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Interleukin-2 from Adaptive T Cells Enhances Natural Killer Cell
Activity against Human Cytomegalovirus-Infected Macrophages
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ABSTRACT

Control of human cytomegalovirus (HCMV) requires a continuous immune surveillance, thus HCMYV is the most important
viral pathogen in severely immunocompromised individuals. Both innate and adaptive immunity contribute to the control of
HCMV. Here, we report that peripheral blood natural killer cells (PBNKs) from HCMV-seropositive donors showed an en-
hanced activity toward HCMV-infected autologous macrophages. However, this enhanced response was abolished when purified
NK cells were applied as effectors. We demonstrate that this enhanced PBNK activity was dependent on the interleukin-2 (IL-2)
secretion of CD4™ T cells when reexposed to the virus. Purified T cells enhanced the activity of purified NK cells in response to
HCMV-infected macrophages. This effect could be suppressed by IL-2 blocking. Our findings not only extend the knowledge on
the immune surveillance in HCMV—namely, that NK cell-mediated innate immunity can be enhanced by a preexisting T cell
antiviral immunity— but also indicate a potential clinical implication for patients at risk for severe HCMV manifestations due to
immunosuppressive drugs, which mainly suppress IL-2 production and T cell responsiveness.

IMPORTANCE

Human cytomegalovirus (HCMYV) is never cleared by the host after primary infection but instead establishes a lifelong latent
infection with possible reactivations when the host’s immunity becomes suppressed. Both innate immunity and adaptive immu-
nity are important for the control of viral infections. Natural killer (NK) cells are main innate effectors providing a rapid re-
sponse to virus-infected cells. Virus-specific T cells are the main adaptive effectors that are critical for the control of the latent
infection and limitation of reinfection. In this study, we found that IL-2 secreted by adaptive CD4* T cells after reexposure to
HCMYV enhances the activity of NK cells in response to HCMV-infected target cells. This is the first direct evidence that the adap-

tive T cells can help NK cells to act against HCMYV infection.

H uman cytomegalovirus (HCMV) infects and establishes a
persistent infection in the majority of humans worldwide.
Postnatally it rarely causes severe complications in healthy indi-
viduals. However, HCMYV is a significant cause of morbidity and
mortality in severely immunocompromised individuals (1). This
indicates the importance of immune surveillance in the control of
HCMV. While T cells and HCMYV antibodies are considered to be
the main effectors of protective immunity, recent evidence sup-
ports the idea that NK cells also play an important role in the
control of HCMV (2—4) and that NK cells degranulate after con-
tact with HCMV-infected cells (5, 6). We have shown before that
humoral antiviral immunity enhanced the degranulation and
gamma interferon (IFN-v) production of NK cells in response to
HCMV-infected macrophages (6). In this article, we show that NK
cell activity can also be enhanced by the T cell-mediated antiviral
immunity against HCMV.

The activity of NK cells is regulated by (i) a balance of signals
from activating and inhibitory receptors and (ii) cytokine stimu-
lation (7). Furthermore, many studies suggest that antigen-pre-
senting cells and other accessory cells are required to generate a
primary triggering signal for the immune response of lympho-
cytes. Costimulatory and coinhibitory receptors might be in-
volved in the generation of the signal (8). HCMYV is the only virus
known so far that shapes the receptor repertoire in human NK
cells (9). Myeloid cells are an important site of HCMV latency and
reactivation (10). Macrophages can act as antigen-presenting cells
upon HCMYV infection and can secrete cytokines leading to T- and
NK cell activation (11, 12). It has been shown that the activating
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receptors NKp46, 2B4, and DNAM-1 contributed to the NK cell
response to HCMV-infected macrophages (12). The role of the
accessory cells and cytokines for the NK cell activity in HCMV
infection is largely unknown. By using an autologous cell model
(13), we compared the peripheral blood NK cell (PBNK) activities
of HCMV-seropositive and -seronegative donors. Furthermore,
we compared the activities of PBNKs and purified NK cells. We
provide evidence that IL-2 secreted by T cells is important for NK
cell activity in HCMYV infection.

