to define the mechanism of the HCMV-mediated decrease in MHC class
II during infection of Kasumi-3 cells, we were surprised to find that previously reported
genes were not singularly responsible for this phenotype. However, rat cytomegalovi-
rus (RCMV) downregulates MHC class II in bone marrow-derived dendritic cells inde-
pendently of these previously described mechanisms as well (54). Although of interest,
RCMV downregulates MHC class II by endocytic degradation and not transcription, as
we found for HCMV, suggesting a divergence of the mechanism (54). In light of these
results, we undertook a targeted screen of the unique short (US) region of the viral
genome. HCMV encodes various proteins within the US region to block different steps
of the MHC class I processing and presentation pathway and NK cell activation. We
wanted to investigate whether a similar mechanism exists for MHC class II presentation,
as many of the proteins encoded within this region have no known function. Surpris-
ingly, none of the mutants in our screen blocked the ability of the virus to decrease
HLA-DR surface expression. This is an important finding, since it shows that the US
region does not contribute to the endogenous MHC class II regulation in Kasumi-3 cells,
unlike the important role that this region plays in limiting the MHC class I pathway.
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However, we cannot rule out the possibility that this may occur as a concerted action
of multiple genes and that deletion of these genes singularly does not block the MHC
class II decrease.

Viral modulation of immune proteins can occur through a variety of mechanisms.
One such strategy is the targeting of immune proteins directly for degradation. The
related gammaherpesvirus, Epstein-Barr virus (EBV), utilizes BDFL3 to increase the
internalization and promote the proteosomal degradation of MHC class I and class II
(55). We assessed two potential HCMV-encoded proteins to determine whether they
play a role in the altered trafficking of MHC class II, UL20 and UL78. UL20 is a putative
T cell receptor gamma homologue expressed early in infection that is targeted to the
lysosomes immediately after synthesis and that is dispensable for replication in culture
(37). A recent report showed the role of M78 in MCMV infection for the regulation of
MHC class II and CD4� T cell activation (22). UL78 is the HCMV homologue of M78 that
has endocytic activity and localization similar to those of M78 (56). However, the loss
of either UL20 or UL78 did not rescue MHC class II surface expression. Furthermore, we
found that the rates of HLA-DR internalization between infected and uninfected cells
were not significantly different. Hence, HCMV utilizes an alternative strategy for down-
regulating surface MHC class II molecules in Kasumi-3 cells.

Another strategy utilized by viruses is to reduce the class II transactivator (CIITA), the
master regulator for MHC class II synthesis and processing. CIITA is essential for MHC
class II presentation because it increases the transcription of multiple factors in the
pathway, including the MHC class II HLA genes (HLA-DR, HLA-DQ, and HLA-DP) and
their accessory factors (HLA-DM, HLA-DO, and invariant chain) (reviewed in reference
57). Our results show that CIITA transcript levels in fact decreased during infection.
Thus, by blocking CIITA, the entire MHC class II presentation pathway comes to a
significant halt. This is consistent with the findings of a study showing decreased CIITA
expression in mature Langerhans cells, a specialized dendritic cell, after HCMV infection
(58). These results show that HCMV may utilize the repression of CIITA as a general
mechanism within cells of the myeloid lineage to inhibit the MHC class II machinery.

CIITA transcription is modulated by differential promoter usage in different cell
types in response to various conditions. The type I promoter is active in dendritic cells,
and the type III promoter is active in B cells, monocytes, and T cells, whereas the type
IV promoter is driven by interferon gamma stimulation in multiple cell types (39–41).
We found promoter III-derived CIITA transcripts to be the primary form expressed in
Kasumi-3 cells. Accordingly, these accounted for the downregulation during infection.
While we did not find promoter IV transcripts to be significantly regulated by HCMV,
this may be due to the absence of interferon gamma in our in vitro, cell culture infection
system. However, HCMV may regulate these transcripts in the host, where IFN-� may be
present, and activate transcription from this promoter. Since HCMV can modulate
interferon gamma signaling (19, 23), this may be one way of decreasing promoter IV
CIITA transcripts. Coculturing infected Kasumi-1 cells with uninfected peripheral blood
mononuclear cells resulted in an increase in HLA-DR transcript levels, illustrating the
complexity of the HCMV-mediated regulation of MHC class II under different conditions
(59). Importantly, our results focus on the endogenous regulation of MHC class II and
show that HCMV downregulates the expression of CIITA by decreasing transcription
from promoter III, resulting in decreased HLA-DR� transcripts and MHC class II surface
expression.

