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Introduction
NK cells are a critical part of the multilayered innate defense line
against infectious agents and malignancies. Their control relies on
the integration of multiple signals received via inhibitory receptors
mainly binding to MHC class I molecules and activating recep-
tors recognizing ligands primarily expressed on infected or trans-
formed cells. Studies on NK cell deficiencies in humans highlight
their pivotal role in the control of herpesvirus infections including
human cytomegalovirus (HCMYV), herpes simplex virus (HSV),
vesicular stomatitis virus (VSV), and EBV (1-3). A recent case report
revealed that NK cells were able to control HCMV infection even
in the absence of T cells (4). Whereas infections usually remain
asymptomatic in healthy persons, immunocompromised individu-
als, e.g., HIV-infected patients and organ transplant recipients, are
at high risk of developing disease. Congenital HCMV infection
occurs with an incidence of 0.2% and 2.5% depending on the coun-
try and socioeconomic status (5, 6), often causes permanent dis-
abilities, and represents a serious disease with high costs to society.
HCMV dedicates a considerable number of genes to immune
evasion from NK cell-mediated immune responses, e.g., by inter-
fering with ligands for the activating NK cell receptors NKG2D,
DNAM-1, and NKp30 (7). In addition, certain HCMV-encoded
genes provide inhibitory signals that compensate for the down-
regulation of MHC class I, which would otherwise render infected
cells susceptible to NK cell responses (7). While the molecular
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Human cytomegalovirus (HCMV) infection is the most common cause of congenital viral infections and a major source of
morbidity and mortality after organ transplantation. NK cells are pivotal effector cells in the innate defense against CMV.
Recently, hallmarks of adaptive responses, such as memory-like features, have been recognized in NK cells. HCMV infection
elicits the expansion of an NK cell subset carrying an activating receptor heterodimer, comprising CD94 and NKG2C (CD94/
NKG2C), a response that resembles the clonal expansion of adaptive immune cells. Here, we determined that expansion

of this NKG2C* subset and general NK cell recovery rely on signals derived from CD14* monocytes. In a coculture system, a
subset of CD14* cells with inflammatory monocyte features produced IL-12 in response to HCMV-infected fibroblasts, and
neutralization of IL-12 in this model substantially reduced CD25 upregulation and NKG2C* subset expansion. Finally, blockade
of CD94/NKG2C on NK cells or silencing of the cognate ligand HLA-E in infected fibroblasts greatly impaired expansion of
NKG2C* NK cells. Together, our results reveal that IL-12, CD14- cells, and the CD94/NKG2C/HLA-E axis are critical for the
expansion of NKG2C* NK cells in response to HCMV infection. Moreover, strategies targeting the NKG2C* NK cell subset have
the potential to be exploited in NK cell-based intervention strategies against viral infections and cancer.

determinants for the direct recognition of HCMV-infected cells
by NK cells are well studied, comparably little is known about
the long-term consequences of interactions between NK cell
(sub)populations and infected cells.

An initial report by Guma et al. (8) described a skewing of
the NK cell repertoire toward NK cells expressing the activating
heterodimeric receptor CD94/NKG2C in HCMV seropositive
individuals. Usually only around 10% of NK cells in peripheral
blood carry this receptor, which binds to HLA-E, a nonclassical
MHC class I molecule, whereas the remaining 90% express the
inhibitory heterodimer CD94/NKG2A. In a follow-up study, the
same group demonstrated that up to 50% of all NK cells expressed
NKG2C after 10 days of in vitro exposure of peripheral blood leu-
kocytes (PBLs) to HCMV-infected fibroblasts (9). This effect was
not observed when UV-inactivated virus or an HCMV deletion
mutant deficient for the gene region US2-11, which generates a
high density of surface MHC class I molecules, was used (9).

Several longitudinal clinical studies described an increase
of NKG2C* NK cells after HCMV infection or reactivation. The
NKG2C* NK cell subset expressing the terminal differentia-
tion marker CD57 was expanded during acute HCMV infection
following solid organ transplantation (10), and similar results
were obtained during episodes of HCMV reactivation after
hematopoietic cell transplantation (11, 12) or after umbilical
cord blood transplantation (13).

Functionally, NKG2C* NK cells produce higher amounts of
IFN-y in response to K562 cells than NKG2C- cells from the same
donor (11). In a follow-up study, NKG2C* NK cells from CMV-
seropositive donors expanded more during HCMV reactivation
in the recipient than NKG2C* NK cells from CMV-seronegative
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A Figure 1. NKG2C* NK cells expand in response to
HCMV-infected fibroblasts. (A) MRC-5 fibroblasts
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donors and also displayed stronger IFN-y responses in vitro (12),
suggesting the possible existence of a memory-like response of the
NKG2C* NK cells after secondary HCMV exposure.

Moreover, a recent report showed that NKG2C* NK cells are
highly potent effectors against HCMV-infected autologous mac-
rophages in the presence of HCMV-specific antibodies that trigger
cytotoxicity via CD16 (14).

While HCMV was the first pathogen that was shown to pro-
mote the expansion of the NKG2C* NK cell subset, similar obser-
vations were made in the context of hantavirus (15) and chikungu-
nyavirus infection (16) as well as in EBV, HBV, HCV (17-19), and
HIV (20-22). Notably, in EBV, hepatitis, and HIV infection, expan-
sion of NKG2C* NK cells was only detected when the patients
were also seropositive for HCMV, and Bjorkstrom and cowork-
ers likewise speculate that previous CMV infection might have
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“primed” the NKG2C* NK cells for a subsequent expansion during
hantavirus infection in the majority of their patients (15).

