Expansion of a unique CD57*NKG2C™ natural killer cell
subset during acute human cytomegalovirus infection

Sandra Lopez-Verges?, Jeffrey M. Milush®, Brian S. Schwartz, Marcelo J. Pando?, Jessica Jarjoura®, Vanessa A. York®,
Jeffrey P. Houchins®, Steve Millerf, Sang-Mo Kang?, Phillip J. Norris™", Douglas F. Nixon®, and Lewis L. Lanier®"

2Department of Microbiology and Immunology and Cancer Research Institute, PDivision of Experimental Medicine, Department of Medicine, and “Division
of Infectious Diseases, University of California, San Francisco, CA 94143; 9Department of Pathology, Stanford University School of Medicine, Stanford, CA
94305; °R&D Systems, Minneapolis, MN 55431; ‘Departments of Laboratory Medicine and Medicine and Division of Transplant Surgery, University of
California, San Francisco, CA 94143; and "Blood Systems Research Institute, San Francisco, CA 94118

This contribution is part of the special series of Inaugural Articles by members of the National Academy of Sciences elected in 2010.

Contributed by Lewis L. Lanier, July 6, 2011 (sent for review June 8, 2011)

During human CMV infection, there is a preferential expansion
of natural killer (NK) cells expressing the activating CD94-NKG2C
receptor complex, implicating this receptor in the recognition of
CMV-infected cells. We hypothesized that NK cells expanded in
response to pathogens will be marked by expression of CD57, a
carbohydrate antigen expressed on highly mature cells within the
CD56%™CD16* NK cell compartment. Here we demonstrate the
preferential expansion of a unique subset of NK cells coexpressing
the activating CD94-NKG2C receptor and CD57 in CMV* donors.
These CD57*NKG2C" NK cells degranulated in response to stimu-
lation through their NKG2C receptor. Furthermore, CD57*NKG2C"
NK cells preferentially lack expression of the inhibitory NKG2A
receptor and the inhibitory KIR3DL1 receptor in individuals ex-
pressing its HLA-Bw4 ligand. Moreover, in solid-organ transplant
recipients with active CMV infection, the percentage of
CD57*NKG2C" NK cells in the total NK cell population preferen-
tially increased. During acute CMV infection, the NKG2C* NK cells
proliferated, became NKG2C", and finally acquired CD57. Thus, we
propose that CD57 might provide a marker of “memory” NK cells
that have been expanded in response to infection.
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Natural killer (NK) cells are a subset of lymphocytes com-
prising 5% to 20% of peripheral blood mononuclear cells
(PBMCs) in humans (1). NK cells participate in the innate im-
mune response and play an important role in the defense against
viral infections and tumor surveillance, and are also involved in
shaping adaptive immune responses through their production of
cytokines (2). Humans lacking NK cells are susceptible to certain
infections, principally to life-threatening CMV infections (3) and
other herpesviruses (4, 5).

In humans, two NK cell subsets have been characterized:
CD56%™CD16™ NK cells represent approximately 90% of cir-
culating NK cells and are considered the mature NK subset;
CD56""E"CD16™¢%™ NK cells constitute approximately 10%
and are considered immature (1, 6). NK cell function is regulated
by a diverse array of inhibitory and activating receptors, in-
cluding killer cell Ig-like receptors (KIRs), NKG2A, NKG2D,
and natural cytotoxic receptors, which define functionally distinct
subsets of NK cells within the total population. When activated,
NK cells produce IFN-y and other cytokines and kill susceptible
target cells (7). NK cells preferentially recognize pathogen-
infected cells, tumor cells, and stressed cells that express ligands
for the activating NK receptors or cells that have down-regulated
MHC class I molecules, which are ligands for NK inhibitory
receptors (7).

CMV is often acquired in childhood. The primary infection is
usually subclinical or mild, but it may cause a severe embryop-
athy during pregnancy or a lethal infection in neonates (8). Most
humans are infected with CMV (50-100% depending on geo-
graphical location), and remain infected for life (9). In adults,
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severe disease occurs in immunocompromised subjects. The
importance of NK cells in immunosurveillance against CMV is
revealed by the multiple evasion strategies evolved by the virus to
escape T and NK cell recognition (2, 10). Indeed, several CMV
genes specifically down-regulate the surface expression of ligands
for the activating receptors NKG2D and DNAM-1 that are in-
duced by infection (2, 10-13). NKG2D, DNAM-1, and NKp46
have been implicated in recognition of CMV-infected cells (12,
14, 15). CMV also encodes a MHC class I homologue, ULI1S,
which is recognized by the inhibitory LIR-1 (ILT2, CD85j, or
LILRBL1) receptor (10, 16, 17). UL18 also activates some NK
cells by using an unknown receptor (17, 18).

