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The Journal of Immunology

Human Cytomegalovirus (CMV)-Induced Memory-like
NKG2C+ NK Cells Are Transplantable and Expand In Vivo in
Response to Recipient CMV Antigen

Bree Foley,* Sarah Cooley,* Michael R. Verneris,† Julie Curtsinger,* Xianghua Luo,‡,x

Edmund K. Waller,{ Claudio Anasetti,‖ Daniel Weisdorf,* and Jeffrey S. Miller*

We have previously shown that NKG2C+ NK cells from CMV naive umbilical cord blood grafts expand preferentially in recipients

after CMV reactivation, representing a primary NK cell response after hematopoietic cell transplantation. In this study, recipients

of adult donor hematopoietic cell transplantation were assessed to evaluate the role of donor/recipient CMV serostatus on the

expression and function of NKG2C+ NK cells to determine responses to secondary CMV events. Expansion of NKG2C+ NK cells

was seen following clinical CMV reactivation. However, they also expanded in the absence of detectable CMV viremia when both

the donor and recipient were CMV seropositive. Upregulation of NKG2C was observed in NK cells from CMV-positive recipients

receiving grafts from CMV-seropositive or -seronegative donors. These in vivo–expanded NKG2C+ NK cells had an increased

capacity for target cell–induced cytokine production, expressed an inhibitory killer Ig-like receptor for self-HLA and preferen-

tially acquired CD57. Most importantly, NKG2C+ NK cells transplanted from seropositive donors exhibit heightened function in

response to a secondary CMV event compared with NKG2C+ NK cells from seronegative donors. We conclude that NKG2C+

memory-like NK cells are transplantable and require active or latent (subclinical) expression of CMVAg in the recipient for clonal

expansion of NK cells previously exposed to CMV in the donor. The Journal of Immunology, 2012, 189: 5082–5088.

N
atural killer cells, comprising ∼10% of all circulating
lymphocytes, are important effectors in the elimination
of virally infected and transformed cells. NK cells can

potentially express a wide range of diverse receptors that transmit
inhibitory or activating signals that ultimately regulate NK cell
function (1, 2). Unlike B cells or T cells, NK cells do not express
germline-rearranged receptors and instead display a variety of
receptors that are clonally distributed on NK cell subpopulations,
which may account for diverse NK cell functions. The best-
characterized NK-associated receptors include the killer Ig-like
receptors (KIR) and the C-type lectin-like families, of which both
activating and inhibitory forms exist. Inhibitory KIR recognize al-
lelic epitopes present on certain HLA-A, -B, and -C alleles (3, 4),
whereas ligands for activating KIR are less well characterized. The

inhibitory C-type lectin-like receptor NKG2A recognizes the non-
classical class I allele HLA-E (5), and the activating receptor
NKG2C also has been shown to recognize HLA-E, albeit with
lower affinity than its inhibitory counterpart (6). With these recep-
tors, NK cells monitor changes in the expression of self-MHC class
I associated with viral infection or transformation and lyse these
cells, a phenomenon known as the “missing self” hypothesis (7, 8).
NK cells have been shown to play a critical role in the host’s

immune response to viral infections (9, 10). Infection with CMV,
a herpes virus that remains latent in hosts for life, is usually
asymptomatic but can be a serious complication in solid organ
or hematopoietic cell transplantation recipients or for patients
infected with HIV (11). CMV infection shapes the NK cell re-
ceptor repertoire, resulting in an increase in NK cells expressing
NKG2C (12). This increase in NKG2C+ NK cells persists
throughout life, whereas in contrast, the proportions of NK cells
expressing NKG2C remains low in individuals who have never
encountered CMV. NK cells expressing NKG2C have also been
shown to expand following coculture with infected fibroblasts (13)
and during CMV reactivation in recipients of solid organ (14) and
umbilical cord blood (UCB) (15) transplantation. In addition,
NKG2C+ cells expand in CMV-exposed individuals who experi-
ence acute infections with Hantavirus (16) or Chikungunya virus
(17) or in those with HIV infection (18). Moreover, high percen-
tages of NKG2C+ NK cells have been associated with lower viral
loads and long-term HIV persistence without progression to AIDS
(19). The mechanism by which CMV drives the expression of an
NKG2C expressing subpopulation is unknown, and in the context
of CMV infection, the ligand for NKG2C remains elusive. NKG2C
may recognize HLA-E, HLA-E loaded with a particular CMV
peptide, or an unknown ligand of either viral or host origin.
We have reported that following CMV reactivation in recipients

