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ABSTRACT

e analyzed the impact of human cytomegalovirus infection on the
-\ ; ; / development of natural killer cells in 27 pediatric patients affected
by hematological malignancies, who had received a HLA-hap-
loidentical hematopoietic stem cell transplantation, depleted of both a/f+ T
cells and B cells. In line with previous studies in adult recipients of umbilical
cord blood transplantation, we found that human cytomegalovirus reactiva-
tion accelerated the emergence of mature natural killer cells. Thus, most
children displayed a progressive expansion of a memory-like natural killer
cell subset expressing NKG2C, a putative receptor for human
cytomegalovirus, and CD57, a marker of terminal natural killer cell differen-
tiation. NKG2C*CD57* natural killer cells were detectable by month 3 fol-
lowing hematopoietic stem cell transplantation and expanded until at least
month 12. These cells were characterized by high killer Ig-like receptors
(KIRs) and leukocyte inhibitory receptor 1 (LIR-1) and low Siglec-7, NKG2A
and Interleukin-18Ra expression, killed tumor targets and responded to cells
expressing HLA-E (a NKG2C ligand). In addition, they were poor
Interferon-y producers in response to Interleukin-12 and Interleukin-18. The
impaired response to these cytokines, together with their highly differenti-
ated profile, may reflect their skewing toward an adaptive condition special-
ized in controlling human cytomegalovirus. In conclusion, in pediatric
patients receiving a type of allograft different from umbilical cord blood
transplantation, human cytomegalovirus also induced memory-like natural
killer cells, possibly contributing to controlling infections and reinforcing
anti-leukemia effects.

Introduction

Natural killer (NK) cells are innate lymphocytes that play an important role in
anti-viral and anti-tumor responses.' Their function is finely regulated by an array
of both activating and inhibitory surface receptors®* and can be strongly influenced
by several other factors, such as exposure to cytokines and/or PAMPs,* developmen-
tal stage,’ and licensing.”® A fundamental role is played by HLA-class I specific
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inhibitory receptors including: killer Ig-like receptors
(KIRs) distinguishing among allotypic determinants of the
HLA-A, -B and -C;’ the HLA-E-specific CD94/NKG2A het-
erodimer' and the leukocyte inhibitory receptor 1 (LIR-1
or ILT2) broadly recognizing HLA class I alleles."
Activating KIRs, as well as CD94/NKG2C, represent the
activating counterpart of HLA-I specific inhibitory recep-
tors, although the ligand specificity is known only for
selected receptors (i.e. KIR2DS1, KIR2DS4 and
CD94/NKG2C).">

Since NK cells are the first lymphocyte population to
emerge after hematopoietic stem cell transplantation
(HSCT), their role in early recovery of immunity after the
allograft is considered crucial, contributing to protection
from both tumor recurrence and viral infections before the
full restoration of T cell immunity. In KIR/KIR-L mis-
matched haplo-HSCT recipients, alloreactive NK cells,
generated 6-8 weeks after HSCT," are capable of killing
residual tumor cells, thus critically improving patients out-
come.'" The first wave of NK cells after HSCT is repre-
sented by immature CD56™#* CD94/NKG2A"#¢" NK cells,
while more differentiated CD56% KIR* NKG2A" NK cells,
containing alloreactive NK cells, only emerge later.”*** To
reduce the time window required for fully competent NK
cell generation, a new method of graft manipulation has
been developed and applied; this approach is based on the
elimination of aff* T cells (to prevent graft-versus-host dis-
ease, GvHD) and of B cells (to avoid EBV-related post-
transplant lymphoproliferative disorders). Notably,
together with high numbers of CD34* HSC, this graft con-
tains donor-derived, mature NK cells and yd T cells* which
may confer prompt protection against both leukemia
recurrence and infections.”

As recently shown, NK cell reconstitution after HSCT
can be highly accelerated by human cytomegalovirus
(HCMV) infection/reactivation.”” Indeed, in patients
receiving umbilical cord blood transplantation (UCBT),
HCMYV infection induced a rapid development of mature
NK cells characterized by the KIR'NKG2A™ phenotype.
Importantly, these cells expressed NKG2C. Although the
exact mechanism(s) involved in HCMV-induced NKG2C*
NK cell expansion has not been clarified, it is likely that
NKG2C may play a role in HCMV recognition and in pro-
moting the expansion and/or maturation of NKG2C*
cells,” as well as in the control of HCMV infection, as sug-
gested in the case of a T cell deficient patient.” In addition,
a correlation between early HCMV reactivation and a
reduced incidence of leukemia relapse has been reported
in adult patients with acute myeloid leukemia (AML)
receiving allo-HSCT.”