HCMV encodes factors that have demonstrated transcriptional repressor activity.
The major immediate early proteins IE1 and IE2 exercise transcriptional control over
many viral and cellular genes and are essential for promoting viral replication. IE2 has
transcription repressor activity, as first identified for its own promoter (44). While
expression of the entire major immediate early region resulted in reduced surface MHC
class II levels and CIITA transcript levels, IE1 and IE2 individually were insufficient to
mediate this decrease. Thus, other products from this region are necessary to achieve
the MHC class II reduction, either independently or in conjunction with IE1 or IE2. There
are no known viral microRNAs reported to be expressed from the major immediate
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early promoter and protein region contained in pSVH. However, seven other open
reading frames have been reported in this region, and six of these are classified as
cytomegalovirus latency-specific transcripts and originate from either an upstream start
site or the antisense strand of the MIE proteins (60). The products of several of these
ORFs elicit a serological response, suggesting that they are produced in the host (61)
and can be present in both a lytic infection and a latent infection (62). Of particular
interest is ORF94, which is a nuclear protein that has been shown to reduce the
constitutive expression of 2=,5=-oligoadenylate synthetase (63). The mechanism for
decreasing CIITA promoter III transcripts certainly requires further investigation and
may be direct transcriptional repression by binding the promoter or could involve
inhibition by noncoding RNAs, epigenetic modification of the CIITA gene, or down-
regulation of cellular factors required for CIITA transcription. We have also not ruled out
the possibility that the decrease in transcripts may be posttranscriptional, for example,
as a result of a decrease in message stability. Although more work is required to define
this mechanism, we have described the regulation of endogenous MHC class II surface
expression by the major immediate early region in a relevant cell type for infection.

MATERIALS AND METHODS
Cell culture. Normal human dermal fibroblasts (HDFs; catalog number 106-05n; Cell Applications

Inc.) and normal human lung fibroblast MRC-5 cells (ATCC CCL-171) were maintained in Dulbecco’s
modified Eagle’s medium (DMEM; Corning) containing 10% fetal bovine serum (FBS; HyClone), 2 mM
GlutaMAX (Gibco), and 100 U/ml penicillin and 100 g/ml streptomycin (Corning). Kasumi-3 cells (ATCC
CRL-2725) were maintained in RPMI 1640 medium (ATCC) supplemented as described above for DMEM,
with the exception that 20% FBS was used. Human peripheral blood monocytes (catalog number
6906K-50A; Cell Applications Inc.) were maintained in the manufacturer’s supplied human blood cell
culture medium. Cells were maintained at 37°C with 5% CO2.