of CMV naive UCB grafts, some of the reconstituting NK cells
upregulate NKG2C cell surface density and expand and they persist
long after viral clearance (15). These in vivo–expanding NK cells
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lack NKG2A, express an inhibitory KIR specific for self-HLA,
are potent producers of IFN-g, and preferentially acquire CD57.
Furthermore, recipients who reactivated CMV had increased IFN-
g and T-bet mRNA transcripts. In this setting of “new” CMV
infection of transplanted UCB donor graft cells seen in UCB
transplantation, it is unclear what effect donor or recipient CMV
serostatus has on the kinetics and function of NK cells in recipi-
ents of adult allogeneic hematopoietic cell transplantation (HCT).

Methods and Materials
Patients and samples

We analyzed PBMCs from 70 donor and recipient pairs including allogeneic
transplants facilitated by the National Marrow Donor Program or at the
University of Minnesota. Twenty-five patients with hematologic malig-
nancies received unrelated adult donor HLA-matched unmanipulated
(T cell replete) bone marrow or peripheral blood stem cells (enrolled in the
Blood andMarrow Transplant Clinical Trials Network Protocol 0201) using
standardized cyclosporine or tacrolimus-based graft-versus-host disease
prophylaxis (https://web.emmes.com/study/bmt2/protocol/0201_protocol.
html). Forty-five patients received unmanipulated sibling donor grafts us-
ing similar conventional graft-versus-host disease prophylaxis.

Patients were routinely monitored for CMV reactivation by standard
clinical testing at each center. Twenty-two patients developed detectable
CMV in the blood 19–73 d after transplant. We collected pre-HCT donor
samples and recipient samples at 3 mo, 6 mo, and 1 y post-HCT. High-
resolution HLA typing was performed, and NK ligand status was assigned
based on Bw4, HLA-C1, and HLA-C2 group ligands. Samples were ob-
tained after informed consent and approval from the National Marrow
Donor Program and University of Minnesota Institutional Review Boards.

PBMCs were isolated from each sample by density centrifugation and
cryopreserved. Before analysis for production of intracellular cytokines, the
thawed cells were incubated overnight at 37˚C in complete media without
exogenous cytokines (DMEM [Cellgro] supplemented with 20% human
AB serum [Valley Biomedical], 30% Ham’s F-12 medium [Cellgro], 100
U/ml penicillin [Invitrogen], 100 U/ml streptomycin [Invitrogen], 24 mM
2-ME, 50 mM ethanolamine, 20 mg/l ascorbic acid, and 50 mg/l sodium
selanate).

Target cells

The human erythroleukemia cell line K562 was maintained in IMDM
(Invitrogen) supplemented with 10% FBS (Invitrogen) and 100 U/ml peni-
cillin and 100 U/ml streptomycin (both Invitrogen).

Intracellular production of IFN-g

Intracellular production of IFN-g was measured as reported previously
(20). Briefly, PBMCs were incubated in media alone or with K562 cells at
an E:T ratio of 2:1 for 5 h. Brefeldin A (BD Biosciences) was added after
1 h. The following Abs were used: PeCy5.5-conjugated anti-CD158a (clone
EB6; Beckman Coulter), allophycocyanin-conjugated anti-CD158b (clone
GL183; Beckman Coulter), Alexa Fluor 700-conjugated anti-KIR3DL1
(clone DX9; BioLegend), PE-conjugated anti-NKG2C (clone 134591;
R&D Systems), allophycocyanin-conjugated anti-NKG2A (clone z199;
Beckman Coulter), PeCy7-conjugated anti-CD56 (clone HCD56; Bio-
Legend), FITC-conjugated anti-CD57 (clone HNK-1; BD Biosciences),
energy couple dye–conjugated anti-CD3 (clone UCHT1; Beckman Coul-
ter), allophycocyanin-Cy7–conjugated anti-CD16 (clone 3G8; BioLegend)
and Pacific Blue-conjugated anti–IFN-g (clone 4S.B3; BioLegend). Data
were analyzed on a LSRII 11-color flow cytometer (BD Biosciences) and
with FlowJo 9.3.2 software (Tree Star). Gating strategies are outlined in
Supplemental Fig. 1.