In the present study, we analyzed the impact of HCMV
reactivation on the development of NK cells in a cohort of
pediatric patients affected by hematological malignancies
who received a/f* T cell- and B cell-depleted HSCT. We
observed a great expansion of memory-like NK cells in
HCMV-reactivating/infected  patients that express
NKG2C, a putative receptor for HCMV and CD57, a
marker of terminal differentiation.””

Methods

Patients and samples
A cohort of 27 pediatric patients affected by hematological
malignancies (mainly acute lymphoblastic leukemia, ALL) was

enrolled in a phase I/II trial (Clinical Trials.gov Identifier
NCT01810120) and received HLA-haploidentical HSCT after
removal of both af*T cells and CD19* B cells.”’ Patients were
transplanted between November 2010 and May 2012. Among
them, 13 experienced HCMV infection after transplantation. Of
these 13 patients, 12 had a positive HCMV serology, and 1 had a
negative HCMV serology. However, for the sake of brevity, we
consider all 13 patients together as the HCMV-reactivating group
throughout this article. The clinical characteristics of patients and
details on graft composition are summarized in the Online
Supplementary Table S1. The assessment of HCMV serology,
episodes of HCMV infection/reactivation and therapy are detailed
in the Online Supplementary Methods and summarized in the Online
Supplementary Table S2.

Peripheral blood samples were collected at 1, 3, 6 and 12
months after transplantation. Peripheral blood mononuclear cells
(PBMC) were separated from blood samples by ficoll-hypaque
gradients (Sigma-Aldrich, St. Louis, MO, USA) and used directly
for flow cytometry analyses and functional assays, or frozen and
subsequently thawed for further investigations, whenever indicat-
ed. NK cell reconstitution was analyzed at the above time points,
from month 1 to month 12 for 21 patients, and from month 1 to
month 6 for 6 patients.

PBMC collected from adult healthy donors (HD) were used as
controls. Frozen samples from HSC donors peripheral blood (PB)
or leukapheresis were also analyzed.

To compare NK cell subsets differentiation, PBMC from 10
pediatric UCBT recipients and 5 pediatric recipients of positively
selected CD34'HSC from a HLA-haploidentical parent were also
analyzed.

Patients were transplanted at the Bambino Gesu Children’s
Hospital, Rome, Italy. Patients’ parents gave their informed con-
sent to participation in this study, which was approved by the
Azienda Ospedaliera Universitaria San Martino (Genoa, Italy), by
the University of Genoa (Genoa, Italy) and by the Bambino Gestt
Children’s Hospital (Rome, Italy) ethics committees and was con-
ducted in accordance with the tenants of the Declaration of

Helsinki.

Monoclonal antibodies and flow cytometry, functional
assays, KIR-ligands and KIR genes profile analyses
and statistical analysis

See Ounline Supplementary Methods for details.

Results

HCMV reactivation/infection accelerates NK cell
maturation in o3+T/B cell-depleted HSCT
pediatric patients

We analyzed NK cell reconstitution in 27 pediatric
patients undergoing af3*T/B cell-depleted HSCT and com-
pared, at different time intervals post-HSCT, data in chil-
dren who experienced HCMV reactivation (or primary
infection in 1 case) (n=13) with those of children who did
not (n=14). In all cases, reactivation/infection occurred
within month 2 after HSCT and the virus was cleared by
month 6.

The cells infused with this type of transplantation con-
tain not only CD34* HSC, but also donor-derived NK and
¥ T cells (see Online Supplementary Table S1 for details).
Thus, at early time points after transplantation, peripheral
blood NK cells contain mature NK cells together with
HSC-derived NK cells. Although, due to technical limita-



tion, the mature NK cells could not be distinguished from
de novo generated NK cells, a remarkable difference could
be detected between patients who either did or did not
reactivate HCMV.

HCMV reactivation/infection accelerated the differentia-
tion of mature NK cells, as shown by the higher frequency
of KIR'NKG2A NK cells by month 3 after HSCT in HCMV-
reactivating patients (Figure 1A). Major differences emerged
at 6 months after HSCT between HCMV-reactivating and
non-reactivating patients (two representative patients are
shown in Figure 1B). In line with previous studies,”**
HCMV reactivation induced a strong imprinting in NK cell
development not only by accelerating KIR'NKG2A NK cell
differentiation, but also by inducing a remarkable increase
of CD56* NKG2C* NK cells (Figure 1C,D).

Notably, two patients in the HCMV-reactivating group
did not expand NKG2C* NK cells, while two others in the
HCMV non-reactivating group developed high propor-
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tions of NKG2C* NK cells and were also characterized by
high percentages of NKG2AKIR" NK cells (see dots in
individual plots in Figure 1A,C).