CD9%4 forms an inhibitory receptor by disulfide bonding to the
ITIM-bearing NKG2A subunit, but also forms an activating re-
ceptor by disulfide bonding to NKG2C and associating with the
ITAM-bearing DAP12 protein (19). Both CD94-NKG2A and
CD94-NKG2C receptors bind HLA-E, but NKG2C binds with
a lower affinity than NKG2A (20, 21). Epidemiological studies
have shown that a subset of NKG2C™* NK cells is increased in
CMV-seropositive healthy individuals and aviremic HIV-1*
patients (22-24). NKG2C* NK cells expanded when cocultured
with CMV-infected fibroblasts in vitro (25). These observations
suggest that NKG2C* NK cells respond to CMV infection. This
is supported by a report showing expansion of NKG2C* NK cells
in a SCID child infected with CMV (26).

Recent studies have shown that NK cells share features with B
and T cells of the adaptive immune system, and indicate that
mouse NK cells can acquire immunological memory after viral
infection (27-29). In a mouse model of CMYV infection, a specific
population of NK cells expands, contracts after control of the
virus, and generates long-lived “memory” NK cells that are more
protective during a second encounter with this pathogen (28),
raising the question of whether humans also possess virus-
specific memory NK cells. In humans, CD57 is expressed pref-
erentially by a subset of NK cells with a mature phenotype (30—
32), suggesting that CD57 might mark NK cells that have been
clonally expanded by infections (33). CMV infection is the most
common viral complication after solid-organ transplantation
(SOT) (34, 35). Therefore, in this study, we examined how NK
cells coexpressing NKG2C and CD57 respond to CMV infection
in SOT recipients.
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Results

Unique NK Cell Population Is Detected in CMV* Healthy Subjects. NK
cells expressing NKG2C are increased in CMV™ blood donors,
suggesting that this activating receptor is involved in the response
against CMV (22). CD57 defines a subset of mature NK cells
within the CD56%™CD16" population (31, 32). We hypothesized
that the subset of NK cells that has expanded in response to
CMV will preferentially express CD57. We tested this hypothesis
by examining the NK cell receptor repertoire within the CD57~
and CD57" NK cell subsets of CMV-seronegative and CMV™*
donors, excluding immature CD56° " cells (Fig. S14). No sig-
nificant differences of expression between the CMV-seropositive
and CMV-seronegative donors were detected for most of the NK
receptors (e.g., NKG2D, natural cytotoxic receptors, and KIRs),
activation, and maturation markers (e.g., CD69, CD62L, HLA-
DR, and CD38) tested, even for receptors previously implicated
in CMV recognition (NKG2D, DNAM-1, NKp46) (12, 14, 15,
24, 26). However, we observed a significant increase in NKG2C*
NK cells preferentially coexpressing CD57 in CMV™* donors
(Fig. S1B). A unique population of CD57*NKG2C" NK cells
was detected in 23 of 28 CMV-seropositive donors, but was ab-
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Fig. 1. A unique population of CD57*NKG2C" NK cells is detected in CMV*
donors. (A) CD3"°9CD56%™CD16* NK cells from four CMV™ (Upper) and
CMV* (Lower) donors were gated and analyzed for expression of CD57 and
NKG2C. (B) The geometric mean fluorescence intensity (gMFI) for NKG2C in
the CD57* NK cell subset from CMV~ and CMV* donors is shown. (C) The
percentage of CD57*NKG2C" cells in the CD569™CD16* NK cell subset from
CMV* and CMV~ donors is shown. (D) The ratio of CD57*NKG2C"/
CD57"NKG2C" NK cells for each CMV~ and CMV* donors is shown. Triangles
represent CMV~ donors (n = 23), circles represent CMV* donors (i.e., sero-
positive and/or CMV-specific T-cell responses; n = 29).
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sent in CMV-seronegative donors (Fig. 14) with the exception of
two individuals. Of the 24 CMV-seronegative donors tested, in
one donor, approximately 7.6% of CD56"™CD16* NK cells
were CD57*NKG2CM; however, when stimulated with pp635
CMV peptides, we detected IFN-y production by their T cells,
demonstrating that, although seronegative, this individual had
been exposed to CMV. The other individual within the CMV-
seronegative cohort had 2.5% CD57*NKG2C" NK cells without
a detectable B- or T-cell response to CMV, possibly because of
an NK cell, but not B- or T-cell, response to CMV infection or
potentially in response to another pathogen. Of note, the cell
surface density of NKG2C was increased specifically on the
CD57* NK cells from CMV™ (seropositive and/or CMV-specific
T-cell response) compared with CMV™ donors (Fig. 1B). The
percentage of CD57"NKG2C™ cells varied between CMV™
donors (Fig. 1 A and C). The time of primary infection, as well
as possible subclinical reactivation, is not known; therefore, the
differences in frequencies might reflect the time since the NK
cells last encountered virus. Finally, 22 of 29 CMV™ donors had
a ratio of CD57*NKG2C"/CD57"NKG2C" greater than 1,
whereas only four donors in the CMV™ group had a ratio greater
than 1 (Fig. 1D).

