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ABSTRACT Human cytomegalovirus (HCMV) persistently infects 40% to 100% of the
human population worldwide. Experimental and clinical evidence indicates that hu-
moral immunity to HCMV plays an important role in restricting virus dissemination
and protecting the infected host from disease. Specific immunoglobulin preparations
from pooled plasma of adults selected for high titers of HCMV antibodies have been
used for the prevention of CMV disease in transplant recipients and pregnant women.
Even though incubation of HCMV particles with these preparations leads to the neu-
tralization of viral infectivity, it is still unclear whether the antibody-treated HCMV parti-
cles (referred to here as HCMV-Ab) enter the cells and modulate antiviral immune re-
sponses. Here we demonstrate that HCMV-Ab did enter macrophages. HCMV-Ab did not
initiate the expression of immediate early antigens (IEAs) in macrophages, but they in-
duced an antiviral state and rendered the cells less susceptible to HCMV infection upon
challenge. Resistance to HCMV infection seemed to be due to the activation of in-
trinsic restriction factors and was independent of interferons. In contrast to actively
infected cells, autologous NK cells did not degranulate against HCMV-Ab-treated
macrophages, suggesting that these cells may not be eliminated by innate effector
cells. Interestingly, HCMV-Ab-treated macrophages stimulated the proliferation of au-
tologous adaptive CD4* and CD8* T cells. Our findings not only expand the current
knowledge on virus-antibody immunity but may also be relevant for future vaccina-
tion strategies.

IMPORTANCE Human cytomegalovirus (HCMV), a common herpesvirus, establishes
benign but persistent infections in immunocompetent hosts. However, in subjects
with an immature or dysfunctional immune system, HCMV is a major cause of mor-
bidity and mortality. Passive immunization has been used in different clinical set-
tings with variable clinical results. Intravenous hyperimmune globulin preparations
(IVlg) are obtained from pooled adult human plasma selected for high anti-CMV an-
tibody titers. While HCMV neutralization can be shown in vitro using different sys-
tems, data are lacking regarding the cross-influence of IVlg administration on the
cellular immune responses. The aim of this study was to evaluate the effects of IVig
on distinct components of the immune response against HCMV, including antigen
presentation by macrophages, degranulation of innate natural killer cells, and prolif-
eration of adaptive CD4+ and CD8* T cells.
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uman cytomegalovirus (HCMV) is an enveloped virus that belongs to the family

Herpesviridae. This virus infects the majority of humans worldwide and establishes
a persistent infection. Postnatally, HCMV rarely causes severe complications in healthy
individuals. However, it is a significant cause of morbidity and mortality in immuno-
logically immature and severely immunocompromised individuals (1). These features
reveal the importance of constant immune surveillance for control of HCMV. The
adaptive immune response against HCMV engages both humoral and cellular immu-
nity, is long-lasting, and is among the strongest ever documented in humans (2).
Healthy HCMV carriers possess neutralizing antibodies targeting virus envelope glyco-
proteins (3) as well as nonneutralizing antibodies targeting tegument and nonstructural
proteins. HCMV neutralizing antibodies are directed mostly against glycoprotein B (gB)
or the glycoprotein complex gH-gL-UL128-UL130-UL131A and are able to block the
infectivity of cell-free virus in fibroblasts and in endothelial, epithelial, and myeloid cells
(4, 5). Even though the exact neutralization mechanism is not fully understood, it is
believed that through binding at virion proteins that are important for virus entry into
target cells, these antibodies can block virion attachment, entry, and uncoating (6).
Whether these noninfectious complexes formed by antibody-treated HCMV particles
(referred to here as HCMV-AD) can initiate immune responses, such as antibody-dependent
cellular phagocytosis, antibody-dependent cellular cytotoxicity, and activation of innate
and adaptive effector cells, such as NK and T cells, respectively, is still not known. Macro-
phages express various Fc receptors and play important roles in mediating the clearance of
IgG-opsonized foreign materials, such as particle-antibody complexes, from the human
body (7). At the same time, HCMV can establish a productive infection in macrophages (8),
inducing substantial changes in morphology, immunophenotype, and secretory properties
(9). Since we and others have reported previously that HCMV-infected macrophages can
stimulate NK cell activity and present antigens to T cells (9-11), in this study we investigated
whether HCMV-Ab can trigger macrophage immune functions. HCMV particles were incu-
bated with IgG preparations for intravenous use (IVIlg), which are frequently used for the
prevention of CMV disease in transplant recipients and pregnant women, and we investi-
gated whether HCMV-Ab were taken up by macrophages and whether they exerted
immunomodulatory effects on intrinsic, innate, and adaptive antiviral responses.