Statistical analysis

Data were summarized with mean and SE (mean 6 SEM). For comparisons
between independent samples, Student t test was used. For comparisons of
matched samples, paired t test was used. Statistical significance was indi-
cated as NS, p. 0.05, *p# 0.05, **p, 0.01, and ***p, 0.001. Statistical
analyses were performed using SAS version 9.2 (SAS Institute, Cary, NC).

Results
Expansion of NKG2C+ NK cells from CMV-seropositive donors

NKG2C expression was measured on PBMCs isolated from 70
donor/recipient pairs who received transplants from either adult

unrelated adult donor or sibling fully HLA-matched donors (Fig.
1A). Each transplant was divided, based on whether recipient
CMV reactivation occurred posttransplant (n = 22) regardless
of the donor CMV serostatus. Those that did not reactivate
CMV (n = 48) were stratified, based on the donor and recipient
CMV serostatus determined pretransplant (e.g., CMV-seropositive
donor/CMV-seropositive recipient [D+/R+]). There was minimal
expansion of NKG2C-expressing NK cells in donor/recipient pairs
who were CMV seronegative (n = 12). In recipients who reac-
tivated CMV, NK cells expressing NKG2C increased significantly
at 3 and 6 mo posttransplant compared with the pre-HCT donor
sample (3 mo, 25 6 4 versus 12 6 3%, p = 0.005; 6 mo, 28 6 4
versus 12 6 3%, p = 0.002) and were significantly higher than
the percentage of NKG2C+ NK cells in D2/R2 pairs at 1 y post-
transplant (CMV reactivation recipients: 23 6 5% versus D2/R2:
6 6 0.7%, p = 0.01). Beyond 6 mo, the percentages of NKG2C+

NK cells did not increase further. NKG2C cell surface density
measured as median fluorescence intensity on gated NKG2C+ NK
cells also increased over time following CMV reactivation and by
1 y posttransplant was significantly higher compared with D2/R2

pairs (2088 6 352 versus 978 6 102; p = 0.01) (Fig. 1B).

FIGURE 1. Receptor density and percentage of NKG2C+ NK cells

increases following CMV reactivation or in the presence of recipient CMV

Ag after allogeneic HSCT. (A) NKG2C expression was measured on

CD56+CD32 NK cells from donor/recipient pairs who reactivated CMV

(d, n = 22). The remaining donor (D)/recipient (R) pairs did not reactivate

CMV and were stratified by CMV serostatus established prior to trans-

plantation ([D+/R+, N, n = 18], [D2/R2, ▴, n = 12], [D+/R2, n, n = 8], and

[D2/R+, ), n = 10]). Recipient samples were analyzed at 3 mo, 6 mo, and

1 y posttransplant. Points represent the mean 6 SEM. D+/R+ pairs were

compared with D2/R2 and D+/R2 using the Student t test. Statistical

significance is indicated as NS: p . 0.05; *p # 0.05; **p , 0.01. (B)

NKG2C surface density was measured on PBMC from the donor (n) and

recipient (N) at 1 y posttransplant from donor/recipient pairs who reac-

tivated CMV and those with no detectable CMV viremia (D+/R+, D2/R2,

D+/R2, and D2/R+). Bars represent the mean 6 SEM. Recipients at 1 y

posttransplant were compared using the Student t test. Statistical signifi-

cance is indicated as *p # 0.05, **p , 0.01.
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The frequency of NK cells expressing NKG2C also expanded
when both the donor and recipient were CMV seropositive (D+/R+,
n = 18) but in the absence of detectable CMV viremia. This ex-
pansion did not occur in D+/R2 pairs (n = 8), and indeed, the
percentage of NK cells expressing NKG2C gradually declined
in this group during the first year after transplant compared with
recipients who reactivated CMV (7 6 2 versus 23 6 5%; p =
0.01) or in D+/R+ transplant pairs (7 6 2 versus 29 6 8%; p =
0.03). By 1 y posttransplant, there was a significantly higher
proportion of NKG2C+ NK cells in D+/R+ transplants compared
with D2/R2 (29 6 8 versus 6 6 0.7%; p = 0.02) or D+/R2