Activation of CD57*NKG2C"™ NK Cells via NKG2C. To determine
whether the CD57*NKG2C" NK cells are functional, PBMCs
were stimulated with anti-CD56 (negative control), anti-NKG2C,
or anti-CD16 (positive control) and then stained to identify the
different NK subsets. CD16 crosslinking induced degranulation
of approximately 20.5% of CD57"NKG2C" NK cells (Fig. 2),
and this was similar to the response detected in the other cells
within the CD56%™ NK subset. Moreover, NKG2C crosslinking
specifically induced degranulation of approximately 7.9% of the
CD57"NKG2C" NK cells (Fig. 2).

Fewer Inhibitory NKG2A and KIR3DL1 Receptors on CD57*NKG2C" NK
Cells. NK cells in mice that specifically respond to CMV prefer-
entially lack inhibitory receptors for self-MHC class I ligands (36).
Therefore, we compared expression of inhibitory receptors for
HLA class I on the CD57*NKG2C" and CD57*NKG2C~ NK
cells in the CMV* individuals, which should be at a similar mat-
uration stage. NKG2A, the inhibitory counterpart of NKG2C
(20, 21), was preferentially decreased on the CD57"NKG2C" NK
cells from CMV™ donors (Fig. 3 4 and B). The percentage of
CD57*NKG2C" NK cells expressing NKG2A was very low
compared with CD57"NKG2C~ and even CD57*NKG2C*™ NK
cells in the same donor (Fig. 34). By contrast, NKG2A was present
on the CD57*"NKG2C%™ NK cells present in CMV ™~ donors (Fi%:
3A). This preferential absence of NKG2A on the CD57*NKG2C™
NK cells was observed in most CMV™* donors examined (14 of 16;
P < 0.0005; Fig. 3B). This suggests that most of the NKG2C* NK

N [2] B
o o [=)

% of CD107a+ cells
>

No stim CD56
Antibody stimulation

NKG2C CD16

Fig. 2. CD57*NKG2CM NK cells from CMV* donors degranulated when ac-
tivated through NKG2C. PBMCs from CMV* donors where stimulated with
plate-bound antibodies against CD56 (negative control), NKG2C, or CD16
(positive control). The percentage of CD107a* cells was determined for
CD57*NKG2C" NK cells (n = 7).
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Fig. 3. Certain inhibitory NK receptors are underrepresented on the CD57*NKG2C" NK cell subset from CMV* donors. (A) CD569™CD16* NK cells from CMV™~
(Left) and CMV* (Right) donors were gated and analyzed for expression of CD57 and NKG2C. CD57*NKG2C™ (a), CD57*NKG2C™ (b), and CD57*NKG2CM (c)
NK cells were assessed for CD56 and NKG2A expression. (B) The percentage of NKG2A* cells was determined on CD57*NKG2C~ and CD57*NKG2C" NK cells
from CMV* donors (n = 16). (C) The percentage of KIR3DL1* cells was determined on CD57*NKG2C™ and CD57*NKG2CM NK cells from CMV* donors. Graphs
from HLA-Bw4* (Upper; n = 9) and HLA-Bw4~ donors (Lower; n = 6) are shown. (D) The percentage of KIR2DL1* cells was determined on CD57*NKG2C™ and
CD57*NKG2CM NK cells for CMV* donors who have the KIR2DL1 ligand (Left; n = 5) or do not (Right; n = 7).

cells that have acquired CD57 in the CMV™ donors were
NKG2A™ or had down-regulated NKG2A expression.