MATERIALS AND METHODS

Study subjects and cells. Buffy coats from 12 HCMV-seropositive and 13
seronegative donors were purchased from the Transfusion Center of the
Ulm University Hospital (Institut fir Klinische Transfusionsmedizin und
Immungenetik Ulm GmbH, Ulm, Germany) obtained from healthy
blood donors. Human erythroleukemia cell line K562 (DMSZ), ex vivo

Received 17 February 2015 Accepted 2 April 2015
Accepted manuscript posted online 8 April 2015

Citation Wu Z, Frascaroli G, Bayer C, Schmal T, Mertens T. 2015. Interleukin-2 from
adaptive T cells enhances natural killer cell activity against human
cytomegalovirus-infected macrophages. J Virol 89:6435-6441.
doi:10.1128/JV1.00435-15.

Editor: R. M. Sandri-Goldin

Address correspondence to Thomas Mertens, thomas.mertens@uniklinik-ulm.de.
Copyright © 2015, American Society for Microbiology. All Rights Reserved.
doi:10.1128/JV1.00435-15

jviasm.org 6435


http://dx.doi.org/10.1128/JVI.00435-15
http://dx.doi.org/10.1128/JVI.00435-15
http://jvi.asm.org

Wu et al.

macrophages, peripheral blood mononuclear cells (PBMCs), and purified
NK cells were cultured in RPMI 1640 medium (GIBCO/Invitrogen) con-
taining 10% fetal calf serum (FCS) (GIBCO/Invitrogen). Human foreskin
fibroblasts (HFFs) were cultured in minimal essential medium (MEM)
(GIBCO/Invitrogen) containing 10% FCS (GIBCO/Invitrogen). Granu-
locyte-macrophage colony-stimulating factor (GM-CSF) and M-CSF
(R&D Systems) polarized M1 and M2 macrophages were obtained from
human monocytes as previously described (11). NK cells were enriched by
negative selection from PBMCs (Miltenyi). CD3 microbeads were used
for positive selection or depletion of CD3™ T cells from PBMCs (Milte-
nyi). The purities of the NK cells, T cells, and T cell-depleted PBMCs are
more than 95% as determined by flow cytometry after CD3 and CD56
staining.

Preparation of viral stocks and infection of macrophages. Mutant
bacterial artificial chromosomes (BACs) were generated by markerless
mutagenesis (14). HCMV strain TB40/E and viruses reconstituted from
TB40/E BACs (15) were propagated in HFFs. For preparation of virus
stocks, infected cells were scraped from culture flasks and harvested to-
gether with supernatants at 5 to 7 days postinfection. Cellular debris was
removed by centrifugation at 2,800 X g for 10 min, and virus particles
were precipitated from the supernatants by ultracentrifugation (70,000 X
g for 70 min at 10°C). Then, pellets were suspended in RPMI 1640 me-
dium with 10% FCS. The infectious titer of HCMV preparations was
determined as previously described (13). Macrophages were infected us-
ing a multiplicity of infection (MOI) of 5 PFU/macrophage for 24 h.

Antibodies and cytokines. The following monoclonal antibodies
(MADs) were used for flow cytometry: peridinin chlorophyll protein
(PerCP)-Cy5.5-anti-CD3 (UCHT1), allophycocyanin—anti-CD56 (B159),
phycoerythrin (PE)- or fluorescein isothiocyanate (FITC)-anti-CD107a
(H4A3), PE-anti-IFN-y (B27) (BD Biosciences), FITC-anti-IL-2 (MQ1-
17H12 [Biolegend]), AF488- or PE—anti-NKG2C (134591 [R&D Systems]),
and allophycocyanin-anti-CD4 (EDU-2; [Immunotools]). Cells were ana-
lyzed using a FACSCalibur (BD Biosciences) fluorescence-activated cell
sorter. Purified anti-IL-2 (MQ1-17H12 [Biolegend]) and the isotype control
(RTK2758 [Biolegend]) were used at a concentration of 20 g/ml for anti-
body blocking experiments. Recombinant human IL-2 (R&D Systems) was
used at concentration of 100 TU/ml for stimulation. A commercial enzyme-
linked immunosorbent assay (ELISA) kit determined the IL-2 concentration
(Biolegend). Pooled Ig intravenous Gamunex (Talecris Biotherapeutics) was
purchased commercially and used at 1:200 dilutions.

NK cell degranulation and IFN-y production assay. After coculture
of effector and target cells, monensin (GolgiStop, 2 wM [BD]), brefeldin A
(5 mg/ml [Sigma]), and anti-CD107amAb (20 pl/ml) were added to the
cultures for the last 5 h. After being gated on NK cells, CD3~ CD56" and
CD107a surface expression and IFN-vy production were analyzed by flow
cytometry.