Taken together, our findings demonstrate that HCMV-Ab enter macrophages but are
not able to initiate the replication cycle. However, HCMV-Ab induce an antiviral state in
macrophages, rendering them less susceptible to challenge with infectious HCMV.
Importantly, after HCMV-Ab uptake, macrophages can present input viral antigens to
adaptive T cells without initiating interferon and NK cell responses.

RESULTS

HCMV-Ab enter macrophages but do not initiate virus replication. We prepared
antibody-treated HCMV particles (HCMV-Ab) by incubating cell-free virus with poly-
clonal HCMV antibodies for 30 min at 37°C. To standardize the preparation, we used
HCMV strain TB40/E and a commercially available intravenous preparation of pooled
immune globulin. Primary M2 macrophages either were treated with cell-free virus or
with HCMV-Ab for 1 h. Then the cells were washed and were incubated with fresh
media for an additional 23 h. Twenty-four hours after infection (24 hpi), macrophages
were fixed and were stained for immediate early antigens (IEAs) to identify infected
cells. In line with previous studies (4, 11), HCMV pooled antibodies completely neutral-
ized the infectivity of cell-free virus in macrophages (Fig. 1A). A comparable neutralizing
effect was observed when cell-free HCMV was incubated with human serum obtained
from HCMV-seropositive donors but not with serum from HCMV-seronegative donors
).

First, we analyzed whether HCMV-Ab could enter macrophages. To facilitate the
detection of input viral particles by electron microscopy, we applied large amounts of
cell-free virus (multiplicity of infection [MOI], 5), which, without antibodies, resulted in
a >75% infection rate in macrophages at 24 hpi. After 3 h, large numbers of input viral
particles could be found in intracellular vesicles in both TB40/E- and HCMV-Ab-treated

November 2017 Volume 91 Issue 22 e00678-17

Journal of Virology

jviasm.org 2


http://jvi.asm.org

HCMV-Ab-Induced Immunity

TB40/E +Ig-pool

TB40/E

TB40/E +ig-pool

FIG 1 HCMV-Ab enter macrophages. A medium containing cell-free TB40/E or a combination of cell-free
TB40/E and an Ig pool (TB40/E + 1gG-pool) was incubated at 37°C for 30 min. The amount of TB40/E was
calculated to reach an MOI of 5. Afterward, the two types of preparations were added to macrophages
(1 X 10%) in a volume of 100 ul for 1 h. Cells were washed twice and were replenished with new medium.
(A) At 24 h posttreatment, macrophages were stained for quantitative evaluation of IEA positive cells
(number in the top right corner of the images). The presence of HCMV IEA (white fluorescence) indicates
infected cells, and cell nuclei are stained with DAPI (blue fluorescence). Results of one experiment
representative of three are shown. (B) At 3 h after treatment, macrophages were washed, fixed by
high-pressure freezing, freeze-substituted, plastic embedded, and analyzed by electron microscopy.
Round black dots indicate HCMV particles (arrows), and N indicates the nucleus.

macrophages (Fig. 1B). Since HCMV-Ab enter macrophages without leading to IEA
expression and productive infection, we assume that HCMV-Ab are processed differ-
ently from infectious viral particles inside the cell. In order to analyze this in more detail,
we set out to investigate whether intracellular HCMV-Ab are capable of inducing
intrinsic immune responses (e.g., perturbation of viral restriction factors), interferon
secretion, NK cell responses, and T cell responses.

HCMV-Ab-treated macrophages upregulate the antiviral intrinsic restriction
factor IFI16. Since IFN-y inducible protein 16 (IFI16), promyelocytic leukemia (PML)
protein, and Sp100 have been described previously as restriction factors of HCMV
infection (12-14), we investigated whether the expression of these factors was affected
by HCMV-Ab treatment. Macrophages were either left untreated or treated with pooled

November 2017 Volume 91 Issue 22 e00678-17

Journal of Virology

jviasm.org 3


http://jvi.asm.org

Wu et al.