The requirements underlying the expansion of human NKG2C*
NK cells in viral infection remain elusive (23). The aim of our study
was to define the molecular mechanisms that drive the expansion
of NKG2C* NK cells in response to HCM V-infected cells.

Results

NKG2C* NK cells expand in response to HCMV-infected fibroblasts.
To dissect the molecular mechanisms underlying the expansion
of NKG2C* NK cells, we applied an in vitro coculture system as
previously described (9). MRC-5 fibroblasts were infected with
the HCMV laboratory strain AD169 or left uninfected (Figure 1A).
After 6 to 8 hours, peripheral blood mononuclear cells (PBMCs)
from healthy donors were added and cocultures were supple-
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Table 1. Statistics of cocultures expanding more than 2-fold
(%NKG2C*/NKp46 cells)

Start of culture End of coculture End of coculture
Uninfected AD169

Mean 8.5 (SEM: 1.1) 9.4 (SEM: 1.3) 314 (SEM: 2.7)
Minimum 12 0.8 36

25% Percentile 3.8 2.8 16.6
Median 59 17 29.8

75% Percentile 1.5 14.0 46.3
Maximum 30.3 343 60.0
n=38.

mented with low doses of IL-2 (20 U/ml). Flow cytometric analy-
sis was performed between day 8 and 12 post infection (p.i.). In 71
cocultures, the percentage of NKG2C* NK cells among all NK cells
(NKp46*CD3) increased significantly, from 14.1% (+ 1.7%) at day
0t024.8% (£1.9%), in infected cultures after 8 to 12 days (Supple-
mental Table 1; supplemental material available online with this
article; doi:10.1172/JC177440DS1). The individual cocultures,
however, displayed a remarkably high donor-to-donor variability
in terms of percentage and absolute number of NKG2C* NK cells
(Figure 1, B and C). We defined a 2-fold increase in the percentage
of NKG2C* NK cells in infected compared with uninfected cocul-
tures as the criterion for inclusion in our analysis, and this crite-
rion was fulfilled by 38 cocultures (Figure 1, B and C, and Table 1).
In these cultures, NKG2C* NK cells increased significantly, from
8.5% (+1.1%) to 31.4% (* 2.7%), during infection (Figure 1, B and
C). We did not detect a significant correlation between the expan-
sion of NKG2C* NK cells and age, sex, or CMV-serostatus of the
donor (Supplemental Figure 1, A-C). When PBMCs were plated
in the absence of MRC-5 fibroblasts or in uninfected cocultures,
only minor changes in the percentage of NKG2C* NK cells were
observed over time (Figure 1D and Table 1). CFSE labeling of
PBMCs revealed that, in infected cocultures, almost the entire
NKG2C* NK cell subset proliferated, whereas approximately 55%
of the NKG2C- cells had diluted the dye (Figure 1D). This prefer-
ential proliferation of NKG2C* cells was not observed in uninfect-
ed cocultures. In concordance with the literature (10, 11), most of
the NKG2C* NK cells in infected cocultures expressed CD57 (Sup-
plemental Figure 2), a terminal differentiation marker (24, 25). In
PBMC cultures without fibroblasts, no proliferation of NKG2C*
NK cells was detectable and marginal proliferation occurred
among the NKG2C~ NK cells.

Soluble factors from PBMCs are involved in the expansion of
NKG2C* NK cells in response to HCMV-infected fibroblasts. To
reduce the complexity of the cocultures, we set up experiments
using purified NK cells instead of PBMCs. However, consistent
with previously reported results (9), at the low IL-2 doses added
in our experimental system, viable NK cells were recovered after
the 10-day culture period only in cocultures with uninfected fibro-
blasts but not when cultivated with HCMV-infected fibroblasts,
which disintegrated after 48 and 72 hours of coculture (Figure 2,
B and C, and data not shown). This observation prompted us to
investigate whether soluble factors secreted by PBMC mediated
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NK cell recovery and NKG2C* subset expansion in HCMV-infect-
ed cocultures or whether cell-to-cell contact between NK cells and
accessory cells was required. Using Transwell plates, which per-
mit free passage of viral particles and cytokines, we demonstrated
that PBMCs in the upper chamber were necessary and sufficient
to ensure NK cell recovery and thus permit the expansion of the
NKG2C* subset in cultures containing purified NK cells and infect-
ed MRC-5 fibroblasts in the lower chamber (Figure 2, A-C).

IL-12 neutralization reduces NKG2C* subset expansion in HCMV-
infected cocultures. In order to identify the PBMC-derived soluble
factors that drive expansion of the NKG2C* subset, we monitored
the expansion of the NKG2C* NK cells in infected cocultures in the
presence or absence of neutralizing antibodies directed against
cytokines implicated in NK cell proliferation/activation. When neu-
tralizing IL-12, the fold increase of the percentage of NKG2C* cells
among NK cells in infected versus uninfected cocultures dropped
significantly, from 11.7% (+ 2.3%) to 6.0% (+ 1.3%) (P = 0.0463)
(Figure 3, A and B). In contrast, neutralization of IL-15 (Figure 3C) or
IL-18 (Figure 3D) or blockade of the IL-15 receptor (data not shown)
did not have a significant impact on the expansion of NKG2C* NK
cells in response to HCMV-infected fibroblasts. To corroborate our
finding, we determined the concentration of biologically active IL-
12p70 in coculture supernatant at 24, 48, and 72 hours p.i. (Figure
3E). Increasing levels of IL-12p70 were detected over time, with the
highest levels occurring after 72 hours. HCMV infection of MRC-5
fibroblasts induced production of type I IFN starting after 4 to 5
hours p.i. (data not shown). However, blockade of the type I IFN
receptor using a blocking anti-IFN-o/BR mAb did not affect the
expansion of the NKG2C* NK cell subset (data not shown). Taken
together, our data identify IL-12 as an important cytokine contribut-
ing to NKG2C* subset expansion in response to HCMV.