Statistical analysis. The nonparametric Kruskal-Wallis test was per-
formed for multigroup comparison. Results were considered significant at
the two-sided P level of 0.05.

RESULTS

Enhanced activity of sero”*-PBNKs in response to HCMV-in-
fected autologous macrophages. To compare the responses to an
HCMYV infection between NK cells from HCMV-seropositive and
-seronegative healthy donors, we first applied unfractionated
PBMCs as effectors. PBMCs were cocultured with HCMV-in-
fected autologous M1 or M2 macrophages for 48 h, and then
CD107a degranulation and intracellular IFN-y production of pe-
ripheral blood NK cells (PBNKs) were assessed. Interestingly,
PBNKSs from HCMV-seropositive donors ( seroP*_PBNKs) dem-
onstrated an enhanced activity in response to the HCMYV infec-
tion. They showed significant degranulation, with a mean value of
35%, and IFN-y production (mean of 3%) in response to HCM V-
infected autologous macrophages (Fig. 1A and B), in contrast to
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FIG 1 Enhanced activity of sero?*-PBNKs in HCMV infection. Unfraction-
ated PBMCs (1 X 10°) (A and B) and purified NK cells (1 X 10°) (C and D)
from HCMV-seropositive (n = 12) and -seronegative (n = 13) donors were
cocultured with mock- or HCMV-infected autologous M1 or M2 macro-
phages (1 X 10°) for 48 h. Then surface expression of CD107a and intracellular
IFN-y production of NK cells were assessed. “M1” and “M2” indicate unin-
fected macrophages, and “M1-I” and “M2-I” indicate infected macrophages.
The horizontal lines represent the mean value for each group.

PBNKs from HCMV-seronegative donors (sero”®-PBNKs). As
control of the HCMYV infection rates of macrophages, the num-
bers of NK cells and the CD107a degranulation capacity of the
PBNKs toward K562 cells proved to be comparable between
HCMV-seropositive and -seronegative donors (data not shown).
Intracellular IFN-y production was not detected in sero™-
PBNKSs, whereas it could clearly be found within most of the
seroP**-PBNKs (Fig. 1B). SeroP**-PBNKs did not respond to un-
infected macrophages. The activity of seroP°*-PBNKs in response
to HCMV-infected M1 macrophages seemed to be higher than
that with HCMV-infected M2 macrophages, but there was no
statistically significant difference (Fig. 1A).

To elucidate whether this enhanced activity was an intrinsic
property of NK cells from HCMV-seropositive donors, we also
included purified NK cells as effectors in the same experimental
settings. Purified NK cells responded poorly to HCMV-infected
macrophages, demonstrating only a lower-level degranulation,
with a mean value of 11%, but no induction of intracellular IFN-vy
production, without any difference between HCMV-seropositive
and -seronegative donors (Fig. 1C and D). Furthermore, the low
degranulation of purified NK cells was independent from the
HCMYV serostatus of the donors (Fig. 1C). Clearly, the enhanced
activity of seroP°-PBNKs was supported by other accessory cells
present in unfractionated PBMCs.

seroP**-PBMCs produce IL-2 following HCMYV reexposure,
and CD4™ T cells are the source of IL-2. When analyzing in par-
allel T cells in the seroP*-PBMCs, as expected, these cells exhib-
ited the typical memory activity after HCMV reexposure. They
produced IFN-vy in response to HCMV-infected macrophages,
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FIG 2 HCMV-specific IL-2 secretion follows HCMV reexposure. (A) Unfrac-
tionated PBMCs from HCMV-seropositive (n = 11) and -seronegative (n = 9)
donors were cocultured with HCMV-infected autologous M1 macrophages
for 48 h, and then the percentage of IFN-y-producing T cells (CD3™ CD56 )
was assessed. (B) Unfractionated PBMCs and purified NK cells from HCMV-
seropositive (n = 6) and -seronegative (n = 6) donors were cocultured with
HCMV-infected autologous M1 macrophages for 48 h, and the IL-2 concen-
trations in supernatants of cocultures were determined by ELISA in duplicate.
(C) Unfractionated PBMCs and purified NK cells from the same donor were
cocultured with TB40/E-infected autologous M1 macrophages for 48 h in the
presence or absence of 100 IU/ml recombinant IL-2, and surface CD107a
expression of NK cells was assessed. Unfractionated PBMCs (1 X 10°) cocul-
tured with K562 cells (1 X 10°) for 5 h served as a positive control. Three
donors were HCMYV seropositive (circles), and one donor was HCMV serone-
gative (diamonds). (D) Unfractionated PBMCs from HCMV-seropositive do-
nors were cocultured with HCMV-infected M1 macrophages for 6 h, and then
intracellular IL-2 and IFN-y production of the different lymphocyte popula-
tions was analyzed by flow cytometry. Results from one representative exper-
iment for the five donors is shown.