We also examined the expression of inhibitory KIRs that have
well characterized HLA class I ligands. KIR3DL1 recognizes
HLA-Bw4 (37, 38). We compared the frequency of KIR3DL1"
NK cells within the CD57"NKG2C" and CD57*"NKG2C~ sub-
sets in individuals who were HLA-Bw4* (i.e., possess a self-
ligand for KIR3DL1) or HLA-Bw4~. KIR3DL1 was selectively
under-represented in the CD57*"NKG2C" NK cells in eight of
nine individuals bearing HLA-Bw4 (P < 0.05; Fig. 3C). By con-
trast, the frequency of KIR3DL1" cells in the CD57 *NKG2C™
subset was not significantly skewed in four of six CMV™ donors

Lopez-Vergeés et al.

lacking HLA-Bw4 (Fig. 3C). The frequency of NK cells ex-
pressing KIR2DL1, which recognizes HLA-C (39, 40), was not
significantly skewed in CD57*NKG2C" NK cells from CMV*
donors that had or lacked a KIR2DL1 ligand (Fig. 3D). Thus, the
expression of some inhibitory receptors, NKG2A and KIR3DL1,
was specifically underrepresented in CD57+*NKG2C" NK cells
in CMV™* donors that expressed their respective ligands.

CD57*NKG2C" NK Cells Selectively Expand During Acute CMV
Infection. To determine if CD57*NKG2C™ NK cells preferen-
tially respond to CMV, we longitudinally followed patients with
acute CMV infection. Immunosuppressive protocols used in
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SOT recipients target the activation of T cells and impair specific
antiviral immunity (41). NK cell function appears to be less af-
fected by such therapeutic regimens (42-44), allowing us to study
NK cell response to CMV. We monitored the NKG2C* NK cells
from SOT recipients with CMV viremia during their hospital
stay (Table S1). In all these patients, a significant number of
CD57"NKG2C™ NK cells appeared within 1 to 2 wk after detection
of CMV viremia (Fig. 44). The frequency of CD57*NKG2C"NK
cells increased within the total CD56“™CD16% NK population as
the viral load decreased after initiation of antiviral drug ther-
apy (Fig. 44). We compared these patients with SOT recipients
with previous CMV infection without CMV viremia during the
study (Table Slz_. In patients without viremia, the percentage of
CD57"NKG2C™ NK cells remained stable (Fig. 4B), suggesting
that the increase in CD57*NKG2C™ NK cells observed in the
viremic patients was specific to acute CMV infection. This dif-
ference of behavior was statistically significant: the percentage of
CD57"NKG2C" NK cells increased in SOT recipients with vire-
mia (delta mean + SEM, 6.04 + 2.13; n = 6) and not in patients
without viremia (delta mean + SEM, —1.848 +£ 0.928;n = 5; P =
0.0116). CD57*NKG2C" NK cells were not detected in a CMV™~
SOT recipient (Table S1), and did not increase in a healthy
CMV™* blood donor who was monitored for 9 mo (Fig. 4C).