Upregulation of CD25 on NK cells in HCMV-infected cocultures
is partially IL-12 dependent. IL-12 has previously been described
as upregulating CD25 on NK cells (26-28). CD25 represents the
a chain of the high-affinity receptor for IL-2 and could therefore
contribute to NK cell expansion in our coculture system contain-
ing low amounts of IL-2. When we assessed the expression of
CD25 on CD56"CD3" NK cells, we observed a marked increase of
CD25* NK cells, from 12.76% (+ 1.49%) in uninfected to 50.63%
(+ 8.84%) in infected cocultures. Neutralization of IL-12 had no
significant impact on the percentage of CD25" NK cells in unin-
fected cocultures, but resulted in a highly significant reduction to
37.78% (+ 7.89%) in infected cocultures (Figure 4, A and B). This
effect was also reflected by the mean fluorescence intensity of
CD25 expression on NK cells (Figure 4C).

Impact of depletion of CD14" cells on NKG2C* subset expansion in
HCMV-infected cocultures. In a next step, we attempted to identify
the cellular source of IL-12 in our cocultures by intracellular stain-
ing for IL-12. Remarkably, within all PBMCs, a subset of CD14*
cells (around 4%) represented the only population producing
IL-12 p.i. (Figure 5A). The IL-12-producing CD14" cells expressed
CD120b, high levels of HLA-DR, and low levels of CD38, which is
consistent with the phenotypic definition of nonclassical, “inflam-
matory” monocytes (Figure 5B and refs. 29, 30). The depletion
of CD14" cells from PBMCs before the initiation of cocultures
moderately, but not significantly, reduced the percentage of
NKG2C* cells among all NK cells in infected versus uninfected
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Figure 2. Soluble factors from PBMCs are involved in the expansion of NKG2C* NK cells in response to HCMV-infected fibroblasts. (A) Transwell plates
were used with purified NK cells on infected fibroblasts in the lower and autologous PBMCs in the upper chamber. (B) PBMCs or purified NK cells were
cultured alone or with uninfected or AD163-infected MRC-5 fibroblasts. Transwell plates were used when indicated. At the end of the coculture, cells were
stained for NKp46, NKG2C, and CD3 and analyzed by flow cytometry. Dot plots were gated on live CD3" cells. Numbers indicate the percentage of NKG2C*
cells among all NKp46* cells (1 representative donor out of 3 is shown). (C) Summary of 3 independent experiments. Depicted are the absolute numbers of
NKG2C*NKp46* cells per well at the end of the coculture. Paired t test, P = 0.048, n = 3. Error bars indicate + SEM.

cultures (Figure 5, C and D). However, there was a significant dif-
ference between cocultures of infected fibroblasts with PBMCs
and cocultures with PBMCs depleted of CD14" cells in terms of
absolute numbers of NKG2C* NK cells. Depletion of CD14"* cells
substantially reduced the fold increase of absolute cell numbers
of NKG2C* NK cells in infected cocultures from 26.1 (+ 14.7) to
4.7 (£ 2.2) (Figure 5, C and E). In contrast, depletion of T cells did
not have a substantial impact on the expansion of NKG2C* NK
cells (Supplemental Figure 3, A and B), and the absence of exog-
enously added IL-2 to our cocultures did not affect the expansion
of the NKG2C* NK cell subset significantly (Supplemental Figure
30C), while a neutralizing antibody, blocking both exogenous and
endogenous IL-2 strongly impaired overall NK cell survival, there-
by precluding subset expansion (data not shown).

Addition of CDI14* cells increases NK cell recovery and permits
NKG2C* subset expansion in purified NK cultures. We then asked
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whether CD14" cells were sufficient to restore NKG2C* subset
expansion in cocultures of purified NK cells with infected MRC-5
fibroblasts. To this end, we set up cocultures with NK cells and
purified CD14* cells from the same donors at different ratios. We
observed a restoration of NKG2C* subset expansion in response
to HCMV-infected fibroblasts in purified NK cell cultures when
CD14" cells were added (Figure 6A). This restoration was reflected
in the absolute cell numbers of both types, NK cells (Figure 6B)
as well as the NKG2C* NK cell subset (Figure 6C). Thus, our data
indicate that CD14* cells are indispensable for overall NK cell
recovery and contribute to NKG2C* subset expansion.