% of CD107a

whereas this could not be found in HCMV-seronegative donors
(Fig. 2A). A previous study demonstrated that T cells could pro-
duce IL-2 in response to HCMYV antigens (16), and IL-2 has been
shown to enhance NK cell-dependent reduction of HCMYV yield
(17). Furthermore, IL-2 played an important role in NK cell pro-
liferation and cytotoxic capacity (18). Importantly, NK cells ex-
pressed CD25 (IL-2 receptor o [IL-2Rat] chain) when cocultured
with HCMV-infected macrophages (12). Since we hypothesized
that IL-2 might play a critical role for the enhanced activity of
seroP**-PBNKs, we measured the level of IL-2 from supernatants
of cocultures. IL-2 production could only be detected in cultures
that contained seroP**-PBMGs as effector cells, whereas IL-2 re-
mained undetectable when sero™®-PBMCs were used (Fig. 2B).
The level of IL-2 in the individual supernatants was highly vari-
able, but the lowest level of IL-2 (425 pg/ml) from sero”*-PBMC
cocultures was still much higher than that from sero”*®-PBMC
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cocultures. When purified NK cells from both HCMV-seroposi-
tive and -seronegative donors were used as effectors, no IL-2 pro-
duction could be detected (less than 10 pg/ml) (Fig. 2B). Further-
more, CD107a degranulation of PBNKs and purified NK cells
after contact with HCMV-infected macrophages could be en-
hanced by addition of exogenous IL-2 in all donors tested (Fig.
2C). Degranulation of PBNKs to K562 was also enhanced by IL-2,
which served as a control. However, exogenous addition of IL-2
alone was insufficient to rescue the degranulation of purified NK
cells to the level of PBNKs as effectors (Fig. 2C).

We next examined the source of the IL-2 production. We per-
formed intracellular staining of IL-2 at different times, gating on
different lymphocytes. We found that IL-2 was mainly produced
by CD4" T cells in seroP*s-PBMCs after 6 h of coculture (Fig.2D).
This was in agreement with the fact that mainly HCMV-specific
CD4™" T cells secreted IFN-y and IL-2 after HCMV antigen re-
stimulation (19). CD4™ T cells secrete the IL-2 immediately after
HCMV reexposure, which might play a critical role for NK cell
priming and activation. The intracellular IL-2 staining could no
longer be detected after 48 h of coculture (data not shown). The
exact mechanism for this IL-2 production kinetic is still unknown,
but the IL-2 production of CD4™ T cells after reexposure seems to
be tightly controlled. IL-2 production could not be detected in
HCMV-seronegative donors at any time.

T cell-dependent IL-2 production is critical for NK cell activ-
ity in response to HCMYV infection. To further elucidate the con-
tribution of T cells and IL-2 to the NK cell response, we prepared
different effectors from HCMV-seropositive donors. Unfraction-
ated PBMCs, purified NK cells, T cell-depleted PBMCs, and puri-
fied NK cells plus purified T cells were prepared from the same
donor and were cocultured with the HCMV-infected macro-
phages using the same experimental settings. NK cell activity was
again assessed as CD107 degranulation and intracellular IFN-y
production. As shown in Fig. 3A, NK cell activity was highest when
unfractionated PBMCs were used as effectors. Purified NK cells
proved to be the poorest effectors. T cell-depleted PBMCs slightly
enhanced NK cell degranulation and IFN-y production. When
purified T cells were added to purified NK cells, the NK cell activ-
ity in response to HCMV-infected macrophages nearly reached
the level with PBNKSs as effectors. Furthermore, when IL-2 was
blocked by antibodies, the IFN-y production was clearly inhib-
ited, and degranulation of NK cells was also inhibited compared
with that of the isotype control in each donor (Fig. 3B).