In line with our previous study showing the emergence
of high proportions of hypofunctional and phenotypically
aberrant CD56CD16" NK cells in HCMV-reactivating
adult recipients of UCBT,” in our pediatric cohort we also
found the presence of this peculiar NK cell subset in signif-
icantly higher frequencies in HCMV-reactivating patients
than in non-reactivating ones (Figure 2A). However, the
proportion of these cells at month 6 was significantly
lower in the ap*T/B cell-depleted cohort of HCMV-reacti-
vating patients (Figure 2B and Ounline Supplementary Figure
S1) than in the other two cohorts analyzed in parallel
(namely, one undergoing UCBT and the other receiving
only megadoses of positively selected CD34" cells from
haploidentical donors).

HCMV-reactivating pt

non-reactivating pt

non-reactivating pt

Figure 1. HCMV induces rapid differentiation of NKG2A'KIR* NKG2C* NK cells in patients receiving af+T/B cell-depleted haplo-HSCT. Freshly collected PBNK cells
from the various patients were analyzed by multicolor immunofluorescence and FACS analysis at different time intervals after HSCT. NK cells were gated from PBMC
samples as CD3'CD19 lymphocytes. In (A) the expression of NKG2A in combination with KIRs was analyzed and the percentages of NKG2AKIR* NK cells in patients
who did (empty circles, n=13) or did not (filled black squares, n=14) experience HCMV after transplantation are reported at 1, 3, 6 and 12 months after HSCT. 95%
Cl for the mean and statistical significance are indicated (*P<0.05; ** P<0.01; *** P<0.001). In (B) reciprocal expression of NKG2A and KIR are shown for two
representative patients, one reactivating (left panel) and the other non-reactivating HCMV (right panel), at 6 months after transplantation. The percentage of NKG2A-
KIR* NK cells is indicated in the lower right quadrant. In (C), after gating on CD56°™ NK cells, the percentages of CD56“" NK cells expressing NKG2C are reported,
at the different time points, in patients experiencing (empty circles, n=13) or not (filled black squares, n=14) HCMV reactivation after transplantation. 95% CI for
the mean and statistical significance are indicated. In (D) NK cells from two representative patients are shown at 6 months after HSCT. The percentages of NKG2C*
NK cells are depicted in the upper right quadrants. Numbers in brackets represent the percentages of NKG2C* NK cells by gating on the CD56°™ NK cell subset.

HCMV-induced memory NK cells in children post-HSCT -
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High proportions of “memory-like” NKG2C* CD57*
CD56°™ NK cells develop in patients experiencing
HCMV reactivation

In both solid organ transplanted patients and HSCT
recipients, HCMV infection can induce the expansion of
NKG2C* CD57* NK cells.** This subset is present at vari-
able proportions, also in HCMV-seropositive (HCMV?)
healthy individuals,” and may possibly be endowed with
“memory” properties. Thus, we analyzed the develop-
ment of such NKG2C+ CD57+ NK cell subsets in our
cohort of patients.

In Figure 3A, the distribution of different NKG2C/CD57
NK cell subsets (gated on CD56* NK cells) is reported at
different time points after HSCT for patients who did or
did not reactivate HCMV (the gating strategy is shown in
Ounline Supplementary Figure S2A). By month 3, a substan-
tial increase of NKG2C*CD57* NK cells was detectable in
HCMV-reactivating patients. More marked differences
were found at month 6, when much higher proportions of
NKG2C'CD57" cells, paralleled by a sharp decrease of
NKG2C CD57 NK cells, were detectable in HCMV-reac-
tivating patients.

Figure 3B shows data from two representative patients,
one reactivating and the other not reactivating HCMV. A
progressive expansion of the NKG2C*CD57* NK cell sub-
set (gating on the CD56%" subset) can be observed in the
patient reactivating HCMV. Further analysis of PBNK cells
from HCMV" and HCMV' healthy donors (HDs) (Figure
3C and Online Supplementary Figure S2B) showed that the
NKG2C CD57* NK cell subset was present in significantly
lower frequencies in HCMV* HDs than in HCMV-reacti-
vating HSCT patients, both at month 6 and 12 (Online
Supplementary Figure S2C).

When PBNK cells from the various HSC donors of
HCMV-reactivating patients were analyzed, we found
that NKG2C*CD57* NK cells were present at a low medi-
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an frequency (11%, Ounline Supplementary Figure S2D)
although all the HSC donors analyzed were HCMV+
(Online Supplementary Table S1). Thus, 3-6 months after
HSCT, in most HCMV-reactivating patients, the frequen-
cy of NKG2C*CD57* NK cells exceeded that measured in
their respective donors (Figure 3B, Online Supplementary
Figure S2D and data not shown). In view of this observa-
tion, we can suggest that NKG2C*CD57* NK cells emerg-
ing in HCMV-reactivating patients are mostly de novo gen-
erated.