transplants, suggesting that posttransplant NKG2C+ NK cells
from CMV-seropositive donors continue to persist and expand in
CMV-seropositive recipients in the absence of clinically detect-
able CMV viremia. A modest increase in NKG2C cell surface
density was observed over time in this group and was significantly
higher compared with D2/R2 pairs (2405 6 370 versus 978 6
102; p = 0.0098) at 1 y posttransplant.
At 1 y posttransplant compared with D2/R2 pairs, cell surface

density of NKG2C was higher in recipients who reactivated
CMV (920 6 67 versus 2088 6 352; p = 0.01) or who did not
reactivate but were in the D+/R+ transplant group (920 6 67
versus 2405 6 370; p = 0.008). This suggests that previous CMV
exposure in the recipient contributes to the expansion of these
cells posttransplant and that latent CMV Ag is sufficient to
provide low-level chronic stimulation to maintain expansion and
a higher surface density of NKG2C. In D2/R+ pairs (n = 10)
there was a modest but gradual increase in the percentage of NK
cells expressing NKG2C, which did not differ significantly be-
tween D2/R2 and D+/R2 pairs and probably represents a weak
primary NK cell response to low-level CMV. However, cell
surface density did increase over time and by 1 y posttransplant
was comparable (2059 6 564) with both recipients who reac-
tivated CMV and D+/R+ pairs, indicating that latent recipient
CMVAg does result in the upregulation of the receptor, even in
cells derived from CMV-seronegative donors.
In addition, not only was an increase in both the percentage of

NK cells expressing NKG2C and cell surface density observed
following CMV reactivation, absolute counts of NKG2C+ NK cells
also increased (Fig. 2). At 6 mo post-HCT recipients who reac-
tivated CMVor in CMV+ recipients there were significantly more
absolute NKG2C+ NK cells compared with CMV-seronegative
recipients. A higher proportion of NKG2C+ NK cells was also
observed at 1 y posttransplant; therefore, in both recipients who
reactivated CMV and seropositive recipients in the absence of
detectable CMV viremia, NK cells expressing NKG2C expand
and upregulate cell surface density.

Expanding NKG2C+ NK cells lack NKG2A and express a KIR
specific for self

As NKG2C+ NK cells expand and upregulate surface expression
following CMV viremia and in the presence of latent CMVAg, we
were next interested in the expression of KIR and NKG2A on these
expanding cells. We examined NKG2A and KIR (based on a mix-
ture of anti-CD158a/h, CD158b/j, and CD158e) expression in both
groups (Fig. 3). Both in patients with CMV reactivation and in
CMV-seropositive recipients expanding NKG2C+ NK cells lacked
NKG2A, and there was no change in the proportion of NKG2C+

NK cells coexpressing NKG2A over time (Fig. 3A). Expanding
NKG2C+ NK cells also expressed KIR, both in CMV reactivation
and in recipients who were CMV seropositive with no change in
the proportion of NKG2C+ NK cells lacking KIR. Because all
expanding NKG2C+ NK cells express KIR, we were interested in
whether individual KIR were equally represented and whether there
was a preference for KIR that recognized self-HLA, which would
imply that the principles of NK licensing (21) applied under these
circumstances. NKG2C+ NK cells expressing CD158a, CD158b, or
KIR3DL1 were divided into two groups, based on whether each
KIR recognized self-HLA (Fig. 4). Both following CMV reac-
tivation and in CMV-positive recipients, expanding NKG2C+ NK
cells preferentially expressed either self-CD158a or CD158b, and
the proportion of NKG2C+ NK cells expressing self-KIR3DL1
was stable during the first year after transplant.