NKG2C-positive NK cells and HCMV immunomodulatory
genes US2, US3, US6, US11, UL18, and UL40 do not contribute
to the enhanced activity of sero?*-PBNKs against infected mac-
rophages. In humans, it has been shown that HCMV infection
selectively expanded NKG2C-positive NK cells in healthy individ-
uals (6, 20, 21). Even in coinfections of HCMV with HIV (22, 23),
hantavirus (24), hepatitis B virus, and hepatitis C virus (25), the
expansion of NKG2C-positive NK cells was exclusively dependent
on the HCMV infection. We have shown that NKG2C™ CD57™
NK cells in the absence of HCMV antibodies are poor effectors of
natural cytotoxicity compared to NKG2C-negative NK cells when
using the same experimental settings (6). The low responsiveness
of NKG2C-positive NK cells was also observed in response to
HCMV-infected dendritic cells and fibroblasts (5, 26). As shown
in Fig. 1A, we tested 12 HCMV-seropositive donors. The mean of
PBNK degranulation in response to infected M1 macrophages was
34.9%. We checked that 4 of them contained NKG2C-positive NK
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FIG 3 T cell-dependent IL-2 production enhances NK cell activity in HCMV
infection. Different effectors, including unfractionated PBMCs (1 X 10°), pu-
rified NK cells (NK cell percentage X 10°), T cell-depleted PBMCs (1 X 10° —
T cell percentage X 10°), and purified NK cells plus purified T cells (NK cell
percentage X 10° + T cell percentage X 10°) from the same HCMV-seropos-
itive donor were cocultured with HCMV-infected autologous macrophages
(1 X 10°) for 48 h, and then activity of NK cells (gated on CD3~ CD56™ cells
under all conditions) was assessed by surface CD107a expression and intracel-
lular IFN-y production. For IL-2 blocking experiments, purified anti-IL-2
monoclonal antibody and an isotypic antibody control were added at the be-
ginning of coculturing. (A) One representative experiment out of three from
HCMV-seropositive donors is shown. (B) Percentages of IFN-y and CD107a-
positive NK cells with IL-2 blocking antibody or isotypic antibody control
from another two HCMV-seropositive donors are shown.

cells. (The percentages were 6.03%, 6.95%, 13.2%, and 25.6%).
The mean degranulation level of these 4 donors was 27.7%,
whereas the mean degranulation level of the other 8 HCMV-sero-
positive donors without NKG2C-positive NK cells was 38.6%.
Thus, the enhanced activity of NK cells from HCMV-seropositive
donors is not due to NKG2C-positive NK cells.

To investigate whether some specific HCMV genes are in-
volved in the response of the NK cell in our experimental setting,
we used the HCMV TB40/E-derived BAC cloned viruses lacking
the viral genes US2 to -6 (15) and mutants thereof with additional
deletion of US11 (27), UL18, and UL40. HCMV unique short
(US) genes have been extensively characterized for their capacity
to dampen the surface expression of major histocompatibility
complex class I (MHC-I) in infected cells (28). HCMV encodes
the glycoprotein UL40, which can upregulate the cell surface ex-
pression of HLA-E, which in turn is recognized by the NK cell
receptor complex CD94/NKG2A, -B, and -C (29). The MHC-I
homologue glycoprotein UL18 can directly bind to NKG2C with
low affinity and LIR-1 with high affinity (30, 31). Macrophages
were infected with the four TB40/E-derived mutants and then
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FIG 4 Degranulation of NKG2C" NK cells and NKG2C-negative NK cells in
response to macrophages infected with TB40/E-derived mutants. (A) A total of
10> macrophages were infected with TB40/E- and TB40/E-derived mutants at
an MOI of 5, and infection rates were determined 24 h postinfection. The
presence of HCMV IEAs (red fluorescence) indicates infected macrophages,
and nuclei are shown in blue (DAPI [4’,6-diamidino-2-phenylindole]). (B)
Thawed PBMCs (1 X 10°) were cocultured with autologous macrophages (1 X
10°) infected with TB40/E or the TB40/E-derived mutants for 48 h, and then
surface expression of CD107a on the NK cells was assessed in the absence or
after addition of HCMV antibodies for an additional 5 h. One representative
experiment out of four from NKG2C" NK cell-positive donors is shown.