A Donor 1 Donor 2
> S
& &
N o - o~
&Y S8
[KDa] G R L ORI R
100— J'os sy o == &8 — &= | « IFI16
75—
50— .
a7— - e e» ey " @ aw e | € (-actin
B 3 $
KR KR
S S
N N N b
A SR A 5
[kDa] A A
170— :l PML-
M
130— ‘ SUMo
! <PMLIN
100— ) : .
' | PML
70— isoforms
v .
55—
\
130—

NI.‘ .‘* < Sp100A-SUMO
100—|* - R n <4 Sp100A
70—

—-— - <+ E1
55~
40— werere® Swewwese® < p-actn

FIG 2 IFI16, PML, and Sp100 expression in HCMV-Ab-treated macrophages. Medium alone and medium
containing either an Ig pool, cell-free TB40/E, or the combination of cell-free TB40/E and an Ig pool were
incubated at 37°C for 30 min. The amount of TB40/E was calculated to reach an MOI of 3. The four media
were then added to macrophages (6 X 10°) in a volume of 600 ul for 1 h in 24-well plates. Cells were
washed twice and were replenished with RMPI 1640 medium. At 24 h posttreatment, the total levels of
IFI16 (A), PML, and Sp100 (B) were evaluated by Western blot analysis in cell lysates.

immune globulins (Ig-pool), cell-free TB40/E, or HCMV-Ab for 1 h, after which they were
incubated with fresh medium for an additional 23 h. After 24 h of treatment, cells were
collected for Western blot analysis. HCMV-Ab-treated macrophages upregulated IFI16
relative to its expression in mock-treated cells (Fig. 2A), but not PML or Sp100 (Fig. 2B).
Macrophages treated with antibodies alone also upregulated the expression of IFI16,
thus suggesting that the IF116 upregulation in HCMV-Ab-treated macrophages was due
to the presence of antibodies. Of note, macrophages treated with cell-free TB40/E
presented an opposite pattern for these restriction factors, exhibiting downregulation
of IFI16 and upregulation of PML and Sp100 (Fig. 2).

HCMV-Ab-treated macrophages do not induce natural killer cell or interferon
responses. The hallmarks of antiviral innate immunity are NK cell and interferon
responses. NK cells recognize HCMV-infected cells, and it has been shown previously
that NK cells can release their cytotoxic granules in response to HCMV-infected autol-
ogous macrophages (10, 11). We therefore analyzed whether NK cells could degranu-
late in response to noninfected, HCMV-Ab-treated macrophages. Purified autologous
NK cells were added to macrophages that were either left untreated or treated with
pooled immune globulins (Ig-pool), cell-free TB40/E, or HCMV-Ab-treated macrophages
(Fig. 3A). As shown in Fig. 3B, NK cells degranulated when cocultivated with infected
macrophages but not when coincubated with macrophages treated with Ig-pool alone
or HCMV-Ab.
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FIG 3 HCMV-Ab do not induce innate immune responses. (A and B) The four types of media described
in the legend to Fig. 2 were added to 1 X 10° macrophages seeded in 96-well plates in a volume of 100
wl for 60 min (TB40/E MO, 3). Cells were washed twice and were incubated in RPMI 1640 medium. After
24 h, treated cells were either stained for quantitative evaluation of IEA positive cells (number in the top
right corner of the images) (A) or incubated with autologous purified NK cells (effectors) at an
effector-to-target cell ratio of 1 in the presence of an anti-CD107a antibody. NK degranulation was
evaluated after 5 h of coculture (B). (C) The supernatants from each condition described for panel A were
collected at 24 h posttreatment. They were filtered with a 0.1-um filter and were transferred to
uninfected autologous macrophages (1 X 10%) for 24 h. Then the supernatants were discarded, and cells
were first challenged with cell-free TB40/E in a volume of 100 ul for 60 min (MOI, 0.3) and then washed
twice and incubated in new media. At 24 h postchallenge, IEA expression was evaluated. Results of one
experiment representative of four are shown. (D) The supernatants from each condition described for
panel A were collected at 24 h posttreatment. The concentrations of interferons in supernatants were
tested by bead-based ELISA. Sections 1, 2, 3, and 4 indicate four sequential treatment groups: medium
alone, medium containing an Ig pool, medium containing cell-free TB40/E, and medium containing a
combination of cell-free TB40/E and an Ig pool.

Next, we asked whether these differently treated macrophages could secrete inter-
ferons and/or induce resistance to cell-free HCMV infection. Conditioned media ob-
tained from macrophages treated for 24 h as described for Fig. 3A were collected,
filtered to remove residual viral particles, and added to uninfected autologous macro-
phages for an additional 24 h. Then these treated macrophages were further chal-
lenged with a low dose (MOI, 0.3) of cell-free virus. As shown in Fig. 3C, susceptibility
to HCMV challenge was comparable for all treated macrophages except for those
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FIG 4 HCMV-Ab induce adaptive immune responses. Macrophages derived from HCMV-seropositive or -seronegative blood donors (CMV* and
CMV-, respectively) were either left untreated (mock), infected with TB40/E at an MOI of 3, or stimulated with TB40/E and an Ig pool. After 1 day,
macrophages were harvested, irradiated (30 cGy), and added as stimulators at a ratio of 1:8 to autologous CFSE-labeled PBMC. As controls, PBMC
alone were either left untreated (medium) or stimulated with an Ig pool alone or 5 png/ml phytohemagglutinin (PHA). Six days later, PBMC were
harvested and were stained with fluorescently labeled antibodies directed against CD4 and CD8, and the percentage of proliferating CFSE'*w
PBMC was assessed by flow cytometry. Mean values *+ standard errors of the means from at least 3 CMV-seronegative and 3 CMV-seropositive