BAC mutagenesis. Recombinant viruses were generated using BAC mutagenesis in Escherichia coli
strain SW105 and galK selection as described previously (64). Mutant viruses were generated from a
TB40/E BAC expressing mCherry (34). A virus that expresses IE2-2A-EGFP (65) was utilized for the
internalization studies. The parent BAC for this IE2-2A-EGFP virus, which also expressed mCherry, was a
gift from Eain Murphy, and the mCherry sequence was replaced with the wild-type sequence, as
described below. The primers used for recombineering for the generation of all mutant strains were as
follows: UL111A-galk-For (5=-TGGGACGCGCAGTTGGGTGGCGGACTGGGGCGGCATGCTGCGGCGCCTGTTGA
CAATTAATCATCGGCA), UL111A-galk-Rev (5=-AAAAAAGACGATCAGGACCAGAGAGGAAGAGACCATCACCG
ACAGTCAGCACTGTCCTGCTCCTT), UL111A-STOP-sense (5=-GACGCGCAGTTGGGTGGCGGACTGGGGCGGC
ATGCTGCGGCGTAGCTGTCGGTGATGGTCTCTTCCTCTCTGGTCCTGATCGTCTTTTTT), UL111A-STOP-antisense
(5=-AAAAAAGACGATCAGGACCAGAGAGGAAGAGACCATCACCGACAGCTACGCCGCAGCATGCCGCCCCAGTC
CGCCACCCAACTGCGCGTC), UL78-galk-For (5=-GGAGAGGGTATATTCGTTCGGCGAGAGCGGGCGGCGGTGG
TGGGTCCTGTTGACAATTAATCATCGGCA), UL78-galk-Rev (3=-GACGTGATTTATCTGCCACTTTTCTCCCCGCTG
CCGTACAGCGCCGCCGC TCAGCACTGTCCTGCTCCTT), US7-US12-galk-For (5=-GGTTTATATATGACCATCCA
CGCTTATAACGAACCTAACAGTTTACCTGTTGACAATTAATCATCGGCA), US7-12-galk-Rev (5=-CCCATCGTCCC
CCTTTCTCTATAAAACTTGCCGGGTACCTGAAGCTCAGCACTGTCCTGCTCCTT), US13-US18-galk-For (5=-GCT
TCAGGTACCCGGCAAGTTTTATAGAGAAAGGGGGACGATGGGCCTGTTGACAATTAATCATCGGCA), US13-
US18-galk-Rev (5=-GTAACCGGGTGCTGATAAGACGGACTGTTTCATCGACGCCTACCTTCAGCACTGTCCTGCTC
CTT), US19-US24-galk-For (5=-TCACGAGTGTGGTCAAACCGTGGCGGCACCCTGTATCCGACCCGTCCTGTTGA
CAATTAATCATCGGCA), US19-US24-galk-Rev (5=-GGTGACGGTGTAGCGTTGCTTTCTCTGTATTTGGCTCGGCT
TCTGTCAGCACTGTCCTGCTCCTT), US26-US30-galk-For (5=-CTCTCAGCCGGACAACCGGCGTCACTGACAGAA
GCCGAGCCAAATCCTGTTGACAATTAATCATCGGCA), US26-US30-galk-Rev (5=-GTCTCACCGATGAGACACCG
ACCGCACTCGAGAGTAAAGACAAATTCAGCACTGTCCTGCTCCTT), US31-US34A-galk-For (5=-TGTCTCATCGG
TGAGACGAGGCCGCCGCCCGACAAGTTCGATCTCCCTGTTGACAATTAATCATCGGCA), US31-US34A-galk-Rev
(5=-TCGGCATCTTTGTCAATAAGACGCACGCCGCCGTGACCCATACCGTCAGCACTGTCCTGCTCCTT), UL20-
galk-For (5=-CGGTCTTTATATATACAAACGCCGTTATGCTCAGTGTCCGGCAAGCCTGTTGACAATTAATCATCG
GCA), UL20-galk-Rev (5=-TGCCCAGTGGTAATTCAGCATCACCAGCATAGCATGTATCCCGAGTCAGCACTGTCC
TGCTCCTT), UL20-STOPGFP-For (5=-CGGTCTTTATATATACAAACGCCGTTATGCTCAGTGTCCGGCAAGATGGT
GAGCAAGGGCGAG), UL20-STOPGFP-Rev (5=-TGCCCAGTGGTAATTCAGCATCACCAGCATAGCATGTATCCCG
AGTTACTTGTACAGCTCGTC), mCherry-restore-galk-For (5=-TGTATTTGTGACTATACTATGTGCAGTCGTGTGT
CGATGTTCCTATTGGGCCTGTTGACAATTAATCATCGGCA), mCherry-restore-galk-Rev (5=-GATGTCTTCCTGC
GTCCCACCATTCTTTATACCTCCTACATTCACACCCTTTCAGCACTGTCCTGCTCCTT), mCherry-restore-For (5=-
TGTATTTGTGACTATACTATGTGCAGTCGTGTGTCGATGTTCCTATTGGGAAGGGTGTGAATGTAGGAGGTATAAA
GAATGGTGGGACGCAGGAAGACATC), mCherry-restore-Rev (5=-GATGTCTTCCTGCGTCCCACCATTCTTTATA
CCTCCTACATTCACACCCTTCCCAATAGGAACATCGACACACGACTGCACATAGTATAGTCACAAATACA).