Preferential acquisition of CD57 in the presence of CMV Ag

Following CMV reactivation in recipients of solid organ (14) and
UCB (15) transplants, expanding NKG2C+ NK cells preferentially
acquired CD57 over time, potentially representing a memory-like
population of human NK cells. Furthermore, NKG2C+ NK cells
frequently coexpress CD57 in healthy CMV-seropositive donors
(14). CD57 expression is acquired by NK cells over time and
represents a marker of NK cell maturity regardless of CMV vire-
mia. We therefore compared the ratio of CD57+NKG2C+ to CD57+

NKG2C2 NK cells during the first year after HCT. In the presence
of CMV Ag (either through CMV reactivation or presumed low-
level viremia associated with latency in seropositive recipients)
NKG2C+ NK cells preferentially acquired CD57 expression over
time whereas no difference was observed in recipients who were
CMV seronegative (Fig. 5).

Enhanced capacity of target cell-induced IFN-g production in
the presence of CMV Ag

In recipients of HCT, target cell-induced IFN-g production is low
early after transplant (20). PBMCs from donor/recipient pairs who
reactivated CMV, from CMV-positive recipients and from CMV
seronegative recipients, were incubated with the class I negative
cell line K562 to determine potential capacity to produce IFN-g
(Fig. 6). Both at 3 and 6 mo posttransplant, significantly more
IFN-g–producing NKG2C+ NK cells were detected in recipients
who either reactivated CMVor those who were CMV-seropositive
compared with CMV-seronegative recipients. Furthermore, post-
transplant IFN-g production was similar to the combined group of
normal donors if the recipients reactivated CMV or were CMV
seropositive. However, in the absence of documented CMV anti-
genemia in the recipient, NKG2C+ NK cell IFN-g production was
substantially decreased compared with donors (3 mo, 46 1 versus
10 6 1%; p = 0.01). This decrease was not specific to NKG2C+

NK cells, because total NK cell IFN-g production was signifi-
cantly decreased in CMV-seronegative recipients early after
transplant compared with donor NK cells at both 3 mo (4 6 1
versus 9 6 1%; p = 0.0052) and 6 mo (5 6 2 versus 9 6 1%;
p = 0.04). Collectively, these data demonstrate that exposure to

FIGURE 2. Absolute NKG2C+ NK cells increase following CMV

reactivation. NKG2C expression was measured on CD56+CD32 NK cells

from recipients who reactivated CMV (n), recipients who were CMV se-

ropositive (N), and recipients who were CMV seronegative ( ), and the

absolute number of NKG2C+ NK cells per microliter was calculated. Bars

represent the mean 6 SEM. Each group was compared using the Student

t test. Statistical significance is indicated as *p # 0.05.
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recipient CMV Ag posttransplant, both in the context of CMV
reactivation and latency, shapes NK cell immune responses to
favor robust IFN-g production.

Transfer of donor NKG2C+ NK results in memory-like function
after a secondary CMV exposure in the recipient

Expansion of educated NKG2C+ NK cells following CMV reac-
tivation with potent function and their continued persistence in the
presence of Ag suggest that NK cells may exhibit memory-like
properties, a characteristic usually restricted to adaptive immune
responses. To address this, we compared the kinetics of NKG2C+

NK cell expansion and function following CMV reactivation based
on donor CMV serostatus (Fig. 7). Although the proportion of NK
cells expressing NKG2C was higher in recipients who received a
seropositive donor graft, the kinetics of NKG2C+ NK cell expansion
was similar between the two groups. NKG2C+ NK cells from se-

ropositive donors had a significantly higher capacity for target cell–
induced IFN-g compared with seronegative donors (16 6 3 versus
8 6 2%; p = 0.04). This higher capacity to produce IFN-g was
maintained posttransplant and at 1 y, NKG2C+ NK cells from a se-
ropositive donor graft produced significantly more IFN-g (20 6 1
versus 9 6 2%; p = 0.008). These results suggest that NKG2C+ NK
cells transplanted from a seropositive donor expand and maintain
their high capacity to produce IFN-g posttransplant and exhibit
heightened function in response to a secondary CMV reactivation
(the first event being in the donor) compared with NKG2C+ NK cells
from seronegative donors experiencing primary CMV viremia,
where the NK cell response is the first exposure.