In mice, Ly49H™ NK cells specifically expand during CMV
infection, contract after control of the virus, and generate memory
NK cells that can be detected months later (28). We addressed
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Fig. 4. CD57*NKG2C"" NK cells increase during acute CMV infection in SOT
recipients. (A) NKG2C and CD57 expression on CD56%™CD16* NK cells
from SOT recipients with acute CMV infection was analyzed. Antiviral
treatment was administrated immediately after detection of viremia (day 0).
The percentage of CD57*NKG2C" NK cells detected over time and the CMV
viral load detected in plasma (value > 400 copies/mL) from representative
patients are shown (n = 6). Solid line and square represent CD57*NKG2C" NK
cells, dashed line and triangle represent CMV DNA. (B and C) The percen-
tages of CD57*NKG2C" NK cells detected over time from one representative
SOT recipient without CMV viremia (B; n = 5) and from a healthy CMV*
donor (C) are shown. (D and E) Approximate absolute numbers (in 10° cells/
L) of CD57*NKG2C™ NK cells detected over time in one representative SOT
recipient with CMV viremia (D; CMV viral load shown; n = 6) and in SOT
recipients without CMV viremia (E; n = 5).
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if we could detect expansion and contraction of a specific subset
of human NK cells responding to CMV infection. In SOT recip-
ients, CD57*NKG2C"™ NK cells increased in numbers as CMV
viremia decreased (Fig. 4D), and they began to contract after
control of the infection. Thus, both the absolute number and the
percentage of CD57*"NKG2C" NK cells increased after viremia,
and after resolution of the infection the CD57*NKG2C™ NK cells
persisted at a higher frequency, suggesting their preferential sur-
vival or slower contraction than other NK cells. We could not
determine when the CD57*NKG2C" NK cell subset stabilized
because blood samples were not available after resolution of
the infection. In contrast, in SOT recipients without CMV vire-
mia, the numbers of CD57*NKG2C™ NK cells did not vary sig-
nificantly over time (Fig. 4E).

NKG2C* NK Cells Acquire CD57 After Acute CMV Infection. The per-
centage of CD57" cells within the CD56%™CD16% subset in-
creased in SOT recipients during CMV viremia (Fig. 54);
however, it did not change over time in patients without CMV
viremia (Fig. 5B) or in healthy CMV* donors who were moni-
tored for approxiately 1y. The frequency of CD57* NK cells in-
creased within both NKG2C* and NKG2C™ subsets after viremia
(Fig. 5C), but there was preferential expansion of the NKG2C™*
NK cells within the total NK cell population. Of note, NKG2C*
NK cells were predominantly CD57" just after the detection of
viremia, but over time, they increased the amount of NKG2C on
their cell surface and acquired CDS57 expression, becoming
CD57%™NKG2C", and then CD57*NKG2C" (Fig. 5C). This
suggests that NKG2C" NK cells that were responding to CMV
acquired CD57 after clonal expansion. If NKG2C* NK cells were
the NK cells mainly responding to CMV, they should preferen-
tially acquire CD57. Indeed, when we analyzed changes in the
ratio of CD57%/CD57~ cells on NKG2C™ versus NKG2C~ NK
cells, the ratio increased faster and higher in the NKG2C* NK cell
subset (Fig. 5D). This indicates that NKG2C" NK cells prefer-
entially acquired CD57 during the course of infection in SOT
recipients with viremia.

NK Cells Proliferate in Response to Acute CMV Infection. A high
percentage of NK cells in all SOT recipients were Ki-67* (be-
tween 30% and 70% depending on the donor; Fig. 64) just after
detection of CMV viremia, indicating that NK cells were highly
dividing at that time. After control of CMV, a lower percentage
of NK cells continued to proliferate (Fig. 64). There was no
significant difference in Ki-67 detected between NKG2C* and
NKG2C~ NK cells (Fig. 64) or between CD57* and CD57~ NK
cells (Fig. S2). To confirm that the NK cells divided in response
to the acute CMYV infection, we stained NK cells for Ki-67 ex-
pression in SOT recipients without CMV viremia and in healthy
CMV™ donors. In both cases, few NK cells divided [~5-15%
(Fig. 6B) and <5% (Fig. 6C), respectively], and this remained
stable over time.

Discussion

Here, we demonstrate that CD57*NKG2C" NK cells prefer-
entially respond to acute CMV infection and can be detected in
CMV™ healthy adults years after the primary infection. Our
findings confirm and extend previous observations, in particular
demonstrating formally that these NKG2C* NK cells preferen-
tially expand during acute CMV infection and up-regulate cell
surface density of NKG2C and acquire CD57. Similarly, we pre-
viously documented an increase in the cell surface density of the
CMV-specific Ly49H receptor on memory NK cells that were
expanded after infection with mouse CMV (28).