blood donors are shown. Each dot represents cells obtained from one blood donor.

treated with the supernatants obtained from actively infected macrophages. Macro-
phages exposed for 24 h to supernatants obtained from actively infected macrophages
were significantly less susceptible to cell-free virus (Fig. 3C). Since interferons are
capable of inducing antiviral effects in target cells (15, 16), we measured the amounts
of type |, Il and Ill interferons in the macrophage-conditioned supernatants used for the
transfer experiments. As shown in Fig. 3D, active HCMV infection of macrophages
(condition 3) was accompanied by secretion of interferon alpha, beta, and lambda 1 in
all donors tested and secretion of interferon gamma in one donor out of four. In
contrast, macrophages treated with the Ig pool alone or with HCMV-Ab (Fig. 3D,
conditions 2 and 4, respectively) did not secrete any type of interferon and resembled
untreated macrophages (Fig. 3D, condition 1). Taken together, these results reveal that
HCMV-Ab-treated macrophages do not induce NK cell or interferon responses.

HCMV-Ab-treated macrophages induce the proliferation of adaptive T cells.
Macrophages are professional antigen-presenting cells, and in our previous study, we
demonstrated that HCMV-infected macrophages can stimulate the proliferation of
autologous T cells obtained from HCMV-seropositive subjects (9). Since HCMV-Ab enter
macrophages, we hypothesized that HCMV-Ab-treated macrophages could present
antigens from input virus to T cells and induce their proliferation. By using the
autologous T cell proliferation assay described previously (9), we tested whether
HCMV-Ab-treated macrophages induce T cell proliferation. As shown in Fig. 4, cell-free
HCMV and HCMV-Ab-treated macrophages stimulated the proliferation of autologous
CD4- and CD8-positive T cells obtained from HCMV-seropositive (CMV™) blood donors
but not that of T cells from HCMV-seronegative (CMV™) blood donors. Mock-treated
macrophages did not stimulate T cell proliferation independently of the HCMV serosta-
tus of the cell donor. These results indicate that HCMV-Ab-treated macrophages can
present input viral antigens and stimulate the proliferation of adaptive T cells.

HCMV-Ab induce an antiviral status in primary macrophages. While HCMV-
infected macrophages secreted type | and Il interferons, which can induce an anti-
HCMV state in uninfected macrophages, HCMV-Ab-treated macrophages did not pro-
duce interferons (Fig. 3D). We decided to assess whether the uptake of noninfectious
HCMV-Ab could alter macrophage susceptibility to HCMV infection via an interferon-
independent mechanism.
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FIG 5 HCMV-Ab-treated macrophages are less susceptible to HCMV infection. (A, B, and D) The four types
of media described in the legend to Fig. 2 were added to macrophages (1 X 10%) in a volume of 100 ul
for 60 min (MOI, 3). Cells were washed twice and were incubated in RPMI 1640 medium. After 24 h,
treated cells were either stained for quantitative evaluation of IEA positive cells (number in the top right
corner of the images) (A) or challenged by cell-free TB40/E in a volume of 100 ul for 60 min at an MOI
of 3. Then the cells were washed twice and were replenished with new media. Twenty-four hours later,
IEA expression was evaluated (B), and cumulative results from different donors were summarized (D). (C
and E) At 48 h postchallenge, the expression of IEA and pUL44 was evaluated. The presence of HCMV [EA
(pseudopink fluorescence) indicates infected cells, pUL44 signals are indicated by pseudowhite fluores-
cence, and cell nuclei are stained blue (DAPI). Ratios of pUL44 fluorescence to nuclear area were analyzed
in IEA-positive cells (C), and cumulative results from different donors were summarized (E). Sections 1, 2,
3, and 4 indicate four sequential treatment groups: medium alone, medium containing an Ig pool,
medium containing cell-free TB40/E, and medium containing a combination of cell-free TB40/E and an

Ig pool.