Memory-like NK cells from recipients of o.3*T/B cell-
depleted HSCT are characterized by the KIR* NKG2A:
Siglec7 LIR1*- IL-18Ra"™ NCR™ surface phenotype

We analyzed in more detail the phenotype of the
HCMV-induced NKG2C*CD57+ CD56% NK cell subset,
focusing on HCMV-reactivating patients at month 6 after
HSCT, i.e. when these cells were maximally expanded.
HCMV*® HDs were analyzed for comparison.
Representative dot plots indicating the gating strategy are
shown in Figure 4A.

Both NKG2C*CD57 and NKG2C*CD57* NK cells were
mostly KIR'NKG2A™ in both transplanted patients and
HCMV* HDs (Figure 4B). Notably, expanded NKG2C*
KIR* NK cells preferentially expressed KIRs specific for the
respective donor KIR ligands (Online Supplementary Figure
S3 and data not shown). As previously reported in UCBT
patients, Siglec-7 was significantly down-regulated in
NKG2C* NK cells isolated from patients, but only margin-
ally in NK cells from HCMV*® HDs (Figure 4B).”
Importantly, Siglec-7 down-regulation was correlated
with HCMV recurrence. Indeed, non-reactivating patients
did not significantly down-regulate this marker at any
time points after HSCT (Online Supplementary Figure S4),
with the exception of the two outliers mentioned before.

The analysis of LIR-1 in our cohort of patients revealed
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Figure 2. Modest accumulation of aberrant CD56:CD16" NK cells in patients undergoing HCMV reactivation after af3* T/B cell-depleted transplant as compared to
patients receiving UCBT or purified CD34" cells. PBNK cells from the various patients were analyzed for the expression of CD56 and CD16 at 1, 3, 6 and 12 months
after HSCT. In (A), the percentages of CD56CD16* NK cells in patients experiencing HCMV (empty circles, n=13) or not (filled black squares, n=14) after transplan-
tation are reported at the different time points. 95% Cl for the mean and statistical significance are indicated (*P<0.05; ** P<0.01; *** P<0.001). In (B), the per-
centages of CD56CD16" NK cells measured in af3* T/B cell-depleted haplo-HSCT (n=13) patients are compared to those measured in two different groups of pedi-
atric patients reactivating HCMV after transplantation who received either cord blood transplantation (UCBT) (n=5) or positively selected CD34* HSC (CD34" haplo-
HSCT) (n=5). The values reported correspond to 6 months after HSCT for all patients. 95% Cl for the mean and statistical significance are indicated.
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a more frequent expression in NKG2C'CD57* than in
NKG2C'CD57" NK cells. This different expression was
more evident in HCMV* HDs, where most
NKG2CCD57 NK cells were LIR-1* (Figure 4B), in line
with previous studies.”

The NKG2C'CD57" and NKG2C*CD57* NK cells sub-
sets of both HSCT recipients and HDs displayed remark-
able differences in the expression levels of IL-18Ra. (Figure
4C). This is in line with previous reports that terminally
differentiated CD57* NK cells express low levels of differ-
ent cytokine receptors.”” Interestingly, both the propor-
tion of IL-18Ra (data not shown) and the median surface
intensity (Figure 4C) were lower in patients than in HDs
in all CD56“" NK cell subsets. Figure 4C also shows that
NKG2C CD57 (both in patients and HDs) display lower
expression of NKp46 and NKp30 as compared to NKG2C*

i

CD57" NK cells. No significant differences were detected
for other triggering receptors including CD16, DNAMI,
NKG2D and 2B4 (Figure 4C and Ounline Supplementary
Figure S5).

Memory-like NKG2C'CD57" NK cells respond
efficiently to tumor cells and HLA-E* targets, but show
impaired IFN-y production in response to rhiL-12 plus
rhiL-18 stimulation.