Discussion
NKG2C+ NK cells expressing an inhibitory KIR for self prefer-
entially expand following CMV reactivation in recipients of adult

FIGURE 3. Expanding NKG2C+ NK cells express KIR and lack NKG2A. (A) NKG2C+ NK cells from donor/recipients pairs who reactivated CMV

(upper panel) or from donor/recipient pairs where the recipient was CMV seropositive (lower panel) were gated as being either NKG2A+ (d) or NKG2A2

(s). Points represent the mean6 SEM. NKG2A+ and NKG2A2 NK cells were compared using the paired t test. Statistical significance is indicated as *p#

0.05, **p , 0.01, ***p , 0.001. (B) NKG2C+ NK cells from donor/recipients pairs who reactivated CMV (upper panel) or from donor/recipient pairs

where the recipient was CMV seropositive (lower panel) were gated as being either KIR+ (d) or KIR2 (s) based on a mixture of anti-CD158a, anti-

CD158b, and anti-KIR3DL1. Points represent the mean 6 SEM. KIR+ and KIR2 NK cells were compared using the paired t test. Statistical significance is

indicated as *p # 0.05, **p , 0.01, ***p , 0.001.

FIGURE 4. Expanding NKG2C+

NK cells preferentially express KIR

for self. NKG2C+ NK cells from

donor/recipients pairs who reactivated

CMV (A) or from donor/recipient

pairs where the recipient was CMV

seropositive (B) were stained with

CD158a, CD158b, and KIR3DL1 and

divided into self-KIR (upper panel)

and non–self-KIR (lower panel),

based on donor/recipient HLA class

I. Points represent the mean 6 SEM.

NKG2C+ NK cells expressing self-

CD158b and KIR3DL1 were com-

pared at each time point and across

time points using the Student t test.

Statistical significance is indicated as

*p # 0.05, **p , 0.01.
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donor allogeneic HCT. These NK cells have a high capacity for
target cell–induced IFN-g production and preferentially acquire
CD57 over time. NKG2C+ NK cells also expand in the absence of
clinically detectable CMV viremia if both the donor and recipient
were CMV seropositive. In contrast, NKG2C+ cells do not account
for a significant fraction of NK cells if they are transferred from
a CMV-seropositive donor to a CMV-seronegative recipient. Col-
lectively, these results demonstrate that in recipients of allogeneic
HCT, latent CMV Ag is required for clonal expansion and main-
tenance of memory-like NKG2C+ NK cells.

The receptor profile, function, and kinetics of NKG2C+ NK cells
following CMV reactivation in recipients of adult grafts is similar
to recipients of UCB grafts with a few important exceptions. We
reported that NKG2C+ NK cells continued to persist in recipients
of UCB HCT long after viral clearance (15). In contrast, in this
study using adult donor grafts, high proportions of NK cells
expressing NKG2C peaked early. This is reminiscent of the re-
sponse of Ly49H+ NK cells that expand in mice infected with
murine CMV (22) and those that respond after adoptive transfer
and secondary CMV exposure. Because UCB is considered CMV
naive, CMV reactivation represents a primary infection from the
perspective of the donor immune response. In contrast, following
transplantation using adult grafts containing mature NK cells from
CMV-seropositive donors, posttransplant CMV reactivation rep-
resents a secondary expansion of CMV-primed NK memory-like
cells. Despite the differences in kinetics between UCB and adult
donor HCT recipients, expanding NKG2C+ NK cells always
lacked NKG2A and all expressed KIR. This KIR was specific for
a self-HLA, either C1 or C2, and there was very little expansion of
cells expressing KIR3DL1 in Bw4-expressing recipients. This
oligoclonal-like expansion of NK cells expressing an inhibitory
receptor for self–HLA-C has also been observed during acute
infection with Hantavirus (16) and Chikungunya virus (17) with
preferential expansion of KIR recognizing C1 (KIR2DL2 and
KIR2DL3). Similar to what was observed in healthy CMV-
seropositive individuals (14), a higher proportion of NKG2C+

