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NK cells are lymphocytes of the innate immune
system that share some features with adaptive
immune cells like T cells. They are well known for
their importance to control viral infections and
tumor development, but also intracellular bacterial
and parasitic infections. A Dbalance between
negative and positive signals transmitted via germ
line-encoded inhibitory and activating receptors
controls the function of NK cells. Activated NK
cells respond by killing the infected or tumor cells
without prior sensitization, and by producing
cytokines and chemokines. It has been shown that
NK cells cross-talk with other immune cells, such
as dendritic cells and macrophages, can shape T
cell and B cell immune responses through direct
interactions as well as by virtue of their cytokine/
chemokine production. NK cells can also regulate
immune responses by killing other immune
U208 human osteosarcoma cells in cells, including activated T cells, or by producing
co-culture with NK92 cells during anti-inflammatory  cytokines upon excessive
24 hours. Image: Gerald Moncayo. inflammation. However, NK cells are not friends in

all situations. Indeed, it has been shown in LCMV-
infected murine models that, depending on the viral inoculation load, NK cells may either
help fight infection or can promote chronic infection. Moreover in cancer models, it has been
shown that NK cells can kill anti-tumoral T cells. Recent studies of NK cells in patients with
cancer support the notion of detrimental roles of NK cells. Furthermore, studies implicate NK
cells in contributing to both graft rejection and tolerance to an allograft. In some autoimmune
diseases, like rheumatoid arthritis, NK cells may promote disease pathogenesis.
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The scope of this Research Topic is to present and discuss knowledge on the role of NK cells
in various diseases settings: viral infections as well as other infections, cancer, transplantation,
and autoimmunity. The aim is to discuss how NK cells respond during disease and specifically
when, why and how NK cells can be harmful and if they exert different functions (production
of specific cytokines, inhibition of other immune cells through other mechanisms beside
cytotoxicity) in these situations. Which are the NK cell subsets that play beneficial or deleterious
roles in these diseases? Are there different phenotypes associated with protective NK cells (e.g.
antiviral, antitumoral) and NK cells involved in disease pathogenesis? How are these diverse NK
cells activated and do they function primarily through direct cytotoxicity, ADCC or cytokine
and chemokine production? What are the signals or interactions that can change and shape the
NK cell response shifting them from protective to harmful?

We thank the authors that submitted reviews and original research manuscripts that help to
better understand these questions, with the aim that this will help the scientific community to
determine what could be the main future research directions to better understand the role of
NK cells in disease protection or development.

Citation: Vieillard, V., Foley, B., Lopez-Verges, S., eds. (2018). Natural Killer Cells in Human Diseases:
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Editorial on the Research Topic

NK Cells in Human Diseases: Friends or Foes?

Natural killer (NK) cells are lymphocytes from the innate immune system that play a protective
role against tumors and viral infections. Activated human NK cells respond by killing infected
or tumor cells and can shape the adaptive response by producing cytokines and chemokines and
by interacting with dendritic cells and other immune cells, and also have memory-like features
(1). For these reasons, NK cells are principally considered as protective cells. However, recent
discoveries have found that NK cells can have a negative role due to overproduction of pro-
inflammatory cytokines, destruction of host cells in autoimmune diseases, in graft-versus-host
diseases, or in regulating other immune cells that provide protective immunity, e.g., in some
cancers where NK cells counteract tumor-specific infiltrating T cells. The aim of this research
topic is to analyze the different situations in which NK cells could have a beneficial or a deleterious
role and what are the signals and mechanisms that could explain these differences in behavior. In
this era of immunetherapy, understanding of NK-cell biology and its relation to human disease is
crucial for rational design of treatments that are efficient but also are safe.