BAC sequences were PCR amplified from purified BAC DNA and verified by Sanger sequencing
(Genewiz). The primers used for verifying insertion at the desired sites were US7-US12-galk-For (5=-AACGA
ACCTAACAGTTTA), US7-12-galk-Rev (5=-TGACCATGTTTAAAATCACGC), US13-US18-galk-For (5=-AGAAAG
GGGGACGATGGG), US13-US18-galk-Rev (5=-CATGACGACGGGTCGGATACA), galk-237.2-For (5=-TCCAGCA
GCCAGCCCTGC), US19-US24-galk-Rev (5=-TAGGTCGGTTCTCAGACCGAG), US26-US30-galk-Rev (5=-GTACA
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CCACAGGTTGTGCGAG), US31-US34A-galk-For (5=-CCCGACAAGTTCGATCTC), and US31-US34A-galk-Rev
(5=-CCCACATCCCACCGCCTTTTA).

HCMV infections and virus titrations. All cytomegaloviruses stocks were generated from BACs.
These included AD169, TB40/E, and the TB40/E derivatives, generated as described above. Virus stocks
were propagated by electroporating purified BAC DNA into MRC-5 cells according to previously pub-
lished protocols (66) and subsequently freezing the infected cells as passage 0 (P0) stocks. These stocks
were added to MRC-5 cells in roller bottles (Greiner) to generate P1 virus stocks. The virions produced
in roller bottles were concentrated by ultracentrifugation on a 20% sorbitol cushion at 20,000 rpm for 1 h
at 20°C in a Beckman SW32 rotor. HCMV stocks were titrated by serial dilution on MRC-5 cells and
quantified by the immunological detection of immediate early proteins as previously described (67),
using an antibody that detects the HCMV major immediate early proteins (68). Images of stained
monolayers were acquired on a Nikon Eclipse Ti inverted microscope, and fluorescent nuclei were
quantified using NIS Elements software.

Kasumi-3 cells were infected as previously described, with some modification (29). Briefly, cells were
cultured in X-Vivo medium (Lonza) for 48 h prior to infection. Cells were infected with TB40/E-mCherry
wild-type or mutant viruses (as described above) in X-Vivo medium with sufficient virus to result in
infection of 10 to 20% of the cells (MOI, 10 to 40) and subjected to a spin at 1,000 � g for 30 min at room
temperature. The cells were incubated overnight at 37°C, washed twice with 1� phosphate-buffered
saline (PBS) on the following day, and resuspended in fresh RPMI (with 20% FBS) following the final wash.
Infected cells were cultured in RPMI (with 20% FBS) at 37°C until analysis. Where indicated, acyclovir (EMD
Millipore) or dimethyl sulfoxide (DMSO; Fisher) was added at the time of infection at a concentration of
100 �g/ml, and the medium was supplemented with acyclovir or DMSO following washing and resus-
pension of the cells at 24 h. For UV inactivation, virus was placed under a Mineralight ultraviolet lamp
(shortwave UV at 254 nm) for 30 min at a distance of 10 cm. UV inactivation was confirmed by a lack of
mCherry-positive cells upon infection. For infection of primary monocytes, cells were resuspended in
X-Vivo medium, infected at an MOI of 40, and subjected to a spin at 400 � g for 30 min at room
temperature. The cells were incubated overnight at 37°C and were washed twice with blood culture
medium on the following day. Infected cells were cultured in blood culture medium at 37°C until analysis.