NK cells express CD57, a marker of terminally differentiated NK
cells, than NKG2C2 NK cells following CMV reactivation. The
preferential acquisition of CD57 on NK cells expressing NKG2C
following CMV reactivation suggests that NK cell activation
through exposure to viral Ag may drive NK cell differentiation.
Overall target cell–induced IFN-g production was increased sig-

FIGURE 5. NKG2C+ preferential acquire CD57 in the presence of

recipient CMV Ag or CMV reactivation. CD57 coexpression was mea-

sured on CD56+CD32NKG2C+ (d) and NKG2C2 (s) NK cells from

donor/recipients pairs who reactivated CMV combined with donor/re-

cipient pairs where the recipient was CMV seropositive (upper panel)

and with donor/recipient pairs where the recipient was CMV seronega-

tive (lower panel). The ratio of CD57+/CD572 was plotted at the indi-

cated time points. Points represent the mean 6 SEM. NKG2C+ cells

were compared with NKG2C2 NK cells using the paired t test. Statistical

significance is indicated as *p # 0.05, **p , 0.01.

FIGURE 6. Capacity to produce IFN-g is increased in the presence of

recipient CMV Ag. PBMCs from donors (all combined-striped bar) and

recipients who reactivated CMV (n), from donor/recipient pairs where the

recipient was CMV seropositive (N), and from donor/recipient pairs where

the recipient was CMV seronegative ( ) were incubated in either media alone

(data not shown) or with the class I negative cell line K562 for 5 h. Intra-

cellular production of IFN-g was measured on NKG2C+ NK cells. Bars

represent the mean 6 SEM. Each group was compared using the Student

t test. Statistical significance is indicated as *p # 0.05, **p , 0.01.

FIGURE 7. Following CMV reactivation NKG2C+ NK cells from CMV-

seropositive donors have increased capacity to produce IFN-g. (A) NKG2C

expression was measured on donor/recipient pairs who reactivated CMV

were divided, based on donor CMV serostatus (donor CMV+, d, n = 6;

donor CMV2, s, n = 12). Points represent the mean 6 SEM. (B) Intra-

cellular IFN-g production was measured on NKG2C+ NK cells from do-

nor/recipient pairs who reactivated CMV divided, based on donor CMV

serostatus (donor CMV+, n; donor CMV2, N) after 5-h incubation with

K562 cells. Bars represent the mean 6 SEM. CMV+ donors were com-

pared with CMV2 donors using the Student t test. Statistical significance is

indicated as *p # 0.05, **p , 0.01.
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nificantly following CMV reactivation compared with seronega-
tive recipients and in the absence of CMV reactivation, CMV-
seropositive recipients had a higher capacity for target cell–in-
duced IFN-g production, regardless of donor serostatus. This
suggests that latent CMV Ag or low-level chronic activation
results in the clonal expansion and persistence of NKG2C+ NK
cells that produce IFN-g. These cells persist for up to a year
clearly demonstrating that at least some NK cells are long-lived.
NKG2C expression is uniquely associated with CMV, and CMV

is the only virus known to date that shapes the human NK cell
receptor repertoire (12). Not only does acute CMV infection result
in the expansion of NK cells expressing NKG2C, it also induces
an upregulation in cell surface density of the receptor. Coculture
with infected fibroblasts also results in the expansion of NKG2C+

NK cells (13). Our results demonstrate that NKG2C+ NK cells
from CMV-seropositive donors also expand posttransplant in the
absence of clinically detectable CMV viremia, but only when the
recipient was also CMV seropositive and there was a source of
latent Ag. Furthermore, recipient CMVAg was required to induce
the upregulation of NKG2C on NK cells from seronegative donors.
These findings suggest that CMV is required to maintain NKG2C
expression, and in the absence of CMV, NK cells may downregulate
their expression of NKG2C and/or fail to expand.
How CMV is involved in regulating NKG2C expression still

remains unknown. HLA-E is the cognate ligand for NKG2C, and
although CMV infection results in the downregulation of class I
HLA, HLA-E usually remains intact on the cell surface (23, 24).
NKG2C+ NK cells have also been shown to expand in culture with
cell lines transfected with HLA-E and IL-15 (16), yet no direct
correlation between CMV, HLA-E, and NKG2C has been dem-
onstrated. Infected cells may express HLA-E loaded with a viral
peptide that drives NKG2C expansion, or alternatively, CMV-
infected cells may encode a viral protein that binds to NKG2C.
CMV remains latent in the host for life and chronic low-level
levels of CMV may continually stimulate NK cells to express
NKG2C. Alternatively, latently infected cells may constitutively
express a ligand or present a viral peptide that regulates NKG2C
expression. All of these possibilities warrant further study.
During acute CMV infection in mice, NK cells expressing the

activating receptor Ly49H preferentially expand and respond more
rapidly against subsequent challenges with CMV compared with
naive Ly49H+ NK cells (22). These findings suggest that NK cells
are capable of immune memory, akin to memory CD8+ T cells. We
find that NK cells expressing NKG2C may represent memory-like
NK cells in humans. Although primary CMV infection increases the
capacity for cytokine production, which is maintained long after
viral clearance, subsequent exposure to CMV further increases this
capacity. This suggests that NKG2C+ NK cells have memory-like
properties that retain their phenotype and function after transplan-
tation into CMV naive or seropositive recipients.
Although we see an expansion in both the percentage of NK cells

expressing NKG2C and the absolute number of these cells, it still
remains unclear what role these cells play in controlling CMV
reactivation and viremia because CMV reactivation remains a com-
mon occurrence following HSCT. However, although not specif-
ically investigating NK cell responses, Zhou et al. (25) demon-
strated that D+/R+ transplants required less antiviral therapy then
D2/R+ transplants, which correlated with a more robust CD8+

T cell response. In addition, patients with chronic lymphocytic
leukemia treated with the NK and T cell pan-lymphodepleting Ab
Alemtuzumab (anti-CD52) develop an unexpected CMV reactivation
(26, 27). These findings suggest that the immune response can
modulate CMV, but other factors such as antiviral therapy need to
be taken into consideration. It is quite possible that perhaps these

NKG2C+ NK cells do not necessarily play an important role in
controlling CMV replication in the blood (which is what is routinely
measured to determine CMV reactivation) but play a larger role in
controlling the CMV disease in peripheral tissues that can be lethal.
Further studies investigating the role of NK cell responses in recur-
rent CMV reactivation and in CMV disease are certainly warranted.
As the first cells to reconstitute following HCT, NK cells play

a critical role in mediating the graft versus leukemia effect.
However, NK cell functional responses are diminished early after
transplant across all platforms of allogeneic HCT, with the greatest
defects seen in target cell–induced IFN-g production (20). IFN-g
has been shown to play a critical role in tumor suppression (28–
30) and in the control of viral infections (31). Therefore, strategies
to enhance NK cell function post-HCT could be therapeutically
advantageous. We have demonstrated that transfer of mature NK
cells in the graft exhibit memory-like properties capable of en-
hanced responsiveness to subsequent CMV challenge. This CMV
challenge is seen with high viral loads as seen with CMV viremia
but also the low Ag load that persists in recipients with latent
CMV. In contrast, high viral loads are needed to induce an NK cell
response from a CMV-negative donor. Using a unique cohort of
allogeneic transplant samples, we have been able to show innate
NK cell memory based on a secondary challenge in the recipient,
the primary infection occurring in the adult transplant donor at
some distant time from transplantation. We suggest that the term
memory be reserved for cells that clonally expand upon secondary
challenge with a minimum of at least one enhanced function,
in our case IFN-g, and that human NK cells exhibit long-term
memory for potent immunologic viruses such as CMV. Select-
ing donor and recipient pairs, which can allow transplantation
of highly differentiated potent and functionally educated NK
cells, may be a beneficial strategy to increase the anti-infective
and graft-versus-leukemia effect after allogeneic HCT, a strategy
that will require clinical testing.
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Botet. 2004. Imprint of human cytomegalovirus infection on the NK cell re-
ceptor repertoire. Blood 104: 3664–3671.
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