The ligand on CMV-infected cells recognized by NKG2C* NK
cells has not been identified. CD94-NKG2C receptor binds HLA-
E, but CD94-NKG2C binds with a lower affinity than CD94-
NKG2A, its inhibitory counterpart (20, 21). The difference in the
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analyzed for expression of CD57 and NKG2C. Plots for different time points from a representative SOT recipient with CMV viremia are shown (n = 6).
Population gates: CD57"NKG2C%™, CD57"NKG2C", CD579™NKG2C", and CD57*NKG2C" NK cells. (D) CD56%™CD16* NK cells were gated on NKG2C* and
NKG2C™ cells and the percentage of CD57* cells for each subset was assessed over time. The ratio of CD57*/CD57~ cells on each subset from a representative
SOT recipient with CMV viremia is shown (n = 6). Solid square is from NKG2C*, solid triangle is from NKG2C~ NK cells.

affinity of the two receptors depends largely on the peptide bound
to HLA-E (45, 46). NKG2C* NK cells can proliferate in the
presence of IL-15 and HLA-E—expressing targets in vitro (47).
NKG2C recognition of CMV-infected cells might depend on
HLA-E associated with peptides induced during the infection.
Whereas classical MHC class I molecules are down-regulated,
HLA-E expression is up-regulated by CMV (48-50). Induction
of HLA-E surface expression by CMV protein gpUL40 inhibits
NK cell-mediated lysis by interacting with NKG2A (51, 52), but
might allow recognition by NKG2C™* NK cells. Future studies are
needed to determine if NKG2C directly recognizes CM V-infec-
ted cells and if this recognition is HLA-E-dependent. Nonethe-
less, our studies documenting preferential expansion of NKG2C*
NK cells during acute CMV infection and in CMV™ healthy
individuals (22-24), as well as the finding that CMV-infected
fibroblasts induced proliferation of NKG2C* NK cells in vitro
(25), strongly suggest that NKG2C is involved in the response to
CMV. Moreover, a higher percentage of NKG2C™ NK cells was
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associated with a lower rate of acute CMV infection in SOT
recipients (53). This hypothesis is also supported by the following
observations: (i) CD57*NKG2C"™ NK cells were observed in
CMV™* and not in CMV™ healthy individuals, independently of
infection by other common pathogens; (i/) NKG2C* NK cells,
specifically CD57+*NKG2C™ NK cells, increased as the CMV vi-
remia decreased in SOT recipients; (iii) CD57*NKG2C" NK
cells were not detected in a CMV~ SOT recipient; and (iv)
CD57"NKG2C" NK cells were detected and remained stable
over time in CMV* SOT recipients with no viremia.

In mice, all NK cells proliferate early after CMV infection
in response to the cytokines induced by the infection; thereafter,
CMV-specific Ly49H* NK cells preferentially continue to pro-
liferate and increase in frequency (28, 54). When measuring Ki-
67 in NK cells from SOT recipients with CMV acute infection, we
observed that all NK cells, including CD57"NKG2¢h NK cells,
proliferated. The fact that a high percentage of CD56%™CD16™
NK cells, independently of NKG2C expression, were proliferat-
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Fig. 6. All NK cells divide in response to acute CMV infection. (A and B)
CD569™CD16* NK cells were gated on NKG2C* and NKG2C™ cells, and Ki-67
expression on all CD569™CD16* NK cells and in each subset was assessed.
Graphs from representative SOT recipients with CMV viremia (A; n = 4) and
without CMV viremia (B) are shown. Solid line and empty circle represent
CcD569™CD 16" NK cells, solid line and square represent NKG2C* NK cells, and
dashed line and triangle represent NKG2C™ NK cells. (C) The percentage of
Ki-67* cells within the CD56*™CD16* NK cells detected over time in healthy
CMV* donors is shown.

ing, suggests that it was probably mainly in response to cytokines
induced by the infection. However, Ki-67 expression does not
reflect how many rounds of division a cell has undergone;
therefore, we cannot directly measure the extent of proliferation
in the NKG2C~ versus NKG2C* NK cell subsets. Further studies
are needed to determine if NKG2C* NK cells not only pro-
liferate in responce to cytokines but also specifically to CMV-
infected cells, as suggested by their specific expansion during
CMYV acute infection in SOT recipients.