We next evaluated the functional capabilities of the
expanded NKG2C*CD57* memory-like NK cell subset (in
comparison with the other subsets identified by the
expression of NKG2C/CD57) by assessing degranulation
and IFN-y production upon K562 stimulation and/or expo-
sure to cytokines. Figure 5A (left panel) shows that the dif-
ferent NK subsets (analyzed by gating on CD56" NK
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Figure 3. Different NK cell subsets identified by NKG2C/CD57 expression: progressive expansion of memory-like NKG2C*'CD57* NK cells in patients reactivating
HCMV after HSCT. PBNK cells from the various patients were analyzed for the expression of NKG2C and CD57 at 1, 3, 6 and 12 months after HSCT. After gating on
CD56'CD3CD19 lymphocytes, CD56°™ NK cells were evaluated. In (A) the size of the different subsets identified by NKG2C and CD57 on CD56" NK cells (i.e.
NKG2C*CD57, NKG2C*'CD57*, NKG2CCD57 and NKG2CCD57*, indicated for brevity as 2C and 57) in patients experiencing (empty circles, n=13) or not (filled black
squares, n=14) HCMV reactivation after transplantation are shown from month 1 to month 12 after HSCT. 95% Cl for the mean and statistical significance are indi-
cated (*P<0.05; ** P<0.01; *** P<0.001). In (B), reciprocal expression of NKG2C and CD57 on CD56‘™ NK cells from two representative patients, one reactivating
(upper panels), and the other non-reactivating HCMV (lower panels), is shown at different time intervals after transplantation in comparison to NK cells isolated from
their respective HSC donors (left panels). The percentages of positive cells are indicated in each quadrant. In (C) reciprocal expression of NKG2C and CD57 on
CD56‘™ NK cells from three HDs (one HCMV;, left panel; two HCMV*, middle and right panels) are shown. The percentages of positive cells are indicated in each quad-

rant.
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cells) displayed comparable levels of CD107a degranula-
tion, further increased by overnight exposure to rhlIL-15.
Figure 5A (right panel) shows that, in the absence of
exogenous rhlL-15, PBNK cells from HCMV+ HDs dis-
played slightly higher degranulation as compared to
patients.

Regarding the production of IFN-y, upon stimulation
with K562, both the NKG2C*CD57 and NKG2C CD57+
NK cell subsets (both in patients and HDs) were slightly
better producers than NKG2C NK cell subsets. Also, IEN-
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y production was increased upon overnight exposure to
rthIL-15 (Figure 5B).

In parallel experiments, the ability of the various
NKG2C/CD57 subsets to produce IFN-y was assessed
after overnight incubation in the presence of rhlL-12 plus
thiL-18.  Remarkably, under these conditions,
NKG2C*CD57* memory-like NK cells from patients
resulted as poor IEN-y producers (Figure 5B), while the less
differentiated NKG2C CD57" NK cells were the best pro-
ducers. Intermediate levels of IFN-y were produced by the
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Figure 4. NKG2C* CD57* NK cells expanded in patients
receiving ofi* T/B cell-depleted HSCT and experiencing
HCMV are characterized by a KIR* NKG2A" Siglec7- LIR1"
IL18Ra"" NCR"" surface phenotype. PBNK cells collected at
6 months after HSCT from HCMV-reactivating patients and
from HCMV* HDs were analyzed for the expression of the
indicated surface markers, after gating on the different
CD56‘™ NK cell subsets identified by NKG2C and CD57 (i.e.
NKG2C'CD57, NKG2C'CD57*, NKG2CCD57 and NKG2C
CD57+, indicated for brevity as 2C and 57). In (A) the gating
strategy is shown for a representative patient and a donor,
in (B) 95% CI for the mean percentage of positive CD56“"
NK cells is shown for HCMV-reactivating patients (black
bars, n=8) and for HCMV* HDs (grey bars, n=7). In (C) 95%
Cl for the median fluorescence intensity (mfi) is similarly
shown. Statistical significance was calculated for
NKG2C'CD57 vs. NKG2C'CD57* NK cell subsets for each
surface marker (*P<0.05; ** P<0.01; *** P<0.001).
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NKG2C*CD57 and NKG2C CD57* NK subsets. These dif-
ferences in response to rhIL-12 plus rhIL-18 might reflect,
at least in part, the levels of expression of IL-18Ra (Figure
4C) in the different NKG2C/CD57 subsets. It is of note, in
this context, that all the NK subsets analyzed expressed
IL-12R at similar levels (data not shown). A lower produc-
tion of IFN-y, in response to rhIL-12 plus rhIL-18, was also
detected in NKG2C*CD57* NK cells from HDs. However,
down-regulation of IL-18Ra expression was less marked
and IFN-y production was only partially compromised. At
variance with IFN-y production, exposure to rhIL-12 plus
rhIL-18 induced comparable levels of degranulation in the
different NKG2C/CD57 NK cell subsets after stimulation
with K562 (Online Supplementary Figure S6).