To test this hypothesis, macrophages were either left untreated or treated with Ig
pool antibodies, cell-free TB40/E, or HCMV-Ab for 1 h; then they were incubated with
fresh medium for an additional 23 h. After 24 h of treatment, while a portion of the cells
was fixed and stained to quantify IEA-positive infected cells (Fig. 5A), the other portion
of cells was challenged with cell-free infectious virus (Fig. 5B). As shown in Fig. 5B (and
Fig. 5D, condition 4), HCMV-Ab-treated macrophages were less susceptible to infection
by cell-free HCMV than macrophages that were left untreated or stimulated with Ig
pool antibody alone (Fig. 5B and D, conditions 1 and 2, respectively). In addition to the
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FIG 6 Serum from CMV-seropositive but not CMV-seronegative subjects is comparable to the IgG pool.
Medium alone and media containing either an Ig pool, CMV-seronegative serum, CMV-seropositive
serum, cell-free TB40/E, or a combination of cell-free TB40/E with an Ig pool or sera were incubated at
37°C for 30 min prior to inoculation with macrophages. Media were added to macrophages (1 X 10°) in
a volume of 100 ul for 60 min (MOI, 3). Cells were washed twice and were incubated in RPMI 1640
medium. After 24 h, treated cells were either stained for quantitative evaluation of IEA positive cells
(number in the top right corner of the images) or challenged by cell-free TB40/E in a volume of 100 ul
for 60 min at an MOI of 3. Then cells were washed twice and were replenished with new medium.
Twenty-four hours later, IEA expression was evaluated.

Ig pool, we also tested sera obtained from HCMV-seronegative and -seropositive
individuals, and we observed that HCMV resistance could be elicited only when
seropositive human sera containing specific HCMV antibodies were used (Fig. 6). To
investigate whether genetically pure and stable HCMV laboratory strains can also
induce this antiviral status, we used BAC4, the bacterial artificial clones derived from
TB40/E, and we could confirm that BAC4-Ab-treated macrophages were also less
susceptible to cell-free virus challenge (data not shown).

HCMV genes are known to be expressed in a temporally ordered cascade: first
immediate early (IE), then early (E) and early-late (E-L), and finally late (L) proteins (17).
Since 20% of HCMV-Ab-treated macrophages could still be infected by cell-free virus
challenge, we further evaluated the effect of HCMV-Ab treatment on the HCMV protein
expression cascade. For this purpose, we established a new approach to quantify the
kinetic accumulation of HCMV proteins and to follow the progression of the viral
replication cycle. In contrast to the classical investigations performed by Western
blotting, this method is based on the measurement of the ratio between the total
nuclear area and the area occupied by fluorescently labeled viral proteins (Fig. 5C) and
allows a quantitative analysis irrespective of the numbers of infected cells present in the
whole cell culture. Since the HCMV early protein pUL44 accumulates predominantly in
infected nuclei (8), we analyzed pUL44 expression at 48 hpi in IEA-positive macro-
phages present in cultures that were either left untreated or treated with the Ig pool,
cell-free TB40/E, or HCMV-Ab. The ratio of the pUL44 signal to the DAPI signal was
greater in infected macrophages (Fig. 5C and E, condition 3), because these cells were
infected for 72 h and accumulated the largest amount of the viral DNA polymerase
accessory protein pUL44. The pUL44/DAPI ratio was significantly lower in HCMV-Ab-
treated IEA-positive macrophages (Fig. 5C and E, condition 4) than in macrophages
treated with antibody alone or untreated cells (Fig. 5E, conditions 2 and 1, respectively).
These data indicate not only that HCMV-Ab-treated macrophages are less susceptible
to infection, as evidenced by the expression of IEAs at the beginning of the viral
replication cycle, but that also the HCMV protein expression cascade is delayed in
macrophages upon HCMV-Ab treatment. Interestingly, when epithelial cells were
treated with HCMV-Ab, we did not observe the induction of the antiviral state described
for macrophages (Fig. 7), suggesting that the antiviral molecular mechanisms elicited
by HCMV-Ab might be cell type specific.
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FIG 7 HCMV-Ab-treated epithelial cells are not resistant to HCMV challenge. The four types of media
described in the legend to Fig. 2 were added to ARPE-19 retinal pigment epithelial cells (1 X 10%) in a
volume of 100 ul for 60 min (MOI, 3). Cells were washed twice and were incubated in their respective
culture media. After 24 h, treated cells were either stained for quantitative evaluation of IEA positive cells
(number in the top right corner of the images) or challenged by cell-free TB40/E in a volume of 100 ul
for 60 min at an MOI of 3. Cells were then washed twice and were replenished with new medium.
Twenty-four hours later, IEA expression was evaluated by indirect immunofluorescence.