CD57" T cells are considered to be senescent (55-57), but this
is controversial (58, 59). We and others reported that CD57*
NK cells have a proliferation defect in vitro (31, 32), and after
human stem cell transplantation (31). Even if, in some patients,
we could observe a gradually less frequent Ki-67 expression
on subsets in the order CD57"NKG2C™ > CD57"NKG2C™ >
CD57*NKG2C* > CD57*NKG2C™ after detection of CMV
viremia, there was no statistically significant difference in the
percentage of Ki-67% cells between NK cells from the
CD56%mCD16% subset depending on their NKG2C or CD57
expression. This suggests that CD57" NK cells likely proliferate
in vivo in response to viral infection and that CD57 may not
reflect senescence in NK cells, in agreement with another recent
study (59). However, it has been reported in rhesus macaques
that Ki-67 staining indicates that a T cell has undergone DNA
synthesis in the previous 3 to 4 d (60). It is not known how long
Ki-67 can be detected after DNA synthesis in human NK cells,
but these previous observations suggest that it marks cells that
have divided in the past days, and thus it is possible that CD57
expression might be acquired on NK cells after division. Further
studies are needed to determine if CD57" NK cells have a
proliferation defect in vivo, and if this defect is abolished or
less pronounced during acute viral infection.

CD57*NKG2C" NK cells increased in percentage and in
numbers in the blood of SOT recipients shortly after detection
of CMV viremia, and when the viremia had been controlled,
CD57*NKG2C™ NK cells contracted. The number of
CD57*NKG2C™ NK cells decreased, but the percentage of
this subset remained stable or continued to increase, suggesting
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that the other NK cells contracted more rapidly or that
CD57TNKG2C" NK cells might preferentially survive and be
less susceptible to death. Importantly, we could detect
CD57"NKG2C" NK cells years after primary CMV infection in
CMV™ healthy adults. This NK cell subset might be maintained
by periodic subclinical reactivation of CMV replication in the
host. In these SOT recipients, the kinetics of the response of
these CD57"NKG2CM NK cells might be affected by the im-
munosuppressive drug treatment of these patients, delaying the
response compared with the response in healthy individuals.
NKG2C* NK cells expanded when cocultured with CMV-
infected cells, and this expansion was correlated with a decrease in
NKG2A* NK cells (25). In mice, “unlicensed” NK cells ex-
pressing the CMV-specific Ly49H activating receptor prolifer-
ated better and more efficiently controlled mouse CMV rep-
lication in vivo than NK cells expressing inhibitory receptors for
self-MHC class I (36). In humans, a minor subset of NK cells
coexpress NKG2A and NKG2C (61). NKG2A can be transiently
induced on NKG2C* NK cells by stimulation with IL-12 alone
or by coculture with CMV-infected cells (61). During acute
CMYV infection in SOT recipients, most of the NKG2C* NK
cells that expanded lacked NKG2A, although transient expression
of NKG2A was detected in some patients. Most of the
CD57"NKG2C" NK cells in CMV ™ blood donors did not express
NKG2A or KIR3DLI in HLA"Bw4" individuals. In contrast,
KIR2DL1 was not underrepresented on the CD57+*NKG2C™
NK cells from CMV™* donors expressing the HLA-C ligands of
KIR2DL1. These findings suggest that the NKG2C*™ NK cells
less restrained by inhibitory receptors for certain HLA class I
ligands preferentially respond during CMV infection and be-
come CD57*NKG2C" NK cells. The absence of HLA ligands
for inhibitory KIR has been associated with a lower rate of CMV
infection in SOT recipients (53), suggesting that mounting an
NK cell response to CMV that cannot be inhibited might be more
protective. However, a preferential expression of self-specific
KIRs (KIR2DL1 or KIR2DL2/3, depending on the donors) on
NKG2C* NK cells was observed after expansion of these cells
in response to hantavirus (47), suggesting that NKG2C* NK cells
might be licensed in response to HLA-C. We observed an in-
creased percentage of LIR-17 cells in the CD57*NKG2C" NK
subset. LIR-1 recognizes UL18 in CMV-infected cells, and this
interaction has been described as inhibitory (10, 16, 17). However,
the functional properties of LIR-1 are uncertain, as we have ob-
served lower inhibitory function of LIR-1 compared with KIRs
and NKG2A, and it has been reported that LIR-1 interaction with
UL18 can be activating (62). It is possible that the selective lack
of expression of KIR3DL1 on CD57+*NKG2C" NK cells in HLA-
Bw4-bearing individuals may reflect a selective expression of
other inhibitory receptors. Further studies are required to ex-
amine the role of the different inhibitory receptors and their
specific HLA class I ligands during NK cell responses to CMV and
to determine why only certain inhibitory receptors to self-MHC
class I were underrepresented on the CD57"NKG2C™ NK cells.
A recent study reported that NKG2C*" NK cells also ex-
panded during acute hantavirus infection; of note, this expan-
sion was observed only in CMV™ donors (47). NKG2C* NK
cells remained elevated in these individuals for more than 60 d
(47), longer than what was previously considered typical for
an innate immune response. The authors speculated that some
NKG2C* NK cells in CMV™ individuals might possess the
memory-like features described for mouse NK cells (27, 28, 33,
63), which allowed them to expand during a subsequent hanta-
virus infection. In mice, Ly49H* memory NK cells specific to
CMV are more responsive to stimulation through other acti-
vating receptors and to cytokines (28). Future experiments are
required to determine if CD57*NKG2CM NK cells have the
memory features described for mouse NK cells (33, 64).
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Although speculative, we propose that CD57"NKG2CM NK
cells might be memory NK cells specific for CMV. It will be of
interest to further characterize these cells in individuals highly
susceptible to CMV infection, for example, SOT and hemato-
poietic stem cell transplant recipents, as well as in HIV-infected
individuals.