Blockade of CD94 or NKG2C reduces expansion of NKG2C* NK
cells in response to HCMV-infected fibroblasts. As described previ-
ously (2), HCMV infection of fibroblasts leads to the upregulation
of HLA-E, the only known cellular ligand of the CD94/NKG2C
heterodimer. In our experimental system, we also detected an
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Figure 3. IL-12 neutralization reduces NKG2C* subset expansion in HCMV-infected cocultures. (A) PBMCs were cultured with uninfected or AD169-infected
MRC-5 fibroblasts in the presence of neutralizing mAb against IL-12 or isotype control. At the end of the coculture, cells were stained for NKp46, NKG2C,
and CD3 and analyzed by flow cytometry. Dot plots were gated on live CD3" cells. Numbers indicate the percentage of NKG2C* cells among all NKp46* cells
(1 representative donor out of 10 is shown). (B-D) Summary of cocultures with neutralizing mAbs against IL-12, IL-15, and IL-18. Depicted is the fold increase
of percentage of NKG2C* NKp46*CD3" cells in infected versus uninfected cocultures. Wilcoxon matched pairs signed-rank test (B) IL-12 neutralization.

**p = 0.0039; n =10. (C) IL-15 neutralization (n = 5) or (D) IL-18 neutralization (n = 5). (E) ELISA for IL-12p70 with coculture supernatant at the indicated time

points. n = 5-7. Error bars indicate + SEM (B-E).

upregulation of HLA-E on MRC-5 fibroblasts in response to infec-
tion starting after 6 to 8 hours, with a maximum after 24 hours
(Figure 7A). Expression levels were maintained until the fibro-
blasts disintegrated in infected cocultures (data not shown).

We then tested the effect of blocking CD94 or NKG2C at the
beginning of the cocultures on expansion of the NKG2C* subset
(Figure 7B). Blocking either with an anti-CD94 F(ab), fragment or
with a mAb directed against NKG2C greatly reduced subset expan-
sion from 3.82-fold (+ 0.69) to 1.88-fold (+ 0.36) and from 4.21-fold
(* 1.04) to 0.20-fold (+ 0.08), respectively (Figure 7, C and D). To
assess whether the blocking mAb directed against NKG2C would
interfere with anti-NKG2C mAb used for staining, we added sec-
ondary mAb by itself and failed to detect any residual bound block-
ing anti-NKG2C mAb after 10 days of coculture (data not shown).

ShRNA-mediated knockdown of HLA-E on infected cells criti-
cally impairs NKG2C* subset expansion. We then wanted to assess
whether expression levels of HLA-E, the ligand for CD94/
NKG2C, would affect subset expansion. The HCMV open-reading
frame UL40 has been described as upregulating HLA-E expres-
sion in a variety of experimental systems (31, 32). We hypoth-

esized that infection using a mutant strain of HCMV, deficient
for UL40, would fail to upregulate HLA-E. However, we did not
detect any differences in HLA-E levels on MRC-5 fibroblasts,
depending on whether they were infected with wild-type AD169
virus or its UL40-deletion mutant at different multiplicities of
infection (Supplemental Figure 4), indicating that in our experi-
mental system, UL40 does not modulate HLA-E levels on infected
MRC-5 cells. To investigate whether shRNA-mediated knock-
down of HLA-E expression would impair expansion of NKG2C*
NK cells, we generated MRC-5 fibroblasts transduced with vec-
tors containing 2 different shRNAs directed against HLA-E or with
an empty vector control. Upon infection, upregulation of HLA-E
was strongly impaired in MRC-5 fibroblasts expressing shRNAs
directed against HLA-E, but not in fibroblasts carrying the vector
control (Figure 8A). Most importantly, the fibroblasts transduced
with shRNAs directed against HLA-E failed to drive expansion of
NKG2C* cells after infection (Figure 8, B and C). shRNA-mediat-
ed knockdown of HLA-E in uninfected fibroblasts expressing very
low levels of HLA-E did not affect the percentage of NKG2C* NK
cells in uninfected cocultures (Figure 8, B and C). In conclusion,
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our data show that HLA-E upregulation upon infection is indis-
pensable for NKG2C* subset expansion.

Discussion

During viral infections, such as HCMYV, a remarkable expansion
of an NKG2C* subset of NK cells has been described in numer-
ous studies (8-11, 15-22). The molecular mechanisms driving
this expansion, however, have remained largely elusive. Here, we
demonstrate that the expansion of NKG2C* NK cells in HCMV
infection relies on crosstalk between NK cells and CD14* mono-
cytes, involves IL-12, and is dependent on the interaction of the
activating CD94/NKG2C receptor heterodimer on NK cells with
upregulated HLA-E on infected cells.

We observed that shRNA-mediated knockdown of HLA-E
in infected fibroblasts or blockade of NKG2C largely abrogated
NKG2C* subset expansion in our experiments. The impact of IL-12
neutralization, however, was less pronounced, possibly indicating
a redundancy with other proinflammatory cytokines. A preferen-
tial expansion of NKG2C* cells with exogenously added IL-15 has
been demonstrated in cocultures of purified NK cells and HCMV-
infected fibroblasts (9) or HLA-E-transfected K562 cells (15).
However, in our cocultures of PBMCs and infected MRC-5 fibro-
blasts, we did not observe a substantial effect by neutralizing IL-15
or IL-18 or by blocking the type ITFN receptor or the IL-15 receptor
(data not shown), indicating that these cytokines play a subordi-
nate role in NKG2C* subset expansion in our system.
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Figure 4. Upregulation of CD25 on NK cells in infected cocultures is
partially IL-12 dependent. PBMCs were cultured with uninfected or AD169-
infected MRC-5 fibroblasts in the presence of neutralizing mAb against
IL-12 or isotype control. Cells were stained for CD56, CD25, CD19, CD14, and
CD3 and analyzed by flow cytometry at day 7. Histograms were gated on
live CD56"CD3-CD19°CD14" cells. (A) Numbers indicate the percentage of
CD25* cells among all CD56* cells (1 representative donor out of 7 at day 7
p.i.). (B) Summary of cocultures with neutralizing mAbs against IL-12 at
day 7 p.i. Depicted are the percentages of CD56*CD25¢ cells. **P = 0.0044;
**%p = 0,0004. (C) Geometric MFI of CD25* on CD56" cells in uninfected or
AD169-infected cocultures at day 7 p.i. **P = 0.0016; ***P = 0.0001. Two-
tailed paired t test; n = 7; error bars indicate + SEM (B and C).