Single-step growth curve analysis of all BAC-generated mutant HCMVs was performed on HDFs
infected at an MOI of 3. Virus was added to the HDFs and allowed to incubate for 3 h at 37°C. The cells
were washed twice with 1� PBS and the medium was replaced with fresh growth medium. Virus was
harvested at 120 h postinfection by scraping the cells in the medium, sonicating with 1-s pulses 10 times,
vortexing for 15 s, and centrifuging at 13,000 rpm for 10 min at 4°C. The supernatants were collected,
aliquoted, flash frozen in liquid nitrogen, and stored at �80°C until analysis. For analysis, the samples
were titrated by serial dilution and quantified as described above.

Flow cytometry. Kasumi-3 cells were harvested, washed with cold wash buffer (2% bovine serum
albumin [BSA] in 1� PBS with 1 mM EDTA and 0.01% sodium azide), and blocked with human TruStain
FcX for 10 min at room temperature, followed by incubation with antibodies against HLA-DR-
allophycocyanin (clone LN3; Thermo Fisher Scientific), HLA-DP (clone B7/21; Abcam), and anti-HLA-DQ-
fluorescein isothiocyanate (clone Tü169; BioLegend) on ice for 30 min. For unconjugated primary
antibodies, the cells were pelleted and incubated with secondary antibody (Thermo Fisher Scientific) on
ice for 30 min. After antibody staining, the cells were washed, resuspended in cold wash buffer, and kept
on ice until data acquisition on an LSR II flow cytometer (BD Biosciences). At the time points indicated
above, live cells were identified using Sytox blue dead cell stain (Thermo Fisher Scientific) or Zombie UV
fixable dye (BioLegend), and infected cells were selected by gating for mCherry. For total HLA-DR
staining, cells were fixed and permeabilized using a fix/permeabilization kit (BD Biosciences) and staining
was performed as described above. Data analysis for the samples was performed with FlowJo software
(TreeStar), and the geometric mean fluorescence intensity was calculated for HLA-DR on gated cell
populations.

Western blotting. Kasumi-3 cells were infected with a virus lacking both US23 and US24, both of
which augment virus growth when individually disrupted by transposon mutagenesis (69). Lacking these
genes allowed the virus to grow to higher titers on fibroblasts (titers 100- to 1,000-fold higher than those
of wild-type viruses) to obtain a population of nearly completely infected cells (�95%). At 24 and 72 h
postinfection, uninfected and infected cells were harvested in radioimmunoprecipitation assay (RIPA)
buffer (1% NP-40, 1% sodium deoxycholate, 0.1% sodium dodecyl sulfate [SDS], 0.15 M NaCl, 10 mM
sodium phosphate [pH 7.2], 2 mM EDTA, 1 mM dithiothreitol, 50 mM NaF, 1 mM phenylmethylsulfonyl
fluoride, 1 mM aprotinin, 0.2 mM Na3VO4, 1 �g/ml leupeptin). The cells were pelleted, resuspended in
RIPA buffer, and stored at �80°C. Samples were analyzed by SDS-polyacrylamide gel electrophoresis and
immunoblotting on a polyvinylidene difluoride membrane blocked with 5% milk Tris-buffered saline
(with 0.1% Tween 20). The following primary antibodies were used: anti-HLA-DR (clone TAL 1B5; Novus
Biologicals), anti-exon2/3 against cytomegalovirus immediate early genes (a gift from Jim Alwine [70]),
anti-p115 (Proteintech), anti-pp71 (clone 2H10-9; kindly provided by John Purdy [71]), anti-pp28 (clone
5C3; Virusys), anti-pp150 (clone 36-14; the clone was a gift from David Spector and was originally
generated by Bill Britt), and anti-UL71 (clone 1G, generated by Neil Christensen). The horseradish
peroxidase-conjugated secondary antibodies were from GE Healthcare. Antibody dilutions were in
accordance with the manufacturers’ instructions. Blots were developed with the SuperSignal West Pico
Plus chemiluminescent substrate (Thermo Fisher Scientific).

Immunofluorescence microscopy and imaging. Kasumi-3 cells were harvested, washed twice with
RPMI (with 20% FBS), and pelleted by centrifugation at 100 � g for 8 min. The cell pellets were
resuspended in 100 �l of RPMI (with 20% FBS) and added to poly-D-lysine coverslips (Electron Microscopy
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Sciences). The cells were allowed to attach for 10 min, followed by centrifugation at 1,000 � g for 10 min
and incubation for 1 h at room temperature. Coverslips with adhered cells were fixed by adding 100 �l
of 4% paraformaldehyde directly to the cells and medium for 15 min at room temperature. The cells were
blocked in PBS containing 10% human serum, 0.5% Tween 20, and 5% glycine. Triton X-100 (0.1%) was
added for permeabilization. Primary and secondary antibodies were diluted in blocking buffer. The
primary antibody for HLA-DR was clone L243 (BioLegend), and that for LAMP1 was clone D2D11 (Cell
Signaling Technologies). Alexa Fluor 488 and Alexa Fluor 647 were used as the secondary antibodies
(Thermo Fisher Scientific). Coverslips were mounted with ProLong Diamond antifade mountant with
DAPI (4=,6-diamidino-2-phenylindole; Thermo Fisher Scientific). Images were taken on a C2� confocal
microscope system (Nikon). Images were minimally processed using NIS Elements software. The images
shown are a single slice of a z-stack.

Reverse transcriptase and quantitative PCR. Kasumi-3 cells were infected as described above for
Western blot analysis. Uninfected and infected cells were harvested at 24 and 72 hpi by washing with 1�
PBS and resuspending in lysis buffer supplied in an RNeasy minikit (Qiagen) for RNA extraction, which
was subsequently performed following the manufacturer’s protocol. The RNA concentration was quan-
tified using a NanoDrop 2000 spectrophotometer (Thermo Fisher Scientific). cDNA was synthesized from
RNA using SuperScript first-strand synthesis system for reverse transcription-PCR (RT-PCR) (Thermo Fisher
Scientific) following the manufacturer’s protocol. Samples were cycled as follows on a StepOnePlus
real-time PCR system (Thermo Fisher Scientific): 50°C for 2 min, 95°C for 10 min, and 95°C for 15 s, 60°C
for 60 s, and 55°C for 30 s for 40 cycles. The primers used for quantitative PCR were as follows:
HLA-DR-For (5=-CGAGTTCTATCTGAATCCTG-3=), HLA-DR-Rev (5=-CTGGAGGTACATTGGTGA-3=), pan-CIITA-
For (5=-AGCCTTTCAAAGCCAAGTCC-3=), pan-CIITA-Rev (5=-TTGTTCTCACTCAGCGCATC-3=), CIITA-PI-For (5=-
GGAGACCTGGATTTGGCCCT-3=), CIITA-PIII-For (5=-GGGGAAGCTGAGGGCACG-3=), CIITA-PIV-For (5=-GCGG
CCCCAGAGCTGG-3=), CIITA-PI-PIII-PIV-Rev (5=-GAAGCTCCAGGTAGCCACCTTCTA-3=), GAPDH-For (5=-ACCC
ACTCCTCCACCTTTGAC-3=), GAPDH-Rev (5=-CTGTTGCTGTAGCCAAATTCGT-3=), US2-For (5=-ATGAACAATC
TCTGGAAA-3=), US2-Rev (5=-GATTTGAAACCAGGGATG-3=), US3-For (5=-GACCATCAACTGGTACCT-3=), US3-
Rev (5=-AATAAATCGCAGACGGGC-3=), IE1-For (5=-TTCCCAGAATTGGCCGAA-3=), and IE1-Rev (5=-TCTGTTT
GACGAGTTCTGCCA-3=). The data were analyzed using the delta threshold cycle method with GAPDH
(glyceraldehyde-3-phosphate dehydrogenase) as a normalization control. To calculate absolute transcript
numbers, standard curves for each primer set were generated by use of a dilution series (1 ng to 1 fg).
Samples from RT-PCR were run on a 4% agarose gel for visualization.