In another set of experiments, NKG2C* NK cells from
HCMV-reactivating patients were assessed for degranula-
tion in reverse ADCC assays, either in the presence or in
the absence of specific anti-NKG2C mAb. Antibody-
mediated triggering of NKG2C efficiently induced degran-
ulation in both NKG2C*CD57" and NKG2C*CD57+ NK
cell subsets at levels comparable to those induced by anti-
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CD16 mAbs (Figure 6A). The simultaneous mAb-mediat-
ed triggering of NKG2C and LIR-1 did not affect degranu-
lation induced by anti-NKG2C mAb alone (data not shown).
On the contrary, the simultaneous mAb-mediated trigger-
ing of NKG2C and KIR almost completely abolished
NKG2C-triggered degranulation (Figure 6A). Similar
results were obtained in the analysis of HCMV* HD NK
cells (Online Supplementary Figure S7).

Next, we examined the ability of NKG2C* NK cell sub-
sets (either CD57* or CD57) to recognize HLA-E, a specif-
ic ligand of NKG2C," by assessing their degranulation, in
CD107a assays, in the presence of the HLA-E expressing
(transfected) 721.221 cell line (221.AEH).” As shown in
Figure 6B, both NKG2C'CD57 and NKG2C*CD57* NK
cell subsets displayed enhanced degranulation as com-
pared to 221wt (i.e. lacking HLA-E surface expression,
Ounline Supplementary Figure S8A), indicating that NKG2C
recognizes HLA-E on target cells and induces
activation/degranulation of NKG2C* cells. This finding
was further substantiated by masking experiments per-
formed using a specific anti-NKG2C mAb. In the presence
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Figure 5. Memory-like NKG2C'CD57* NK cells from patients are capable of both degranulating and producing IFN-y in response to tumor targets, but show impaired
IFN-y production in response to rhiL-12 plus rhIL-18 stimulation. Freshly drawn PBMC from HCMV-reactivating patients (n=8) at 6 months after HSCT, and from
HCMV* HDs (n=6) were cultured overnight in the presence or in the absence of rhiL-15 or rhiIL-12 plus rhIL-18. Then PB cells were incubated with either medium alone
(data not shown) or K562 for 3 hours. In (A), after incubation with K562, CD107a expression was evaluated in the different NKG2C/CD57 CD56°™ NK cell subsets
shown in Fig.4. Black bars represent cells cultured overnight in medium alone, while white bars represent cells cultured overnight in rhiL-15. In B), parallel cultures
were assessed for intracellular IFN-y production upon overnight culture with medium alone (black bars) or rhiL-15 (white bars) followed by stimulation for 3 hours in
the presence of K562 or upon overnight exposure to rhiL-12 plus rhIL-18 (grey bars). 95% Cl for the mean of CD107a/IFN-y positive NK cells is shown for each subset.
Left panels show data relative to patients and right panels show data relative to HDs.
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of this mAb, degranulation of NKG2C* NK cells in
response to 221.AEH was inhibited (data not shown). On
the contrary, NKG2C CD57" and NKG2C CD57* NK cells
that express high levels of NKG2A (Figure 4B), displayed
decreased degranulation against 221.AEH than 221wt, in
line with the inhibitory effect mediated by NKG2A upon
interaction with HLA-E.

Similar results were obtained in parallel experiments
with HCMV* HDs. However, in this case, NKG2C* NK
cells displayed a lesser increase in degranulation when
comparing 221wt to 221.AEH (Online Supplementary Figure
S8B). This is likely due to the higher levels of NKG2A
expressed on the surface of NKG2C* NK cells from HDs
(Figure 4B). In line with this possibility, when degranula-
tion was evaluated after gating on NK cells lacking
NKG2A (Online Supplementary Figure S8C), the increment
became significant also in HDs (Online Supplementary
Figure S8D).

Discussion

NK cells play a crucial role in early immunity following
HSCT in leukemic patients;* therefore the possibility to
improve and to control NK cell maturation and function in
HSCT recipients may result in important clinical benefits.

We have recently documented that in UCBT recipients
HCMV infection/reactivation early after HSCT results in a
remarkable acceleration of NK cell reconstitution and mat-
uration.” In agreement with this study, we also found that
in pediatric patients receiving a different cell composition
in the HLA-haploidentical HSCT setting, depleted of
TCR-ap'T and CD19* B cells, HCMV reactivation could
accelerate the development of mature NK cells character-

ized by the KIR'INKG2ANKG2CSiglec7” phenotypic sig-
nature. This is noteworthy, as compared to pediatric
patients receiving either UCBT or positively-selected
CD34* HSC from a HLA-haploidentical relative, this
cohort of patients had reduced proportions of hypofunc-
tional CD56CD16* NK cells. Since these cells usually
develop in subjects infected by HCMV when T cell immu-
nity is impaired,”* their reduced presence suggests that
NK and y0 T cells contained in the graft may exert a pro-
tective role against severe infections.