NK CELLS AND ANTI-MICROBIAL RESPONSE

Natural killer-cell responses have been described historically in chronic viral infections, par-
ticularly with members of the herpes viral family. Human cytomegalovirus (CMV) infection has
been shown to induce the expansion of a specific subset of peripheral blood NK cells that are
adaptive-like (2). Other viral infections can also induce these adaptive-like NK cells; however,
these cells seem strongly associated with CMV seropositivity (3, 4). Malone et al. investigated if
these expansions could be affected by concurrent chronic hepatitis virus infections. More studies
are needed to determine if these adaptive-like NK cells in CMV seropositive individuals are more
responsive during all infections or only in a subset of them, or during tumor responses, and if
this induces a difference in the severity of the disease. Are they as functional in patients with HIV
infection? NK-cell function as well as that of other immune cells can be dysregulated during HIV
infection and its inflammatory status. As the incidence of some cancersis increased in HIV-infected
patients, with NK cells shaping the response to both viral infections and cancer, Leal et al. tried to
differentiate anti-HIV and antitumor NK-cell features with the goal to determine if NK cells could
concurrently be manipulated in the future to halt HIV disease and HIV malignancies. It is clear that
NK cells play a crucial role in controlling viral load and eliminating virus-infected cells; however,
they do not always respond with the same intensity to infections. The phenotype of each subset
of NK cells, the different alleles of NK-cell receptors, as well as splice variants of these receptors,
all play a role in determining NK-cell responses. Shemer-Avni et al. explored the predominance
and the difference in activity of splice variants of the NKp46 receptor during respiratory viral
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infections, opening the path to their analysis during other infec-
tions in which NKp46 has been shown to play a role. Is this
mechanism of regulation of receptor activity specific for NKp46
or is it general for all NK receptors?

Natural killer cells are mainly studied for their antiviral activi-
ties; however, it has been shown that they could play a role against
intracellular bacteria and parasites and even against fungal infec-
tions. The role of NK cells in some parasitic infections such as
malaria can vary during the course of infection, is heterogeneic,
and can also be influenced by host genetics as reviewed by Wolf
etal. NK cells kill or inhibit the growth of different fungi. Ogbomo
and Mody discussed how NK cells recognize fungi-infected cells
and the mechanisms for the induction of granule-dependent
cytotoxicity.

NK CELLS AND ANTITUMORAL
RESPONSE

Due to the selective pressure of NK cells in tumor development,
tumors have developed many escape mechanisms, similarly to
viruses, to avoid NK-cell recognition and activation (5). One
of these is the regulation of the expression of the ligands of
activating receptors. A better understanding of the underlying
mechanisms may allow the discovery of a potential therapeutic
approach. Moncayo et al. showed that MICA expression seems
regulated by cell adhesion and contact and this could play a role in
cancer immune evasion. Another escape mechanism could be the
alteration of NK-cell behavior by the tumor microenvironment;
Stabile et al. reviewed how many components of this microenvi-
ronment could influence NK cell developmental programming
or the response of distinct NK-cell subsets. Different JAK/STAT
pathways could be activated through these components, thus
Gotthardt and Sexl discussed how this could shape NK-cell
behavior. It is still necessary to determine if and how some STAT
family members contribute to the switch from tumor suppres-
sion to tumor progression. Also, future studies are needed to
demonstrate if by modifying or eliminating some microenviron-
ment components or regulating some JAK/STAT pathways, it is
possible to harness NK-cell subsets so they can control once again
solid and hematological malignancies.

Through their cytokine and chemokine production as well as
their cross talk with other immune cells, NK cells can regulate
tissue inflammation and regeneration. Tosello-Trampont et al.
showed that it is through this immunoregulatory role that
NK cells play an important role in metabolic liver diseases.
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NK CELLS AND TRANSPLANTATION

The role of NK cells in graft acceptance or rejection of solid
tissues has been largely studied to help in determining the best
host-donor match. The treatment of hematological malignan-
cies through allogeneic hematopoietic cell transplantation is
still associated with significant morbidity and mortality related
to cancer relapse as well as to transplant-related complications
including graft-versus-host disease (GvHD). