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Abstract

Hematopoietic cell transplantation (HCT) has been used as a part of cancer therapy for over half a
decade. Beyond the necessity for donor-derived cells to reconstitute hematopoiesis after radiation
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and chemotherapy, immunologic reconstitution from allogeneic cells is important for the
elimination of residual tumor cells. Natural killer (NK) cells are first among lymphocytes to
reconstitute post-transplant and protect against cancer relapse. In this review, we provide a
historical perspective on the role of NK cells in cancer control in the transplant setting and focus
on current research aimed at improving NK cell responses for therapeutic benefit.

1 The Dawn of Hematopoietic Cell Transplantation

The modern era of hematopoietic cell transplantation (HCT) began with a series of
experiments by Jacobson, Lorenz and colleagues, who demonstrated that mice could be
rescued from otherwise lethal doses of irradiation by shielding the spleen with lead
(Jacobson et al. 1950) or by intravenous marrow infusion (Lorenz et al. 1951). Initially, it
was postulated that this protective effect was mediated by an as yet undefined humoral factor
produced within hematopoietic tissue and that this factor promotes the functional
reconstitution of many cell types in multiple organs (Jacobson 1952). By the mid-1950s,
however, genetic markers were used by several groups to show that reconstitution of
recipient marrow by donor cells was responsible for the protective effect against lethal
irradiation (Lindsley et al. 1955; Nowell et al. 1956; Ford et al. 1956). Successful bone
marrow transplant (BMT) studies in rodents, canines, and primates led physicians to
speculate that bone marrow grafts from healthy donors could be applied to victims of
radiation accidents and patients with immune disorders or leukemia that are treated with
total body irradiation (TBI) (Thomas et al. 1957).

Despite the therapeutic potential of BMT, the next decade was disappointing as clinicians
learned that allogeneic transplantation in humans is a complicated and difficult endeavor.
Most allogeneic grafts were given to terminally ill patients who did not survive long enough
for the treatment to be sufficiently evaluated, and there was a high incidence of complete
failure of engraftment. The few successful allogeneic grafts were followed by lethal immune
reactions of the graft against the host (Mathe et al. 1967). Because of the
immunosuppression and leukopenia associated with BMT, high incidences of viral
infections were observed during the first 100 days post-transplant. One of the most common
and serious complications observed was interstitial pneumonia primarily caused by
cytomegalovirus (CMV). Before the advent of effective anti-viral therapies, the incidence of
CMV pneumonia was estimated to be close to 50 %, and mortality among this group of
patients due to pulmonary infiltration was between 50 and 60 % (Neiman et al. 1973).

Subsequent advances in histocompatibility typing and the prevention and treatment of graft-
versus-host disease (GvHD), a multi-organ system disease caused by immune reaction of
donor cells against histocompatibility antigen disparities between the donor and host,
significantly improved outcomes. The folic acid analog methotrexate and
immunosuppressive drug cyclosporine were shown to reduce the incidence of GvHD in
BMT recipients (Deeg et al. 1985). Ganciclovir, a drug that acts as a potent inhibitor of
CMV DNA polymerase (Field et al. 1983), proved to be effective in the treatment of CMV
disease in BMT recipients (Selby et al. 1986). By the mid-1980s, intensive chemotherapy
and TBI followed by transplantation of allogeneic bone marrow became established as an
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effective and potentially curative therapy for patients with various hematological
malignancies (Johnson et al. 1981; Dinsmore et al. 1984; Appelbaum et al. 1984).

2 NK Cells Enter the Transplant Picture

As chemotherapy and TBI followed by BMT gained popularity as a means to treat
hematological malignancies, questions arose as to which aspects of this combinatorial
approach contributed to the antileukemic effect. Some clinicians and researchers argued that
high-dose chemotherapy and TBI was solely responsible for eradication of the leukemia and
that transplantation of allogeneic marrow simply acts in a supporting role to reconstitute
hematopoiesis. Others postulated that immunologic reconstitution from allogeneic cells
contributed significantly to leukemia control. Immune control of relapse was supported by
studies in rodents (Mathe et al. 1977), and later in humans (Weiden et al. 1979, 1981),
showing that the occurrence of GVHD was associated with a decreased risk of leukemia
relapse.

In 1986, Ritz and colleagues sought to determine whether donor cells with direct
cytotoxicity against leukemic cells arise following BMT and whether this activity could be
distinguished from T cell-mediated GvHD. To this end, they cryopre-served leukemic blasts
from a single patient with T cell acute lymphoblastic leukemia (T-ALL) at the time of
relapse 5 months prior to transplantation with T cell-depleted allogeneic marrow. The
authors found that the predominant population of reconstituting donor cells within the first 3
weeks after transplant had an NK cell phenotype, and only after 1 month did significant
numbers of T cells develop. NK cells still constituted 24 % of total peripheral blood
mononuclear cells (PBMCs) 3 months after transplant and exhibited cytotoxic activity
against thawed patient leukemia blasts in vitro. Thus, these results provided evidence for an
NK cell-mediated graft-versus-leukemia (GvL) effect that is independent of T cell-mediated
GvHD (Hercend et al. 1986).

In addition to their antileukemic effect, early studies in mice showed that NK cells become
activated and proliferate in response to viral infections (Welsh 1978; Biron and Welsh 1982;
Biron et al. 1983). Adoptive transfer experiments definitively demonstrated that NK cells are
necessary and sufficient to provide resistance to mouse cytomegalovirus (MCMV) in vivo
(Bukowski et al. 1985). Given these results, there was reason to believe that NK cells could
mediate direct activity against CMV following BMT. Meyers and colleagues analyzed 45
patients at high risk for CMV infection during the first 100 days after allogeneic marrow
transplant to determine whether there was a relationship between immune cell cytotoxicity
and CMV infection. In vitro cytotoxicity assays using peripheral blood lymphocytes from
these patients against CMV-infected target cells showed that NK cells were the primary
lymphocyte population responsible for lysis of CMV-infected targets. Importantly, superior
survival after CMV infection was observed in BMT recipients whose NK cells exhibited
greater than or equal to 15 % lysis of CMV-infected targets (Bowden et al. 1987). Hokland
and colleagues used a different but complementary approach to demonstrate an association
between CMV and NK cell function following allogeneic BMT. This group tracked NK cell
cytotoxicity and NK cell numbers early after transplant and found that both NK cell function
and total NK cell numbers steadily increased throughout the first 28 days post-transplant.
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The increase in NK cell-mediated target lysis was more pronounced in patients with CMV
infections (either primary or reactivated) (Hokland et al. 1988). Adoptive transfer and cell
depletion experiments in mice also demonstrated that both CD8" and CD4* T cells play
important roles in the resolution of cytomegalovirus (Reddehase et al. 1987; Jonjic et al.
1989). Together, these studies pointed toward the conclusion that both endogenous NK cell
and T cell expansion and activation are important correlates for the resolution of CMV
infections in the BMT setting.

3 Using Cytokines to Kick NK Cells into Gear

Although accumulating evidence pointed toward an anti-tumor role for NK cells in
transplant recipients, there was a realization that donor NK cell function early post-
transplant is not optimal. In studies where reconstituting donor NK cells were cloned by
limiting dilution, some clones were cytotoxic while others were completely unresponsive
(Hercend et al. 1986). Additionally, depressed functional responses of NK cells from
transplant recipients relative to healthy individuals had been described (Dupont et al. 1984).
Thus, there was interest in approaches both to expand NK cells and to amplify their
functional responses to improve clinical outcomes. The first such strategy involved use of
interleukin (IL)-2. Rosenberg and colleagues found that incubation of murine splenocytes or
human PBMCs with IL-2 led to the generation of lymphokine-activated killer (Milone et al.
2009) cells capable of potent lysis of syngeneic or allogeneic tumors (Yron et al. 1980;
Lotze et al. 1981; Grimm et al. 1982). Serial intraperitoneal injections of high doses of IL-2
into mice with established pulmonary tumors induced LAK activity and led to significant
tumor regression (Rosenberg et al. 1985).

While the anti-tumor effects of LAK cells and high-dose IL-2 were impressive in mice,
significant obstacles were encountered when attempting to translate this therapy to humans.
Limited clinical responses were observed in cancer patients treated with IL-2 alone.
Combination therapy of LAK cells and IL-2 did lead to objective cancer remissions in 22 %
of 106 patients with a variety of advanced metastatic cancer, but therapeutic efficacy was
limited by toxicity associated with higher doses IL-2 (Rosenberg et al. 1987). In particular,
dose escalations of IL-2 with or without the addition of LAK cells led to the development of
life-threatening vascular leak syndrome and severe intrahepatic cholestasis (Ettinghausen et
al. 1988; Hoffman et al. 1989).

Because both LAK cells represent a mixture of T cells and NK cells, questions remained
with respect to their relative contributions to anti-tumor responses. To directly test the anti-
tumor effects of NK cells stimulated with 1L-2, our group evaluated lower doses of IL-2 in
combination with adoptively transferred NK cells derived from haploidentical donors to treat
patients with poor-prognosis acute myeloid leukemia (AML). We found that the intensity of
the conditioning regimen that recipients received had a significant impact upon subsequent
adoptive NK cell expansion. Donor NK cells transferred into patients who received low-dose
chemotherapy persisted transiently but did not expand in vivo. In contrast, adoptively
transferred donor NK cells expanded in patients who received high-dose chemotherapy, and
complete hematologic remission was observed in 5 of 19 patients. The expansion of
adoptively transferred NK cells was associated with high endogenous IL-15 concentrations
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in plasma in these patients, which was presumably a consequence of lymphopenia and
reduced competition for IL-15 from residual recipient lymphocytes. These results suggested
that IL-15 might enhance NK cell survival in vivo relative to IL-2. Alternatively, IL-15 may
synergize with IL-2 to promote NK cell expansion and survival (Miller et al. 2005). Our
group is currently conducting a phase I trial to test the use of recombinant human IL-15 in
NK cell adoptive transfer to treat AML patients.

An important issue to consider with the use of IL-2 is the ability of this cytokine to drive the
expansion of regulatory T cells (Tregs), which express the high-affinity 1L-2 receptor a
chain (CD25). Tregs can indirectly inhibit NK cell function by limiting the bioavailability of
IL-2 (Gasteiger et al. 2013; Sitrin et al. 2013). Tregs can also directly inhibit NK cell
functions in a transforming growth factor (TGF)-p-dependent manner (Ghiringhelli et al.
2005). In applications of donor NK cell infusions to treat ovarian cancer, breast cancer, and
refractory lymphoma, we found that host Tregs persist after conditioning and expand rapidly
when IL-2 is administered after adoptive NK cell transfer (Bachanova et al. 2010; Geller et
al. 2011). To overcome the inhibitory effects of Tregs, we conducted a trial using
recombinant IL-2 diphtheria toxin (IL2DT; Ontak) for Treg depletion after adoptive NK cell
transfer. We treated 57 refractory AML patients with high-dose chemotherapy followed by
IL-2 administration. Donor NK cell expansion was observed in 10 % (4 of 42) of patients
that received haploidentical NK cell infusions and IL-2 alone, whereas NK cell expansion
occurred in 27 % (4 of 15) of patients that were also given IL2DT. Importantly, the addition
of IL2DT was associated with higher complete remission rates at day 28 and improved
disease-free survival at 6 months post-adoptive transfer (Bachanova et al. 2014). These
results demonstrate that Treg expansion as a result of IL-2 administration limits NK cell
expansion in vivo and negate their therapeutic effect.

One potential way to get around this issue is by the clinical use of IL-15 in place of IL-2.
IL-15 was originally identified as a T cell stimulatory factor that binds components of the
IL-2 receptor (Grabstein et al. 1994). Subsequently, it was shown that IL-15 also stimulates
NK cell proliferation and function in a pattern that is similar, but not identical, to that of I1L-2
(Carson et al. 1994). In a series of co-culture experiments, we found that Tregs potently
suppressed the proliferation of NK cells cultured with IL-2 but not IL-15 in a concentration-
dependent manner (Bachanova et al. 2014). This is likely due to the fact that while high
concentrations of IL-15 can induce signal transducer and activator of transcription (STAT) 5
phosphorylation and forkhead box P3 (FOXP3) induction through low-affinity binding to the
B and +y subunits of the IL-2 receptor in Tregs, only in the presence of IL-2 do Tregs acquire
potent suppressor function (Wuest et al. 2008).

Another cytokine-based approach that has recently shown promising results in mouse
models of cancer is preconditioning of NK cells with a combination of IL-15, IL-12, and
IL-18 prior to adoptive transfer. IL-12 synergizes with IL-18 to epigenetically prime NK
cells for enhanced interferon (IFN)-y production (Chan et al. 1991; Okamura et al. 1995;
Luetke-Eversloh et al. 2014). Cerwenka and colleagues tested the in vivo anti-tumor activity
of cytokine preconditioning by incubating syngeneic NK cells with either IL-15 alone or
IL-12/15/18 for 16 h ex vivo before adoptive transfer into irradiated MHC class I-deficient
RMA-S tumor-bearing mice. Sustained tumor clearance and NK cell persistence was
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observed in 22 % of the mice that received IL-12/15/18-preactivated NK cells. No beneficial
effect was observed in mice that received IL-15- or IL-2-preactivated NK cells. Similar
results were observed in a RAE-1e melanoma model (Ni et al. 2012).

Raulet and colleagues also tested the effect of IL-12 and I1L-18 in mice with established
RMA-S tumors. They observed that injection of IL-12 and IL-18 every other day for 4
weeks significantly prolonged average survival time, and a higher percentage of mice
survived long term. In this model, IL-12 and IL-18 appeared to be particularly effective in
reversing NK cell anergy induced by tumor cells lacking the expression of class | MHC
molecules (Ardolino et al. 2014). Administering potent inflammatory cytokines such as
IL-12 and/or IL-18 to transplant recipients or as part of an adoptive NK cell transfer strategy
may not be desirable given the toxicity observed in patients given IL-2 (Miller et al. 2005).
However, ex vivo priming of allogeneic or autologous NK cells with 1L-12/15/18 prior to
infusion is an approach that warrants further testing.

4 NK Cell Alloreactivity and Beyond

Tumor cells frequently show quantitative or qualitative alterations in their expression of
class | major histocompatibility complex (MHC) molecules relative to cells in corresponding
normal tissue. Reduced expression of one or more MHC molecules allows tumor cells to
escape recognition by cytotoxic T cells (Doherty et al. 1984). However, there are examples
where tumor progression is closely associated with the increased expression of MHC
molecules (De Baetselier et al. 1980; Katzav et al. 1983; Eisenbach et al. 1983), suggesting
that loss of T cell recognition of MHC is not the only way by which tumors escape immune
control. As an explanation for these paradoxical findings, Ljunggren and Kérre hypothesized
that a T cell-independent system exists for the recognition and elimination of cells with
reduced or absent expression of MHC molecules. To test this hypothesis, they selected MHC
class I-deficient lymphoma cells and compared these to MHC class I-sufficient cells for the
ability to establish tumors in mice. After inoculation into syngeneic mice, MHC class I-
sufficient cells showed progressive growth, while MHC class I-deficient cells failed to grow
out. Similar results were observed in nude mice lacking T cells. However, in mice receiving
injections of an NK cell-depleting antibody, MHC class I-deficient tumor cells grew
progressively (Ljunggren and Karre 1985). In chromium-release assays, NK cells but not
cytotoxic T cells directly mediated specific lysis against MHC class I-negative tumor cells
(Karre et al. 1986). Together, these studies demonstrated that recognition of and response to
missing-self (i.e., MHC class | antigen) is a fundamental aspect of NK cell biology. These
studies also provided a definitive mechanistic explanation for the phenomenon of hybrid
resistance, whereby normal and neoplastic hematopoietic cells fail to graft in certain lethally
irradiated mice, including F1 hybrid recipients of parental cells (Kiessling et al. 1977; Daley
and Nakamura 1984; Bordignon et al. 1985).

Once the MHC-dependent discrimination of normal and transformed tissue by NK cells had
been described, the race was on to identify the receptors that mediate this effect.
Immunization of mice with human NK cells led to the discovery of monoclonal antibodies
that could be used to reverse the inhibition of NK cell-mediated lysis in functional assays.
These antibodies immunoprecipitated 58-Kd and 70-Kd surface glycoproteins corresponding
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to the human leukocyte antigen (HLA)-C and HLA-Bw4 specificity of NK cell clones,
respectively (Moretta et al. 1993; Litwin et al. 1994). Cloning and sequencing of cDNAs by
several laboratories revealed that these receptors, known as killer immunoglobulin-like
receptors (KIR), are type | glycoproteins with homology to proteins within the
immunoglobulin superfamily (Colonna and Samaridis 1995; D’ Andrea et al. 1995;
Wagtmann et al. 1995; Dohring et al. 1996). These receptors are encoded by a highly
polymorphic family of related genes on chromosome 19q13.4 (Suto et al. 1996) and share a
common structure of either two or three extracellular immunoglobulin-like domains, a
transmembrane region, and a cytoplasmic tail. Inhibitory KIR possess long cytoplasmic tails
with tandem immunoreceptor tyrosine-based inhibitory motifs (ITIMs) that recruit tyrosine
phosphatases and inhibit NK cell function (Olcese et al. 1996). Certain isoforms of KIR lack
ITIM sequences and activate, rather than inhibit, NK cells. Activating KIR non-covalently
associates with the DAP12 signaling molecule. DAP12 contains an immunoreceptor
tyrosine-based activation motif (ITAM) in its cytoplasmic domain and recruits the protein
tyrosine kinases SYK and ZAP-70 upon phosphorylation (Lanier et al. 1998).

The identification of KIR as mediators of missing-self responses by NK cells led to the
hypothesis that mismatches between donor KIR and recipient HLA class | could potentiate
GvL activity by increasing NK function. Velardi and colleagues tested this hypothesis by
investigating the role of NK cell alloreactivity in HLA haplotype-mismatched HCT
recipients. NK cells of donor origin were isolated from HCT recipients and tested ex vivo
for lysis of cryopreserved pretransplant recipient lymphocytes. In these assays, donor
alloreactive NK cells were highly effective in killing recipient leukemia cells of myeloid but
not lymphoid origin (Ruggeri et al. 1999).

In a follow-up study, this group reported clinical data and outcomes in HLA haplotype-
mismatched transplants with and without KIR ligand incompatibility, which was defined as
the absence in recipients of donor HLA class | allele groups recognized by KIRs. They
found that hematopoietic cell grafts with KIR ligand incompatibility was associated with a
profound GvL effect and lower probability of relapse for AML patients at 5 years (0 % with
KIR ligand incompatibility versus 75 % without KIR ligand incompatibility) (Ruggeri et al.
2002) without evidence of GvHD. We retrospectively analyzed data from 2062 patients
undergoing unrelated donor hematopoietic cell transplantation (HCT) for AML, chronic
myeloid leukemia (CML), and myelodysplastic syndrome (MDS). Missing one or more KIR
ligands was associated with significant protection against relapse in patients with early
myeloid leukemia (Miller et al. 2007), supporting a beneficial role for KIR ligand mismatch
in the treatment of myeloid leukemia.

While KIR ligand mismatch appears to be an effective strategy for the treatment of AML, it
is worth keeping in mind the complexity of HCT and the impacts of transplant-related
variables. In the studies reported by Velardi and colleagues, all patients received
myeloablative conditioning and were transplanted with T cell-depleted granulocyte-colony
stimulating factor-mobilized hematopoietic cell grafts. In a later trial that used less T cell
depletion, KIR ligand mismatch patients developed more acute GvHD and had poorer
overall survival (Bishara et al. 2004). In another study, the use of minimally T cell depleted,
KIR ligand mismatched donor grafts did not improve clinical outcomes. In fact, the
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expansion of alloreactive T cells overwhelmed the beneficial effect of alloreactive NK cells
and was associated with an increased risk of both acute and chronic GvHD and death (Lowe
et al. 2003).

We examined the clinical impact of KIR ligand mismatch in 257 recipients of umbilical cord
blood (UCB) grafts after either myeloablative or reduced intensity conditioning regimens. In
our analysis, KIR ligand mismatch had no effect on GVHD, relapse, transplantation-related
mortality (TRM), or survival after my-eloablative conditioning. After reduced intensity
conditioning, KIR ligand mismatch was associated with significantly higher rates of acute
GVHD and inferior survival (Brunstein et al. 2009). Although UCB units are relatively T cell
depleted, the composition of T cells may influence outcomes. Compared with adult grafts,
which contain a mixture of naive, effector, and memory T cells, the T cells in UCB grafts are
essentially all naive and may outcompete NK cells in some transplant scenarios. Thus, HCT
is a balancing act, and many challenges still remain in selecting the conditioning regimen,
hematopoietic cell source, and degree of mismatch that will lead to optimal relapse
prevention and overall survival.

Diverse K/R haplotypes can be simplified into two biologically distinct groups: A and B.
Group A haplotypes contain a fixed number of genes that exclusively encode inhibitory
receptors, with the exception of KIR2DS54. Group B haplotypes, on the other hand, have
variable KIR gene content and include genes encoding the activating receptors KIR2DS1,
KIR2DS2, KIR2DS3, KIR2DS5, and KIR3DS17 (Uhrberg et al. 1997). We genotyped
donors and recipients from 209 HLA-matched and 239 HLA-mismatched, T cell replete
unrelated donor transplantations for AML. In our analysis, three-year overall survival was
significantly higher after transplantation from a donor with at least one K/R B haplotype
allele (K/R B/x). Multivariable analysis demonstrated a 30 % improvement in the relative
risk of relapse-free survival with B/x donors relative to AZA donors (Cooley et al. 2009). In a
follow-up study of an expanded cohort of 1532 unrelated donor transplants without T cell
depletion, we found that the relapse protection associated with donor K/R B haplotypes is
enhanced in recipients who have one or two HLA-C1 alleles compared to C2homozygous
recipients (Cooley et al. 2014). In support of a favorable association between the K/R B
haplotype and transplant outcomes, a recent study by Oevermann et al. (2014) found that
acute lymphocytic leukemia (ALL) patients transplanted with cells from K/R B haplotype
donors had significantly better event-free survival and lower relapse risk relative to KIR A
haplotype donors.

It is tempting to speculate that one or more activating K/R present in the K/R B haplotype is
directly responsible for prevention of leukemia relapse. Venstrom et al. (2012) evaluated the
effect of activating K/R2DS1 from donors on the outcome of allogeneic HCT in 1277
patients with AML and reported a considerable K/R2DS1-dependent GvL effect restricted to
donors with at least one copy of HLA-C1. However, Cooley et al. (2014) found that all K/IR
B genes were equally protective and K/R2DS1 was not dominant. Whether a unique direct
interaction between KIR2DS1 and HLA-C2 is responsible for the observed antileukemic
effects is still unclear. Notably, it has been shown that HLA-C2 is a general risk factor in
HCT for patients with myeloid leukemia independent of genotypic differences in KIR
genotypes (Fischer et al. 2007). One possible explanation for the beneficial effect of donor
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KIR2DS1 on overall survival post-transplant is that it predominantly protects against
infection-related mortality. Clinical studies have shown that the presence of activating K/Rs
correlates with protection against acquired immunodeficiency syndrome (AIDS) progression
and hepatitis C virus infection (Martin et al. 2002; Khakoo et al. 2004). In an analysis of 69
transplants with donor-versus-recipient alloreactivity, Velardi and colleagues recently
reported that transplantation from donors with K/R2DS1 and/or K/IR3DS1 was associated
with reduced risk of non-relapse mortality that was largely related to a 50 % reduction in
infection rate. The protective effect was mainly associated with viral infections and, to a
lesser extent, fungal infections (Mancusi et al. 2015).

Thus, donor K/R haplotypes and individual K/R appear to be relevant for transplant
outcomes. However, variability in KIR binding affinities and extensive linkage
disequilibrium between K/R genes makes it difficult to pinpoint the exact underlying
molecular mechanism of these effects. Future studies that incorporate high-resolution K/R
typing and functional binding assays may shed more light on the precise role of activating
KIR in the transplant setting.

5 Cytomegalovirus: Driving NK Cells to Adapt Post-HCT

CMV is a B-herpesvirus that is generally acquired early in life. Seroprevalence is ~50-80 %
in the USA and Europe depending on socioeconomic status and approaches 100 % in Africa
and Asia (Cannon et al. 2010). Infections are generally mild or asymptomatic in healthy
individuals, as they are well controlled by T cell and NK cell responses (Quinnan et al.
1982; Biron et al. 1989; Sylwester et al. 2005). Despite robust host responses, CMV
efficiently adapts to the immune system and is never completely eliminated from an infected
individual. Multiple immune evasion genes have been identified within the CMV genome,
allowing the virus to subvert both innate and adaptive immune responses and prevent viral
clearance. Thus, the immune system and the virus are at a standoff in infected individuals,
and lifelong latency is eventually established primarily in cells of the myeloid lineage (Poole
et al. 2011).

Reactivation of CMV is a frequent occurrence in immunodeficient transplant recipients and
was previously associated with high rates of morbidity and mortality (Neiman et al. 1973).
The widespread use of drugs such as ganciclovir and foscarnet that can be used as
preemptive therapy to limit CMV replication has brought these rates down considerably, and
lethal CMV pneumonia is now uncommon. Because CMV is able to elicit such strong innate
and adaptive immune responses, several groups have explored the possibility that CMV
reactivation early after transplant protects against cancer relapse. Lonnqvist et al. published
one of the first reports describing an association between CMV infection and relapse
protection nearly 30 years ago. They analyzed one-year relapse rates in 72 BMT recipients
with various hematological malignancies and found that the probability of relapse was lower
in recipients that exhibited the evidence of CMV infection (Lonnqvist et al. 1986).

More recently, several reports have confirmed an association between CMV and reduced
leukemia relapse following HCT. Elmaagacli et al. evaluated the impact of early CMV
reactivation on relapse in 266 allogeneic HCT recipients with AML. In 77 patients, CMV
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reactivation, as detected by pp65 antigenemia, occurred within the first 100 days post-
transplant. The cumulative relapse incidence was 42 % in patients without early pp65
antigenemia compared to 9 % in patients with early pp65 antigenemia (Elmaagacli et al.
2011). An obvious confounding factor is that CMV reactivation is a known trigger for acute
GvHD (Ljungman 1998). However, within the group of 187 individuals with grade I1-1V
acute GvHD in this study, CMV reactivation still had an independent impact on relapse
(Elmaagacli et al. 2011). An association between CMV lower relapse risk was also reported
in analyses of a cohort of 110 CML patients (Ito et al. 2013), a cohort of 140 pediatric
patients with acute leukemia (Behrendt et al. 2009) and a cohort of 103 patients with various
hematological malignancies (Nachbaur et al. 2001). However, some of these findings were
not entirely reproduced in larger observational cohorts (Remberger and Ringden 2002;
Ljungman et al. 2003; Kollman et al. 2001; Beck et al. 2010).

Given the somewhat conflicting data on CMV and transplant outcomes, Green et al.
undertook an analysis of a cohort of 2566 patients with AML, ALL, CML, MDS, and
lymphoma undergoing allogeneic HCT at a single center. After adjusting for underlying
variables, CMV reactivation was significantly associated with a decreased risk of relapse
independent of acute GvHD in patients with AML by day 100 and approached significance
at one year. CMV reactivation trended toward an association with relapse protection in
multivariable models in patients with ALL, CML, MDS, and lymphoma. When all disease
groups were combined, the authors observed a 53 % decreased risk of relapse by day 100
and a 32 % decreased risk of relapse by one year (Green et al. 2013). While results are
variable between cohorts and transplant centers, there is a growing consensus that an
association exists between CMV reactivation and relapse protection.

The obvious question posed by these findings is what biological mechanism(s) underlies the
association between CMV reactivation and relapse observed in HCT recipients with
different hematological malignancies. A possible explanation is that the effect is mediated
through CMV-specific donor T cells. However, this was not supported by Green et al. (2013)
who found that donor CMV serological status did not impact relapse rates. Furthermore,
adoptive transfer of CMV-specific T cells does not appear to have a protective effect on
relapse (Thomson et al. 2012). One promising hypothesis is that CMV reactivation drives
the differentiation and expansion of unique subsets of NK cells that have activity against
residual tumor cells. Groundbreaking work by Lopez-Botet and colleagues has revealed a
specific association between the DAP12-coupled activating receptor NKG2C and NK cell
responses to CMV infection (Guma et al. 2004, 2006).

We have shown that CMV reactivation early after transplant is associated with the expansion
and persistence of NK cells that express NKG2C, lack the inhibitory receptor NKG2A,
express self-KIR, and preferentially acquire the maturation marker CD57. NKG2C* NK
cells produced significantly more IFN-vy in response to the K562 myeloid leukemia cell line
relative to NKG2C~ NK cells (Foley et al. 2012a, b). NKG2C* NK cells also expanded in
the absence of detectable CMV viremia when both the donor and recipient were CMV
seropositive, implying that latent CMV antigen can drive the expansion of NK cells
expressing NKG2C. Furthermore, NKG2C* NK cells transplanted from seropositive donors
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exhibited heightened function in response to secondary CMV events compared with NKG2C
* NK cells from CMV seronegative donors (Foley et al. 2012a, b).

NKG2C is expressed on the surface of NK cells as a heterodimer with CD94 and binds the
non-classical class | HLA molecule, HLA-E (Braud et al. 1998). While CMV-encoded
proteins stabilize HLA-E expression (Tomasec et al. 2000; Ulbrecht et al. 2000) and
influence NK cell recognition, NKG2C* NK cells do not appear to have strict specificity for
CMV antigens as evidenced by their heightened responses to K562 cells (Foley et al. 20123,
b). Like virally infected cells, cancer cells can downregulate classical class | HLA molecules
while retaining expression of HLA-E (Nguyen et al. 2005; Marin et al. 2003; Lo Monaco et
al. 2011). Thus, it is possible that the switch predominant in receptor usage from inhibitory
NKG2A to activating NKG2C could be a key mechanism by which these cells mediate GvL
effects.

In many respects, CD569MCD57*NKG2C* NK cells appear to represent a human analog of
Ly49H* memory-like NK cells that recognize the MCMV-encoded m157 protein (Arase et
al. 2002) and participate in the clearance of CMV infections in mice (Brown et al. 2001).
Lanier and colleagues have shown that Ly49H* NK cells expand dramatically in the spleen
and liver of mice infected with MCMYV and produce elevated levels of IFN-y. Ly49H* cells
then undergo a contraction phase and expand rapidly upon secondary viral challenge (Sun et
al. 2009). The specificity and kinetics of the NK cell response to MCMV infection mirrors
that of cytotoxic T cells and provides compelling evidence for the capacity of NK cells to
generate memory-like or adaptive responses, at least to CMV infection.

We have recently shown that the adaptive NK cell response to CMV infection goes well
beyond NKG2C expression. We identified subsets of human NK cells stochastically lacking
expression of the B cell- and myeloid cell-related signaling proteins FceR1y, EWS/FLI1-
activated transcript (EAT)-2, and spleen tyrosine kinase (SYK) along with reduced
expression of the transcription factor promyelocytic leukemia zinc finger protein (PLZF) in
healthy CMV seropositive individuals and in response to CMV reactivation post-HCT. These
NK cell subsets displayed an adaptive surface receptor phenotype, as they were enriched for
the expression of DAP12-coupled activating receptors, preferentially expressed CD57 and
expressed low levels of NKG2A. A comparative analysis of NK cell and CD8* T cell
subsets revealed striking genome-wide epigenetic differences among NK cell subsets, with
adaptive NK cell differentiation paralleling that of effector CD8* T cells.

Functionally, CD56%M FceR1y™~ adaptive NK cells produced significantly less IFN-y in
response to 1L-12 and IL-18 co-stimulation relative to other NK cell subsets, and this lack of
responsiveness was associated with the reduced transcription of IL-12 (/L12RB2) and IL-18
(/L18RAP) receptor subunits. Despite their lack of responsiveness to innate cytokines,
regulatory regions within /FNG and TNVFwere hypomethylated in adaptive NK cells, and
these cells more frequently produced IFN-y and TNF in response to stimulation through the
low-affinity Fc-binding receptor CD16. Thus, adaptive NK cells appear to be primed for
enhanced antibody-dependent cellular cytotoxicity (ADCC). Interestingly, adaptive NK cells
lacking FceR1y and/or EAT-2 displayed significantly diminished degranulation in response
to autologous, activated T cells. Thus, there appears to exist a functional dichotomy between
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canonical and adaptive NK cells in terms of survival, regulatory function, and responses to
ITAM-dependent activating receptor signaling. We also examined the expansion of adaptive
NK cells lacking FceR1y in response to autologous monocytes infected with CMV. The
frequency of the FceR1y~ subset increased to a modest extent in response to CMV-infected
monocytes, and the addition of anti-CMV antibody accentuated FceR1y™ NK cell
expansion, driving robust proliferation (Schlums et al. 2015). CMV antibody-driven
expansion of adaptive FceR1y™ NK cells has also been reported by Kim and colleagues
(Zhang et al. 2013; Lee et al. 2015) and by Muntasell and colleagues (Costa-Garcia et al.
2015).

Further analyses of HCT recipients that incorporate these novel adaptive NK cell markers
may lead to a more clear definition of the association between CMV-induced adaptive NK
cells and relapse protection and the mechanisms underlying this effect. Our data suggest that
adaptive NK cells may have direct anti-tumor function through enhanced functional
responses triggered by activating receptors or may indirectly contribute to relapse protection
through reduced killing of activated T cells. Studies addressing these hypotheses are
currently in progress.

6 Conclusion

The dedicated efforts of countless research groups have advanced our understanding of basic
NK cell biology over the past several decades (Fig. 1). We have gone from a view of NK
cells as spontaneous killers to one where NK cell function is carefully tuned by the
environment and triggered by subtle changes in MHC expression. While we once viewed
NK cells as short-lived innate lymphocytes, we are now exploring their adaptive traits. The
next frontier will be to use what we have learned to design new, effective strategies for NK
cell immunotherapy to treat patients with cancer.
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Fig. 1. Timeline of NK céllsin HCT
This timeline illustrates milestones in the history of hematopoietic cell transplantation and

the therapeutic benefit of NK cells from the early 1950’s to the present
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