Amaxa transfection and cell sorting. Kasumi-3 cells (1 million or 2 million cells per transfection)
were centrifuged at 100 � g for 10 min, resuspended in 100 �l of Cell Line Nucleofector solution R
(Lonza), and mixed with 1 or 2 �g plasmid DNA. The cell suspension and reagent mixture were added
to Nucleofector cuvettes, and electroporation was performed using the program V-001 in a Nucleofector
2b device. Prewarmed RPMI medium (with 20% FBS) was added to the electroporated cells, and the cells
were incubated at 37°C until they were harvested for flow cytometry analysis. Electroporated cells were
identified by the presence of GFP. The nonfluorescent pSVH and vector control plasmid were cotrans-
fected with 0.2 �g pMAX-GFP to allow for the detection of transfected cells. The plasmid DNA used was
from the plasmids pEGFPC1 (Clontech), pEGFPC1-pp65 and pSVH (both of which were gifts from Jim
Alwine), pCDH (puro2AGFP), pCDH-IE1 (puro2AGFP), pCDH-IE2 (puro2AGFP), and pMAX-GFP (Lonza).
pCDH (puro2AGFP) was generated by stitching a T2A-enhanced green fluorescent protein (EGFP)
sequence to the 3= end of puromycin. The EGFP sequence was amplified from pEGFPN2 with a
primer that introduced an N-terminal T2A sequence downstream of 12 bp homologous to the 3= end
of puromycin. Puromycin was amplified from pCDH-CMV-MCS-E1-Puro (Systems Biosciences) with
primers that introduced C-terminal homology to 15 bp at the 5= end of the T2A-EGFP PCR product.
The T2A-EGFP and puromycin PCR products were stitched together in a PCR that introduced an XhoI
site 3= to the EGFP sequence. The resulting insert was digested with BsiWI and XhoI and ligated into
pCDH-CMV-MCS-E1-Puro that had been digested with BsiWI and SalI. pCDH-IE2 (puro2AGFP) was
generated by amplifying the IE2 sequence from pIE86 with primers containing XbaI and EcoRI and
ligating the resulting insert into pCDH (puro2AGFP) that had been cut with XbaI and EcoRI. The ORF
of IE1 flanked by XbaI and EcoRI sites was purchased from Integrated DNA Technologies and inserted
into pCDH (puro2AGFP) that had been cut with XbaI and EcoRI. pCDH-UL78 (puro2AGFP) was
generated by amplifying the UL78 sequence from HCMV BAC (TB40/E) DNA with primers containing
BamHI and EcoRI and ligated into pCDH (puro2AGFP) that had been cut with BamHI and EcoRI. To
generate RNA for cDNA synthesis and subsequent quantitative PCR analysis, Kasumi-3 cells were
electroporated with pSVH or pCDH and cotransfected with pMax-GFP, as described above. GFP-
positive cells were sorted using a FACSAria SORP cell sorter (BD Biosciences) at 48 h posttransfection,
and RNA was isolated immediately after sorting.

Internalization assay. For the HLA-DR internalization assay, TB40/E IE2-2A-EGFP virus was used to
infect Kasumi-3 cells as described above. Infected and uninfected cells were harvested at 24 h postin-
fection, incubated with unconjugated anti-HLA-DR (clone L243; BioLegend) for 30 min on ice, washed
with cold, sterile wash buffer (2% BSA in 1� PBS), and resuspended in RPMI (with 20% FBS). The cells
were incubated at 37°C and harvested at 0 h, 4 h, 8 h, 12 h, 24 h, and 36 h after primary antibody labeling.
Cells were stained with anti-mouse immunoglobulin-Alexa Fluor 647 (Thermo Fisher Scientific), and data
acquisition was performed on an LSR II flow cytometer (BD Biosciences). Data analysis was performed
using FlowJo software (TreeStar), and the geometric mean fluorescence intensity was calculated for
HLA-DR.
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