DISCUSSION

The binding of viral particles to neutralizing antibodies is supposed to change the
ability of the virus to interact with its cognate cellular receptors and to result in
defective or abortive viral entry, increased intracellular degradation, modulated recep-
tor signaling, and eventually inflammatory responses. Beyond their role in preventing
infection, antibody-Fc receptor interactions have also been implicated in the regulation
of different immune responses, such as antibody-dependent cellular phagocytosis/
cytotoxicity, as well as activation of innate and adaptive effector cells.

Since human macrophages are susceptible to HCMV infection in vivo as well as in
vitro (18, 19) and are equipped with a broad range of Fc receptors, we investigated
whether immune complexes formed by HCMV particles and IVlg are taken up by
macrophages and processed for presentation to innate and adaptive effector cells, such
as NK cells and T lymphocytes. Our data reveal that HCMV particles that were prein-
cubated with antibodies are able to enter macrophages. Furthermore, they induce an
interferon-independent antiviral state in these cells and stimulate the proliferation of
autologous T cells. To the best of our knowledge, our study is the first to assess
interferon production from HCMV-infected macrophages at the protein level. Notably,
we first revealed that HCMV-infected cells produce interferon lambda 1, which can
exert potent antiviral activities mainly on epithelial cells (20).

Recently, our understanding of antibody-mediated immunity has been enlarged by
the discovery that viruses can also be neutralized in the cell cytoplasm by a mechanism
called “antibody-dependent intracellular neutralization.” Mallery, McEwan, and col-
leagues reported that mammalian cells express a cytosolic IgG receptor, tripartite
motif-containing 21 (TRIM21), which binds antibody-bound nonenveloped viruses and
bacteria with very high affinity and targets them for proteasome-dependent intracel-
lular degradation (21, 22). Of note, uptake of antibody-coated nonenveloped viruses
was reported to result in the production of proinflammatory cytokines and interferon
as well as in the modulation of potential NK cell ligands and induction of an antiviral
status (22). Here we provide evidence that HCMV-Ab induce neither interferons nor NK
cell responses. Moreover, while in the previous studies it was observed that antibody-
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coated nonenveloped viruses could still infect target cells and that the infection rates
could be increased in TRIM21 knockout cells (21), in our study, HCMV-Ab did enter
macrophages but did not initiate the virus replication cycle. Taken together, our data
suggest that the HCMV-Ab-induced antiviral status in macrophages might be TRIM21
independent.

The molecular mechanisms leading to macrophage resistance to infection by cell-
free virus upon HCMV-Ab uptake are still not fully elucidated, and further experiments
are necessary to understand whether virion attachment, entry, genome delivery, and
genome expression are impeded. Previous reports on superinfection exclusion (23), a
phenomenon by which the first virus infecting a cell can prevent subsequent viruses
from further infecting the same cell, would suggest two possibilities. On the one hand,
the uptake of antibody-coated HCMV particles could induce changes in the amount
and/or availability of the receptor(s) used by HCMV to enter macrophages, thus
reducing viral entry during challenge with infectious cell-free virus (mechanism of
receptor interference). Alternatively, intrinsic restriction factors could be activated after
HCMV-Ab uptake and thus would restrict not the entry step but, instead, the expression
of IEAs. Both mechanisms have already been reported upon herpes simplex virus 1
(HSV-1) infection (24, 25), but in contrast to our setting, in which HCMV-Ab entry is
sufficient to prevent subsequent HCMV infection, HSV-1 superinfection exclusion was
dependent on viral gene expression. Since IFI16, PML, and Sp100 are not involved in the
induction of the antiviral state, and moreover, HCMV-Ab-treated macrophages exhib-
ited delayed HCMV protein expression, it is likely that additional and still unidentified
restriction factors account for the resistance. HCMV-Ab-treated macrophages did not
secrete any type of interferons. Interferon regulatory protein 3 (IRF3), previously
recognized as capable of eliciting anti-HSV-1 responses via IFN-independent mecha-
nisms (26-28), did not undergo phosphorylation or nuclear translocation in our exper-
imental settings (data not shown), suggesting that IRF3 may not be involved in the
antiviral state elicited by HCMV-Ab. In further attempts to identify the underlying
mechanismes, it will be important to take into account the fact that HCMV-Ab-treated
epithelial cells did not present the antiviral state described in macrophages, suggesting
that either cell type-specific restriction factors or cell type-specific uptake mechanisms
could explain this phenomenon.