cocultured with autologous NK cells. We subsequently assessed
the NKG2C™ NK cell and NKG2C-negative NK cell responses
toward HCMV-infected macrophages in the absence or presence
of HCMYV antibodies. As shown in Fig. 4A, all virus mutants ex-
hibited a comparable infectivity in macrophages, as determined
by immediate early antigen (IEA)-positive cells at 24 h postinfec-
tion (red fluorescence). Additionally, no differences were ob-
served between degranulation of NKG2C" NK cells and NKG2C-
negative NK cells cocultivated with macrophages infected by the
HCMV TB40/E wild-type virus or by the different recombinant
viruses lacking these so-called “immunomodulatory” genes (Fig.
4B, upper panel). The antibody enhancement of NK degranula-
tion was also not affected by the presence or absence of these
immunomodulatory genes (Fig. 4B, lower panel). These data in-
dicate that the HCMV genes US2, US3, US6, US11, UL18, and
UL40 on the background of TB40/E do not contribute to NK
cell-mediated response against infected autologous macrophages
in our experimental setting.

DISCUSSION

NK cells play an important role in the control of HCMV, and
HCMV is able to shape the NK cell receptor repertoire (2,4,9). We
previously could show that the activity of NK cells in response to
HCMYV infection is enhanced by the humoral antiviral immunity
(6). Our actual results further confirm the importance of the
adaptive antiviral immunity in the regulation of NK cell activity in
HCMYV infection. Our study extends the knowledge on the mech-
anisms of the immune surveillance in HCMYV infection with po-
tential clinical relevance.

Activated NK cells are the main source of [FN-v, which plays a
pivotal role in the antiviral response (32). NK cells from PBMCs
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have been shown to produce IFN-y in response to influenza virus,
Plasmodium falciparum-infected red blood cells (RBCs), and hep-
atitis C virus-infected hepatoma cells (JFH-1/HuH7.5). However,
purified NK cells could not produce IFN-y in the same experi-
mental setting (33—35). This already suggested the need of acces-
sory cells for IFN-y secretion of NK cells during infection (36).
During influenza virus and Plasmodium falciparum in vitro infec-
tion studies, T cells secreted IL-2 after primary in vitro infection
and enhanced the IFN-vy activity of NK cells (33, 34). In our study,
the sero"*®-PBNKs did not produce any significant amount of
intracellular IFN-v in response to HCMV-infected autologous
macrophages. However, the sero"*®-PBNKs degranulated after
cell-to-cell contact with HCMV-infected macrophages at a me-
dian level (22%). This indicated that IFN-y production and de-
granulation of NK cells were differentially activated and regulated
in response to infected cells. An in vitro study using Plasmodium
falciparum infection also showed that [FN-y production and de-
granulation of NK cells may be regulated separately (37). In our
assay, we detected IL-2 production in PBMCs from seropositive
donors after HCMV reexposure, and we found that purified T
cells enhanced the IFN-y production of purified NK cells, which
was highly dependent on the IL-2 secreted by CD4" T cells after
HCMV reexposure. It is of note that the low degranulation of
purified NK cells compared with PBNKs was independent from
the HCMYV serostatus of the donors (Fig. 1C), and exogenous
addition of IL-2 alone was insufficient to rescue the degranulation
of purified NK cells to the level of PBNKs as effectors (Fig. 2C).
This suggests that T cells might provide additional cell contact-
dependent signals that contribute to the activity of NK cells. In our
study, when CD3 ™ T cells were added to purified NK cells, NK cell
IFN-vy production nearly reached that of PBNKs. To this point, we
could not fully exclude the role of a low level of contamination by
natural killer T (NKT) cells (CD3* CD56") in our experimental
setting due to the limitations of cell isolation. However, NKT cells
are not involved in the IL-2-enhanced activation of NK cells since
we could not detect IL-2-positive NKT cells in our experiments. In
addition to T cells, we also observed that T cell-depleted PBMCs
also slightly enhanced the NK cell activity in HCMV infection
compare to purified NK cells (Fig. 3A). We hypothesize that ad-
ditional accessory cells (e.g., monocytes and B cells) might also
contribute to the NK cells’ response to HCMV-infected cells.