It is well documented that HCMV infection influences
NK cell maturation and induces a long-term reconfigura-
tion of the NK cell receptor repertoire.** This imprinting,
induced by HCMV infection, also suggested that NK cells
might keep the memory of past infections, thus sharing
features with the cells of the adaptive immune system.
Indeed, in mice, the expansion and persistence of memory
Ly49H* NK cells, endowed with specific anti-MCMV
properties, has been clearly documented.” It is possible
that NKG2C* NK cells that expand in humans after
HCMV infection and preferentially acquire CD57 may
represent the human counterpart of murine memory
Ly49H" NK cells.

In the present study, we show that most pediatric
patients reactivating HCMYV display a progressive expan-
sion of this putative memory NK cell population express-
ing both NKG2C and CD57. The frequency of NKG2C*
NK cells (both CD57* and CD57") at 6 and 12 months after
HSCT was higher than in both adult HCMV-seropositive
HDs and in the respective HSC donors (Online
Supplementary Figure S2, Figure 3B). This may reflect a
recent or ongoing HCMV infection occurring in patients,
but could also depend on the status of immunosuppres-
sion allowing a better imprinting of NK cells.”” Notably,
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Figure 6. Both anti-NKG2C mAbs and HLA-E* target cells efficiently trigger degranulation of the memory-like NKG2C*CD57* NK cell subset of HCMV-reactivating
transplanted patients. Thawed PBMC from HCMV-reactivating patients, collected at 6 months after HSCT, were cultured in the presence of rhiL-15. In (A), after
overnight culture, cells were incubated for 1h with the FcyR* murine cell line p815 either in the presence or in the absence of anti-CD16, anti-NKG2C and anti-KIR
specific mAbs alone or in combination (for each patient an anti-KIR mAb recognizing the KIR that was most expanded on NKG2C*CD57* cells was used, i.e the KIR
specific for the corresponding donor KIR ligand). CD107a expression is shown for each NK cell subset as 95% Cl for the mean summarizing data for n=7 HCMV-reac-
tivating HSCT patients. (dark bars: NKG2C'CD57, light grey: NKG2C'CD57*, dark grey: NKG2C-CD57-, white bars: NKG2C-CD57"). CTR indicates NK cells cultured in
the presence of p815 and in the absence of mAbs. In B), after 3 days of culture with rhiL-15, cells were incubated in medium alone (black bars) or with 221wt (light
grey bars) or with 221 expressing HLA-E (221.AEH, dark grey bars). CD107a expression is shown for each NK cell subset as 95% ClI for the mean summarizing data
for n=5 HCMV-reactivating HSCT patients. Statistical significance is indicated (*P<0.05).
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we found a correlation between the duration of the anti-
viral treatment (Online Supplementary Table S2) and the per-
centage of Siglec-7 negative NK cells, which was only a
tendency at month 3 (Spearman r=0,47 P=0,14) and
became significant at month 6 (Spearman r=0,6 P=0,04),
possibly indicating that the loss of Siglec-7 might be a
marker of an efficient anti-HCMV response.

The phenotypic characterization of NK cells developing
in our patients reactivating HCMV revealed that
NKG2CCD57* NK cells represent a highly differentiated
subset, displaying lower levels of expression of Siglec-7,
IL-18Ra, NKG2A, NKp46 and NKp30 and higher levels of
KIRs and LIR-1 than NKG2C*CD57" NK cells. It is likely
that NKG2C*CD57" NK cells first emerge in response to
HCMV infection and rapidly shift to a more differentiated
CD57°LIR-1* phenotype. It cannot be ruled out that LIR-1
expression may be progressively acquired by NKG2C* NK
cells following HCMV infection, and represent a viral eva-
sion strategy. Indeed, the HCMV-derived viral glycopro-
tein UL-18 is a high affinity ligand for LIR-1.¥ Although in
reverse ADCC experiments LIR-1 did not substantially
inhibit NKG2C activation, it is possible that, in vivo, UL-18
expressed by infected cells may efficiently engage LIR-1
and weaken NKG2C-mediated signaling.

Whether the NKG2CCD57* NK cell subset can persist
for a long time after resolution of infection, or is continu-
ously replenished by differentiating NKG2C*CD57" NK
cells** is still unknown. In support of the first hypothesis
is the finding that HCMYV infection can induce resistance
to cell death in NK cells developing after UCBT." In some
patients, we could observe an increase in NK cell numbers
after HCMV infection (Online Supplementary Table S3) that
was followed by the acquisition of a memory-like pheno-
type, suggesting that both proliferation and differentiation
are likely contributing to the generation of this subset.