DCs and monocytes are the major source of IL-12 in a broad
range of infectious conditions, including HCMV infection (33). It is
well established that, among other innate receptors, TLR2, TLR4,
and CD14 recognize HCMV virions (34, 35), leading to down-
stream activation of NF-kB. Recognition of HCMV by monocytes
has also been shown to occur via an alternative pathway involving
scavenger receptor Al, endosomal TLR-3, and the adaptor pro-
tein TRIF, resulting in IL-12 and TNF-a transcription (36). In our
cocultures, a small subset of CD14* cells was the only cell popu-
lation within PBMCs displaying detectable IL-12 production in an
early time window of 24 to 36 hours after infection of cocultured
MRC-5 cells. It is tempting to speculate that this monocytic popu-
lation belongs to the so-called “nonclassical” or “inflammatory”
monocytes characterized by low levels of CD14, as observed in
our experiments. However, we did not detect CD16 expression —
considered to represent an “inflammatory” monocyte marker —
on IL-12*CD14" cells. A possibility is that CD16 was lost due to cel-
lular activation via TLRs, as previously shown (29). We therefore
defined the IL-12-producing subpopulation as HLA-DR*, CD38,
and CD120b", which is consistent with the phenotype of inflam-
matory monocytes (29, 30). Notably, the production of IL-12 by
CD16'CD14" monocytes has also been described in other con-
ditions (37), e.g., multiple sclerosis (38) and Trypanosoma cruzi
infection (39), but so far — to our knowledge — was not observed
during HCMYV infection or linked to the expansion of NKG2C* NK
cells. Polymorphisms in innate cytokine signaling, e.g., in TLR2,
in the IL-12 promoter, or in the IL-12 receptor, have been shown to
affect immune responses in different infections including HCMV
(40-43). It is possible that these polymorphisms partially account
for the remarkable donor variability in our study.

Depletion of CD14" cells in infected cocultures not only
reduced the numbers of NKG2C* NK cells, but also greatly dimin-
ished overall NK cell recovery, at least at the low IL-2 amounts
added in our system. Of note, IL-12 secretion in response to MCMV
infection has been linked to the induction of CD25 and the consec-
utive formation of the high-affinity IL-2 receptor on NK cells (44),
resulting in increased sensitivity to IL-2. Consistent with this study,
we also observed a marked increase of CD25 expression on NK
cells in HCMV-infected cocultures, and this increase was partially
IL-12 dependent. In our experimental set-up, we envisaged a sce-
nario in which IL-12 — secreted by CD14* monocytes in response
to infection — contributes to an upregulation of CD25 on NK cells.
The presence of the high-affinity receptor for IL-2 then permits
and facilitates the proliferation of all CD25* NK cells. Accordingly,
neutralization of IL-2 severely impaired overall NK cell survival,
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Figure 5. Impact of depletion of CD14* cells on NKG2C* subset expansion in HCMV-infected cocultures. (A) PBMCs were cultured with uninfected or
AD169-infected MRC-5 fibroblasts. Cells were stained for cell-surface-expressed CD14 and intracellular IL-12 at 36 hours p.i. Displayed are cells within the
monocyte gate. Numbers indicate the percentages of IL-12-producing monocytes (1 representative donor out of 6 is shown). (B) Monocytes were stained
for HLA-DR, CD38, CD120b (black line), or the respective isotype controls (shaded). Histograms are gated on IL-12*CD14* cells (1 representative donor out
of 3 is shown). (C) PBMCs or PBMCs depleted of CD14* cells (dCD14) were cocultured with uninfected or infected fibroblasts. At the end of the coculture,
cells were stained for NKp46, NKG2C, and CD3 and analyzed by flow cytometry. Dot plots were gated on live CD3" cells. Numbers indicate the percent-
ages of NKG2C* cells among all NKp46+CD3cells (1 representative donor out of 10 is shown). (D and E) Summary of cocultures of PBMC or PBMC with CD14
depletion (dCD14) is shown. Depicted are the fold increases of percentage (D) and absolute numbers (E) of NKG2C* among NKp46* cells in infected versus
uninfected cocultures. Wilcoxon matched pairs signed-rank test: **P = 0.002; n = 10; error bars indicate + SEM.

precluding NKG2C subset expansion. The specific expansion of
the NKG2C* NK cell subset is triggered if sufficient additional sig-
nals, such as the critical engagement of CD94/NKG2C by HLA-E
that is upregulated on infected cells, are provided. The discrepancy
between the impact of IL-12 neutralization that specifically impairs
expansion of NKG2C* NK cells and of CD14 depletion that reduces
numbers of both NKG2C*and NKG2C" NK cells implies that CD14*
cells engage in a more complex crosstalk with NK cells in HCMV-
infected cocultures and provide more signals than only IL-12 (45,
46). Our Transwell experiments indicated that cell-to-cell contact
was not primarily required for the NK cell/monocyte crosstalk.
Thus, we hypothesize that additional soluble factors might contrib-
ute to the observed NKG2C* subset expansion.