While previous studies revealed that HCMV enters dendritic cells (DCs) via a
macropinocytosis-like pathway (29) and type 2 macrophages via a megapinocytosis
endocytic pathway (30), the pathway used by HCMV-Ab to enter macrophages is still
unclear. Since macrophages express various Fc receptors both on the plasma mem-
brane and in the cytoplasm (CD64/Fc+yRIl, CD32/FcyRll, CD16/FcyRlll, and TRIM21), Fc
receptor-mediated HCMV-Ab entry into macrophages cannot be excluded. HCMV
transmission between cells is highly cell associated in vivo (31-33). This gives HCMV an
advantage in transmission by shielding the virus from neutralizing antibodies. Current
HCMYV therapeutic approaches are focused on the generation of neutralizing antibodies
(3, 34-37), some of which are potent for neutralizing cell-free virus in vitro but may have
no effect on cell-associated transmission. Our observation offers a new approach to
developing therapeutic interventions by using viral particles and neutralizing antibod-
ies to trigger antiviral responses without introducing infections. Future experiments
utilizing anti-HCMV monoclonal antibodies (MAbs) with defined epitope specificities
may be helpful for implementing the HCMV-Ab-induced immune responses.

In summary, previous studies have demonstrated that immune complexes can be
degraded in phagocytes and processed for antigen presentation, thus allowing the
induction of antiviral immune responses. Our study confirms this knowledge for
antibody-treated HCMV particles and additionally reveals that no NK cell response was
triggered, while at the same time, HCMV-Ab-treated macrophages were able to stim-
ulate both CD4* and CD8* T-cell proliferation. We have shown previously that mac-
rophages treated with UV-inactivated and nonreplicating virus elicit the proliferation of
autologous T cells (9), indicating that cross-presentation is active in macrophages and
that major histocompatibility complex class | (MHC-I) epitopes can be processed in the
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absence of viral gene expression. Since the abilities of macrophages to cross-present
antigens from UV-inactivated HCMV or HCMV-Ab are comparable, it is possible that
UV-inactivated viral particles as well as HCMV-Ab escape the endosomes, reach the
cytoplasm, and are processed by the immunoproteasome. Alternatively, since we
observed abundant multilamellar vesicular structures in macrophages treated with
HCMV-Ab, which were not present in infected macrophages, we hypothesize that an
MHC-I-rich compartment (corresponding to the multilamellar vesicular structures) fuses
with the endosomes containing viral antigens and in this way leads to TAP-
independent loading of MHC molecules. Our study might be relevant to efforts to
optimize vaccine strategies and enhance antiviral immune responses.

MATERIALS AND METHODS

Study subjects and cells. Buffy coats obtained from healthy blood donors as well as human AB
serum obtained from HCMV-seronegative donors were purchased from the Transfusion Center of the
Ulm University Hospital (Institut fur Klinische Transfusionsmedizin und Immungenetik Uim GmbH, Ulm,
Germany). Ex vivo monocytes, macrophages, peripheral blood mononuclear cells (PBMC), and purified NK
cells were cultured in RPMI 1640 medium (GIBCO/Invitrogen) containing 10% fetal calf serum (FCS;
GIBCO/Invitrogen). Macrophage colony-stimulating factor (M-CSF; R&D Systems)-polarized M2 macro-
phages were obtained from human monocytes as described previously (9). NK cells were enriched by
negative selection from PBMC (Miltenyi). Retinal pigment epithelial cells (ARPE-19 cells) were cultured in
minimal essential medium (MEM; GIBCO/Invitrogen) containing 10% fetal bovine serum (FBS).

Preparation of viral stocks and infection of macrophages. HCMV strain TB40/E was propagated
in human foreskin fibroblasts (HFFs). For the preparation of virus stocks, supernatants containing cell-free
virus were harvested at 5 to 7 days postinfection. Cellular debris was removed by centrifugation at
2,800 X g for 10 min, and virus particles were pelleted from the supernatants by ultracentrifugation
(70,000 X g for 70 min at 10°C). Virus pellets were resuspended in MEM containing the cryopreser-
vant sucrose buffer, aliquoted, and stored at —80°C. The infectious titers of TB40/E preparations
were determined as described previously (38). Macrophages were infected using the indicated MOI
for 1 h, after which they were washed and replenished with RPMI 1640 medium.