Materials and Methods

PBMCs. PBMCs were isolated from leukocyte reduction Pall filters (Blood
Centers of the Pacific) from healthy adults and from healthy blood donors
by Ficoll-Paque (GE Healthcare) density gradient centrifugation. All volun-
teers gave informed consent (approved by University of California, San
Francisco, Committee on Human Research, institutional review board ap-
proval no. 10-00265). PBMCs were HLA and KIR genotyped, tested for
CMV-specific T-cell responses, and stained as described in S/ Materials and
Methods. Discarded blood was obtained from SOT recipients with acute
CMV infection and CMV* SOT recipients without CMV viremia, as well as
CMV™ SOT recipients (Table S1). All patients with active CMV infection were
treated with antiviral therapy for at least 21 d from the time of diagnosis.
Patients were followed longitudinally during hospitalization (approved by
University of California, San Francisco, Committee on Human Research, in-
stitutional review board approval no. 10-03608).

CMV DNA Detection. DNA was extracted from patient plasma samples using
a QIAsymphony SP automated instrument with a Virus/Bacteria Midi kit
(Qiagen). Quantitative PCR for CMV DNA was performed as previously de-
scribed (65).

Immunofluorescent Staining. PBMCs from SOT recipients and healthy donors
were stained with the following reagents: FITC-anti-CD57, PE-anti-NKG2C,
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PerCPCy5.5-anti-CD3, pacific blue (PB)-anti-CD16, Alexa 700-anti-CD56, bi-
otin-anti-NKG2A and Qdot605-streptavidin, and Near-IR live/dead fixable
dead cell dye. After surface staining, cells were fixed 10 min at room tem-
perature with BD Cytofix and then permeabilized 5 min at room tempera-
ture with 0.1% Triton in PBS solution, and were finally stained with Alexa
647-anti-Ki-67. Cells were fixed and analyzed with a BD three-laser LSR-II
instrument and FlowJo software (TreeStar).

Antibody Stimulation. Plates were coated with N-[1-(2,3-dioleoyloxy)propyl]-
N,N,N-trimethylammonium methylsulfate (Sigma) at 1 mg/mL and then with
anti-CD56 (My31.13), anti-NKG2C (134572), or anti-CD16 (Leu11a) at 10 pg/
mL. PBMCs from healthy CMV* donors were incubated on the mAb-coated
plates for 1 h with FITC-anti-CD107«, brefeldin A was added, and they were
then cultured for 5 h. Cells were then stained with PE-anti-NKG2C, ECD-
anti-CD3, PE-Cy5-anti-CD57, PE-Cy7-anti-CD56, PB-anti-CD16, and Amine
Aqua live/dead fixable dead cell dye. Cells were fixed and analyzed with a
four-laser LSR-Il instrument and FlowJo software (TreeStar).

Statistics. The two-tailed paired t test was used in the phenotypic studies to
compare CD57* and CD57~ NK cells. An unpaired t test with Welch correc-
tion was used to compare the phenotype of cells of CMV* and CMV~ donors.
The nonparametric Wilcoxon matched-pairs t test was used to compare
CD57*NKG2C" NK cells with other NK subsets and in the functional analysis.
The statistical significance threshold was set at P < 0.05.
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