The variability of NK cell responses from different donors in
our study was substantial. Only NK cells from 38 out of 71 donors
responded with a robust expansion (= 2-fold expansion of the

NKG2C* NK cell subset in infected vs. uninfected cocultures) of
the NKG2C* subset to HCMV-infected fibroblasts. Although most
of our donors were CMV-seropositive, we have neither informa-
tion about the frequency of previous exposures to HCMV (or
other viruses) nor about the strains that the individual NK cell
compartments encountered. Clinical isolates of HCMV display
considerable polymorphism in the UL40 gene, yielding different
HLA-E-binding peptides that can affect the interaction between
HLA-E and CD94/NKG2 receptors (47), potentially affecting sub-
set expansion. Thus, the observed variability might at least partial-
ly result from different previous infection records of the donors.
Another explanation for the high degree of donor variability
is the distribution of differentially expressed inhibitory receptors
of the Killer-cell immunoglobulin-like receptor (KIR) family on
human NK cells. KIRs are not only highly polymorphic, but they
are also stochastically expressed in every individual. In cocul-
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tures with MRC-5 fibroblasts (expressing HLA-Cw, recognized,
e.g., by KIR2DL3/2), different KIR combinations could result
in different levels of NK cell inhibition affecting subset expan-
sion. Clinical studies have described a predominant expression
of KIR2DL receptors or, more specifically, of KIR2DL3/2 among
expanded NKG2C* NK cells (11), and a similar skewing was also
observed in chikungunyavirus, hantavirus, and HBV infection (15,
16, 19). Another study highlighted the lack of KIR3DL1 expression
on NKG2C* NK cells in individuals who carry the cognate HLA-
Bw4 ligand (10). More recently, a role for activating KIRs in the
expansion of NKG2C* NK cells emerged as well (48, 49). Howev-
er, in preliminary experiments, we could not detect a bias toward
KIR2DL3/2, KIR2DL1, or KIR3DL1I on the NKG2C* NK cell subset
on day 10 after coculture.

The HCMYV protein UL18 has been described as a low-affinity
ligand for CD94/NKG2C (50). However, using a viral mutant
deficient for UL18, Guma et al. demonstrated that expansion of
NKG2C* NK cells did not depend on this viral gene product (9).
Instead, the broad range of structurally very diverse viruses that
were reported to trigger the expansion of NKG2C* NK cells seems
to favor induced- or altered-self structures rather than pathogen-
derived antigens as driving factors for subset expansion. This is
consistent with our data that demonstrate that HLA-E expression
on infected cells and IL-12 induction are key elements in promot-
ing the expansion of NKG2C* NK cells.

In general, surface expression of HLA-E depends on the
availability of peptides derived from classical MHC class I lead-
er sequences. HCMV upregulates HLA-E by means of the viral
gene product UL40, which encodes a stretch that is identical to
the leader sequences of most HLA-C allotypes, thereby ensuring
HLA-E expression or even upregulation in spite of MHC class I
downmodulation during infection (31, 32, 51). When comparing a
wild-type AD169 strain of HCMV with a strain deficient for UL40
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(BAC2-AUL40), we did, to our surprise, not detect any differences
in terms of HLA-E expression on the infected fibroblasts (Supple-
mental Figure 4) and — consistent with that finding — detected no
impact of the UL40 deletion on NKG2C* subset expansion (data
not shown). Another possibility is that peptides other than those
derived from MHC class I or UL40 are presented on HLA-E dur-
ing infection and that they in turn represent the decisive triggering
structure for NKG2C* subset expansion rather than HLA-E expres-
sion levels per se. In fact, it has been shown that NK cells can be
activated by subtle peptide differences (52-54).

In recent years, adaptive features of NK cells, such as clon-
al expansion and long-lasting functional alterations, became
increasingly appreciated (23). In mice, these similarities extend
to NK cell-mediated memory that was demonstrated initially for
haptens and later for influenza, VSV, HIV, and MCMV (55-57).
These findings sparked renewed interest in the expansion of the
human NKG2C* NK cell subset in HCMV infection. Our results
strongly support a functional role for NKG2C in the process lead-
ing to the expansion of NKG2C* NK cells, since blockade of the
receptor subunits on NK cells as well as knockdown of the cellular
ligand HLA-E on infected cells reduced NKG2C subset expan-
sion. Of note, in our experiments, blockade of NKG2C had a more
pronounced effect than blockade of CD94. While this observation
may simply reflect different efficiencies of the blocking antibod-
ies, it could also be related to structural aspects of the CD94/
NKG2C-HLA-E interaction. A critical involvement of NKG2C in
the antiviral response is also supported by a report that investi-
gated a cohort of HIV patients carrying a deletion in the KLRC2
gene, which encodes the NKG2C protein. The patients lacking
NKG2C suffered from an increased risk of contracting HIV, a more
rapid disease progression, and higher viral titers prior to initiation
of treatment (58). A more recent study describes an influence of
NKG2C zygosity on surface receptor levels and NKG2C* NK cell
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Figure 7. Blockade of CD94 or NKG2C reduces expansion of NKG2C* NK cells in response to HCMV-infected fibroblasts. (A) Fibroblasts were stained with
anti-HLA-E mAb or isotype control at the indicated time points before and after infection. (B) PBMCs were cultured with uninfected or AD169-infected
fibroblasts in the presence of anti-CD94 F(ab)2 fragments or anti-NKG2C mAb or respective isotype controls. At the end of the coculture, cells were
stained for NKp46, NKG2C, and CD3 and analyzed by flow cytometry. Dot plots were gated on live CD3" cells (1 representative donor out of 4 is depicted).
Numbers indicate the percentages of NKG2C* cells among all NKp46* cells. (C) Summary of cocultures with anti-CD94 F(ab)2 fragments or (D) anti-NKG2C
mAbs (paired t test: *P = 0.0314, n = 3 in C; *P = 0.0311, n = 4 in D; error bars indicate + SEM) is shown. Plotted is the fold increase of percentage of