HCMV antibodies and cytokine detection. Pooled intravenous immune globulin (Gamunex; Talec-
ris Biotherapeutics) was commercially purchased and was used at a 1:20 dilution. All sera/plasma were
heated to 56°C for 30 min, stored at —20°C, and used at a 1:10 dilution. HCMV IgG serology was
determined with an enzyme-linked fluorescence assay (Vidas CMV IgG assay; bioMérieux). Interferons
were quantified by a bead-based immunoassay (LEGENDplex; Biolegend) according to the manufactur-
er's recommendations.

Fluorescence staining and nuclear-area-based quantitative analysis. To determine the infection
rates, macrophages were fixed at 24 h postinfection with 80% acetone and were incubated with
monoclonal antibodies against HCMV immediate early antigens (IEAs) (Argene Biosoft), followed by
staining with Alexa Fluor 555 (AF555)- or AF488-conjugated goat anti-mouse immunoglobulins (Molec-
ular Probes/Invitrogen). Nuclei were counterstained with 4’,6-diamidino-2-phenylindole (DAPI; Roche).
The numbers of IEA and DAPI signals were determined in three frames per well using Photoshop (Adobe).
The infection rate was calculated as the number of IEA-positive nuclei per hundred DAPI-positive cells.

To costain pUL44 and IEAs, p52 (pUL44, BS510; kindly provided by Bodo Plachter) was used as the
primary antibody, followed by staining with AF555-conjugated goat anti-mouse immunoglobulins
(Molecular Probes/Invitrogen). AF488-conjugated IEA was used to evaluate IEA expression (8B1.2; Milli-
pore). To determine the ratio of the pUL44 area to the nuclear area, five frames were randomly collected
in both fluorescence and DAPI channels with a 40X objective. Area analysis was performed by using
ImageJ (NIH). We applied a semiautomated image analysis protocol for this purpose (39). Briefly,
fluorescence or DAPI signals in a single frame were converted to grayscale and were adjusted manually
by threshold settings. Then the size of the analyzed area was automatically calculated in square inches.

Western blotting. Cell lysates were separated by sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis and were blotted onto polyvinylidene difluoride membranes. Protein bands on the blots
were visualized by chemiluminescence (Millipore). The following primary antibodies were used for
Western blotting: a monoclonal antibody against immediate early antigen 1 (IEA1; antibody 63-27; kindly
provided by William Britt), a B-actin antibody (AC-15; Sigma-Aldrich), and an IFI16 antibody (IG7; Santa
Cruz). PML and Sp100 were detected as described previously (40).

Electron microscopy. Macrophages were seeded overnight on carbon-coated sapphire discs with a
finder grid pattern (diameter, 3 mm; Engineering Office, M. Wohlwend GmbH, Sennwald, Switzerland)
prior to treatments. Treated macrophages were cultivated for an additional 3 h and were then high-
pressure frozen, freeze-substituted, and finally embedded in epoxy resin as described previously (9). The
samples were imaged with a Zeiss transmission electron microscope at an acceleration voltage of 80 kV.

NK cell degranulation assay. During the coculture of purified NK cells and treated macrophages,
monensin (GolgiStop; 2 uM; BD), brefeldin A (5 mg/ml; Sigma), interleukin 2 (IL-2) (Proleukin; 20 [U/ml),
and a phycoerythrin (PE)-conjugated anti-CD107 antibody (H4A3; BD) were added for 5 h. After gating
on NK cells, the surface expression of CD107a on CD3~ CD56* cells was analyzed by flow cytometry.
MADbs against CD3 (UCHT1; BD) and CD56 (HCD56; Biolegend) were used to identify NK cells.

T cell proliferation assay. Macrophages were either left untreated, treated with HCMV-Ab (TB40/E
Ig-pool), or incubated with TB40/E at an MOI of 5. After 1 day, cells were harvested, resuspended in RPMI
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medium containing 5% human AB serum (HS), and irradiated (3,000 cGy) in order to prevent cell
replication. Autologous PBMC were thawed, labeled with carboxyfluorescein succinimidyl ester (CFSE;
Biolegend) according to the manufacturer’s instructions, and resuspended in RPMI medium with 5% HS.
Macrophages were distributed into 96-well U-bottom microplates prior to the addition of CFSE-labeled
PBMC at a macrophage/PBMC ratio of 1:8. As controls, PBMC alone were left untreated or were
stimulated either with 5 wg/ml phytohemagglutinin-L (PHA-L; eBioscience) or with immunoglobulin
alone (Ig pool; 1:20). After 6 days, cultures were harvested for the evaluation of T cell proliferation by
using MAbs against CD4 (RPA-T4; BD) and CD8 (BW135/80; Miltenyi).

son. Results were considered significant at the two-sided P level of 0.05.
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