In our cohort of patients, the expanded memory-like
NKG2C*CD57 NK cells were functionally competent in
terms of cytokine production and cytotoxicity/degranula-
tion in response to tumor targets. On the other hand, they
displayed poor capabilities of producing IFN-y in response
to thlL-12 plus rhIL-18. This may be consequent, at least in
part, to the reduced expression of IL-18Ra. However, we
cannot exclude the involvement of other mechanisms
affecting the signaling pathway downstream of the recep-
tors. The diminished responsiveness to cytokines of
NKG2C*CD57* NK cells may reflect their specialization in
controlling HCMV infection and their memory-like signa-
ture, in agreement with recent findings in mice.” Indeed, in
mice, MCMV-induced memory Ly49H" NK cells show an
impaired response to cytokines alone (IL-12 and IL-18).
Whether this poor response was determined by the reduced
expression of cytokine receptors, or by an altered signaling
downstream of the receptors, has not been established. On
the other hand, these MCMV-induced memory Ly49H* NK
cells were characterized by a higher responsiveness to
m157 antigen (the specific viral ligand for Ly49H) in the
presence of cytokines, as compared to naive Ly49H™ NK
cells.” In this context, we also show that cytokine-treated
NKG2C* CD57* NK cells can efficiently degranulate in
response to HLA-E* targets (HLA-E is a ligand of NKG2C)
(Figure 6)." It is of note that differently to mice, the putative
viral ligands recognized by NKG2C, expressed by HCMV-
infected cells, have not been identified. They may be HLA-
E molecules bound to viral peptides (e.g. UL40-derived pep-
tides),”* as well as other undefined molecules.

Interestingly, two patients receiving grafts from HCMV-
seropositive donors containing donor-derived NKG2C*
NK cells did not experience HCMV reactivation after
transplantation, but displayed a significant expansion of
highly differentiated NKG2C* NK cells. These data sug-
gest that donor-derived transplanted NK cells may persist
in the recipient and favor anti-viral responses. Since these
patients received grafts from seropositive donors, it is like-
ly that transplanted NKG2C* NK cells, primed by a previ-
ous encounter with HCMV in the donor, had undergone
expansion in response to viral antigens present in low lev-
els in infected peripheral tissues of the recipient (subclini-
cal HCMV reactivation). This would be in line with previ-
ous data in recipients receiving T cell-replete HSCT.**
Interestingly, one of these two patients (pt #26) expanding
NKG2C* NK cells, experienced infection with viruses
other than HCMYV, namely adenovirus and BK, early after
HSCT (Online Supplementary Table S1). Thus, it cannot be
ruled out that these viral infections could have favored the
expansion of HCMV-primed, donor-derived NKG2C* NK
cells, in agreement with a previous study showing that
hantavirus infection could induce the expansion of
NKG2C* NK cells in HCMV* individuals.*

The response to HCMV may also be influenced by the
number of donor-derived mature NK cells contained in the
graft, which is highly variable among patients receiving
this type of HSCT (Online Supplementary Table S1). It is
possible that protection from HCMV reactivation is
achieved only with suitable numbers of NKG2CKIR* NK
cells in the graft. Notably, the two patients displaying high
frequencies of NKG2C* NK cells and the absence of
HCMV reactivation received grafts containing high num-
bers of donor-derived NK cells (pts #26 and #27, Online
Supplementary Table S1).

Thus, in HCMV-reactivating patients, as well as in the
few non-reactivating ones who were transplanted with
seropositive donors, the proportions of mature
NKG2CCD57 NK cells were significantly higher than
those of non-reactivating patients. The capability of killing
patient leukemia blasts and of protecting patients from
acute HCMV infection, and also from other viral infec-
tions, should be investigated in assays against autologous
leukemia blasts and autologous infected targets. However,
it is conceivable that these cells, which respond efficiently
against tumors and HLA-E* targets, may play a beneficial
role. Indeed AML blasts (and to a lesser extent ALL blasts)
express HLA-E at significant levels”* and could be directly
targeted by NKG2C*NK cells (especially when a KIR/KIR-
L mismatch occurs in the graft-versus-host direction).
Along this line, a protective role for NKG2C'CD57*
CD56% NK cells emerging after HSCT in HCMV-reacti-
vating recipients has been suggested recently, although in
a different transplantation setting.”

Interestingly, it has recently been shown that
NKG2C*CD57* NK cells, isolated from HCMV* individu-
als, are characterized by an epigenetic remodeling at the
IFN-y locus, which is similar to the one found in memory
CD8" T cells or Th1 cells. This epigenetic imprinting could
be responsible for the enhanced IFN-y production
observed in NKG2C* NK cells, and may be involved in the
regulation of NK cell adaptive immune system mecha-
nisms.” Moreover, very recently, an altered pattern of
expression of signalling proteins has been described in
HCMV-induced memory-like NK cells.” In particular,
HCMV infection could promote the generation of adap-
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