NKG2C*NKp46+CD3" cells in infected versus uninfected cocultures.

numbers in HCMV-seropositive individuals, implying that the
receptor plays an active role in shaping the NK cell compartment
by HCMV infection (59).

In the well-characterized infection model of MCMYV, the
expansion of an NK cell subset carrying the activating receptor
Ly49H was described and direct interaction of Ly49H with the
viral ligand m157 was mandatory for the expansion, leading to the
formation of m157-specific NK cell memory (55). Moreover, intact
proinflammatory signaling via the IL-12 receptor and STAT4 was
indispensable for the expansion of Ly49H* NK cells (60). The
requirements for the NK cell response to MCMYV bears remarkable
conceptual resemblance to the mechanisms underlying the expan-

sion of human NKG2C* NK cells in HCMV infection uncovered by
our study: in both model systems, the binding of a DAP12-coupled
activating receptor — Ly49H in MCMV, CD94/NKG2C in HCMV
— to a cell-surface molecule with MHC class I-like fold — m157
in MCMV, HLA-E in HCMV — was necessary for NK cell subset
expansion in response to viral infection; in both experimental sys-
tems, IL-12 acted as a key cytokine.

In our study, we defined molecular mechanisms that govern the
expansion of NKG2C* NK cells during viral infection: we show that
(a) the expansion of NKG2C* NK cells in response to HCMV-infected
fibroblasts is partially driven by IL-12, (b) IL-12 is produced by CD14*
monocytes in response to infection, (c) IL-12 contributes to a marked
jci.org  Volume 124
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Figure 8. shRNA-mediated knockdown of HLA-E on infected cells critically impairs NKG2C* subset expansion. (A) MRC-5 fibroblasts were transduced with
2 different shRNAs (no. 1, no. 2) directed against HLA-E or with an empty vector (VC). Transduced fibroblasts were infected with AD169 at MOI 10 and stained
with anti-HLA-E mAb (black line) or isotype control (shaded) at 24 hours p.i. (B) PBMCs were cultured with uninfected or AD169-infected MRC-5 fibroblasts
that were either transduced with an empty vector or with a vector encoding shRNAs directed against HLA-E (no. 1, no. 2). At the end of the coculture, cells
were stained for NKp46, NKG2C, and CD3 and analyzed by flow cytometry. Graphs are gated on CD3" cells. Numbers indicate the percentage of NKG2C* cells
among all NKp46* cells (1 representative donor out of 6 donors is shown). (C) Summary of cocultures with fibroblasts transduced with vector control or with
shRNA against HLA-E is shown. Wilcoxon matched pairs signed-rank test: *P = 0.031 (no. 1) and *P = 0.031 (no. 2); n = 6; error bars indicate + SEM.

increase of CD25 expression on NK cells, (d) the presence of CD14*
monocytes is indispensable for NK cell survival, thus enabling subset
expansion in purified NK cell cultures at low IL-2 levels, and (e) the
CD94/NKG2C-HLA-E axis is functionally involved and indispens-
able for the expansion of the NKG2C* NK cell subset.

It remains to be investigated whether NKG2C* NK cells are
also endowed with generally improved functions or whether they
even possess a degree of specificity for yet-unknown pathogenic
structures. A more comprehensive understanding of NK cell sub-
set biology and the mechanisms leading to the formation of NK
cell subsets might ultimately inspire a new generation of adoptive
NK cell therapies.

Methods

Cell preparation. PBMCs were isolated from buffy coats, using LSM
1077 Lymphocyte Separation Medium (PAA). NK cells were isolated
from PBMCs by negative selection using the human NK Cell Isolation
Kit (Miltenyi Biotec). CD14* cells and PBMCs depleted of CD14" cells
(dCD14) were obtained by magnetic activated cell sorting using CD14
MicroBeads (Miltenyi Biotec).

Cell culture. MRC-5 human fetal lung fibroblasts were purchased
from ATCC and cultured in DMEM (Sigma-Aldrich) completed with 10%
FCS (Life Technologies) and 1% penicillin/streptomycin (Sigma-Aldrich).

Viruses. The HCMV wild-type strain AD169 was propagated using
MRC-5 cells (ATCC CCL171). The UL40 deletion mutant (BAC2-
AUL40) was reconstituted from its respective BAC clone, BAC2.
For preparation of purified HCMV stocks, cells were infected with a
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low MOI (ca. 0.05), and supernatants were harvested when the cells
showed a strong cytopathic effect. After disposal of cell debris by cen-
trifugation, supernatants were centrifuged at 20,000 g for 3 hours
at 10°C. Pellets were resuspended in PBS, dounced, and centrifuged
through a 20% sorbitol cushion at 65,000 g for 1 hour at 10°C. The
virus pellet was homogenized in PBS and stored at -80°C. Virus titers
were determined by standard plaque assay.