We have extensively studied the effect of HCMV infection on
the expression of costimulatory and HLA molecules on macro-
phages (11). Although M1 and M2 macrophages independent of
the HCMYV serostatus of the donor express different levels of co-
stimulatory and HLA molecules on their surface, and these mol-
ecules were differently modulated by HCMYV infection, we could
show that NK cells are equally activated by infected M1 and M2
macrophages. Furthermore, M1 and M2 macrophages equally
stimulated autologous T cell proliferation from HCMV-seropos-
itive donors (11). This indicates that these molecules might not
play a specific role for the enhanced activity of NK cells described
in our study. This is further supported by our data on virus mu-
tants, namely, that the HCMV US2, -3, -6, and -11 genes do not
play a role in the NK cells’ activity in response to infected autolo-
gous macrophages. We further tested the cytokine and chemokine
production of HCMV-infected M1 and M2 macrophages. It is
noted that M1 secretes 10-fold more IL-12 (100 pg/ml) than M2
macrophages independent from the HCMV serostatus of the do-
nor. We could not find a difference in NK cell activation in re-
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sponse to infected M1 or M2, which gives a hint that IL-12 might
not be involved in the enhanced activity of sero?**'-PBNKs, but we
cannot exclude that other cytokines synergize with IL-2 in en-
hancing the activity of NK cells in our experimental setting. These
aspects need further investigation.

Strikingly, HCMV-specific T cells comprise approximately 5%
of all circulating T cells and 10% of all memory T cells during
persistent HCMV infection and remain functional in healthy in-
dividuals (38). Pathogen-experienced CD4™ T cells have unique
features and respond more rapidly and effectively during reexpo-
sure to the virus (39). We suggest that the early activation of NK
cells by IL-2 production from CD4™ T cells serves to enhance
immune surveillance in HCMV-seropositive individuals. We
found that IL-2 significantly enhances NK cell control of HCMV
transmission in different cell types in vitro (4). This could effi-
ciently prevent virus replication and dissemination in the host.
Enhanced NK cell activity induced by cellular immunity was also
shown after rabies virus, Plasmodium falciparum, and HIV vacci-
nation (40-42). In these studies, IL-2 from reexposed CD4" T
cells again played a key role in enhancement of NK cell responses.
IL-2-producing CD4" T cells contributed not only to NK cell
activity during infection but also to a homeostatic and antitumor
activity in vivo (43—45). A recent study showed that “missing-self”
responses of NK cells were increased in a CD4™ T cell- and IL-2-
dependent manner after depletion of regulatory T cells. Further-
more, IL-2 from CD4™ T cells rapidly boosted the capacity of NK
cells to engage target cells and enabled NK cell responses (43).
NK cells preactivated by IL-12/15/18 (44) and immature CD127*
NK cells (45) are potent effectors in an IL-2-dependent manner,
requiring the presence of CD4™ T cells.

It has been shown that NKG2C-positive NK cells are induced
by HCMYV infection and has been speculated that they function as
memory-like cells. We could show that the NKG2C-positive NK
cells are not responsible for the enhanced PBNK activity described
in our study. MHC-I downregulation induced by the HCMV
genes US2, -3, -6, and 11 was supposed to render infected cells
vulnerable to an NK cell attack. However, our data in accordance
with data from others who used infected fibroblasts as target cells
did not show a higher vulnerability of cells infected by the mutant
viruses (28). Glycoprotein UL18 (gpUL18) was identified to bind
the NK cell inhibitory receptor LIR-1 with high affinity (31). Tar-
get cells expressing gpUL18 were observed to inhibit LIR-1* NK
cells but to stimulate LIR-1~ NK cells (46). Although a high per-
centage of NKG2C™ NK cells are LIR-17" (6), these cells did not
show the anticipated better response to the UL18 deletion mutant
in our assay. We also did not observe a different response using the
UL40 deletion mutant. Taken together, these data provide evi-
dence that these viral genes on the background of TB40/E do not
modulate the NK cell response to HCMV-infected macrophages
and these viral genes do not contribute to the enhanced activity of
seroP**-PBNKSs in our experiments.

In conclusion, the important finding of our study is that T cells
enhance the NK cell activity in HCMV infection via an IL-2-de-
pendent pathway. Together with our previous finding that NK cell
activity can be enhanced by the antiviral humoral immunity (6),
our studies demonstrate that NK cells are also effectors of the
adaptive cellular immunity in the control of HCMV. This mech-
anism might have clinical implications for patients at risk for se-
vere HCMV manifestations who received immunosuppressive
drugs, which mainly suppress IL-2 production and T cell respon-
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siveness. After bone marrow transplantation, NK cells are one of
the first reconstituted lymphocyte populations while adaptive im-
munity is not yet available, and in cases of T cell- and/or B-cell-
deficient SCID patients, NK cells may exert an antiviral activity to
some extent (2). Thus, therapeutic strategies should be considered
by enhancing the NK cell activity against HCMV.
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