Cocultures. MRC-5 fibroblasts were seeded at a density of 1 x 10°
cells per well in a 24-well plate. Twenty-four hours later, fibroblasts
were either infected with HCMV strain AD169 at an MOI of 10 or
left uninfected. After 6 to 8 hours p.i., virus-containing medium was
removed and 2 x 10 freshly isolated PBMCs, purified NK cells, or
purified NK cells in the presence of autologous CD14" cells in com-
plete DMEM containing 20 U/ml recombinant human IL-2 (NIH) was
added to infected or uninfected fibroblasts or cultured alone. Medium
was exchanged every 2 to 3 days.

For Transwell experiments, 6.5-mm Transwell plates with 0.4-pm
Pore Polyester Membrane Inserts (Corning Life Sciences) were used.
After 8 to 12 days, cells were harvested and analyzed.

Antibodies and flow cytometry. PBMCs were harvested and fixed
using the Permeabilization/Fixation Kit (eBioscience) according to the
manufacturer’s instructions. Fixed cells were stained with e-NKG2C-
PE (clone 134591, R&D Systems), o-NKp46-Alexa Fluor 647 (clone
9E2), 0-CD25-APC (clone BC96), a-CD56-PE-Cy7 (clone HCD56),
0-CD14-APC-Cy7 (clone HCD14), 0-CD19-APC-Cy7 (clone HIB19),
0-CD3-APC-Cy7 (clone HIT3a), a-CD57-Pacific Blue (clone HCD57, all
BioLegend), or the respective isotype controls. In addition, cells were
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stained with a fixable live/dead cell stain (Life Technologies) according
to the manufacturer’s protocol. For CFSE labeling, 1 x 10 PBMCs were
incubated for 10 minutes with 1 uM CFSE (Sigma-Aldrich) in PBS. For
intracellular staining, cells were first stained with o-CD14-FITC (clone
HCD14, BioLegend), then permeabilized with BD Cytofix/Cytoperm
Fixation/Permeabilization Solution Kit (BD Biosciences) and subse-
quently stained with a-human IL12-APC (clone C11.5, recognizing
IL-12p40, BD Biosciences — Pharmingen). HLA-E was detected using
an o-HLA-E-PE antibody (clone 3D12, BioLegend).

For blocking experiments, 5 pg/ml a-IL-12 antibody or 1.5 pg/ml
(Human IL-12 Affinity Purified Polyclonal Goat Ab, recognizing IL-
12p35, p40 and p70, R&D Systems), 5 pg/ml a-IL-15 antibody (clone
34559, R&D Systems), 2.5 pug/ml o-IL-18 antibody (clone 125-2H,
MBL International), 5 pg/ml o-IL-15R antibody (Purified Polyclonal
Goat Ab, #AF247, R&D Systems), 10-20 pg/ml o-IL-2 antibody (clone
MQI-17H12, BioLegend), 4 pg/ml F(ab), fragments of a-CD94 anti-
body (clone HP-3B1, Beckman Coulter Inc.), 5 pg/ml a-NKG2C anti-
body (clone 134522, R&D Systems), 5 pg/ml o-IFN- o,/BR (PBL Inter-
feron Source), or the respective isotype controls were added in the
beginning of the cocultures.

Stained cells were analyzed using FACSCanto II or LSRFortessa
(both BD Biosciences). Data were analyzed with FlowJo version 9.6
(Tree Star Inc.). All NK cell phenotype analyses were gated on live,
CD3 singlet lymphocytes unless stated otherwise.

ELISA. Coculture supernatants were assessed for biologically
active IL-12p70 at the indicated time points using a BioLegend ELISA
Max Deluxe Kit and following the manufacturer’s instructions.

shRNA. HLA-E knockdown in MRC-5 cells was achieved using 2
different oligonucleotides encoding for shRNAs synthesized by Sigma-
Aldrich, asfollows: HLA-E (no.1) 5-GATCCCCATTTGCTAGAGATGT
GCTGCCCCCTTCAAGAGAGGGGGCAGCACATCTCTAGCAAAT
TTTTTGGAAC-3';HLA-E (no.2) 5-GATCCCCATTAACCCATGAAT-
GAAGGCCCCCTTCAAGAGAGGGGGCCTTCATTCATGGGTTA-
ATTTTTTGGAAC-3'.

RESEARCH ARTICLE

These oligonucleotides were annealed and ligated into a pSUPER.
retro.neo+gfp expression vector (OligoEngine), and retroviral transduc-
tion was conducted according to standard protocols. In short, retrovirus
was produced in Phoenix-AMPHO cells after CaPO, transfection. After
2 days, retrovirus was harvested and filtered; MRC-5 cells were infected
and stable transfectants selected using 250 pg/ml G418 (Sigma-Aldrich).

Statistics. Statistical analysis was performed with Graphpad Prism
5.0/6.0 (Graphpad Prism Software) using the Wilcoxon signed-rank
test for paired samples or the Mann-Whitney test for unpaired samples
of nonnormal distribution, if not stated otherwise.

Study approval. Bufty coats or fresh blood, collected according
to the principles of the Declaration of Helsinki, were provided by
Deutsches Rotes Kreuz DRK-Blutspendedienst Baden-Wiirttemberg-
Hessen gGmbH (Mannheim, Germany). Written informed consent
was obtained from all human subjects prior to blood donation and
ethical approval 87/04 was granted by the Ethik Kommission II of the
Medical Faculty Mannheim (Mannheim, Germany).
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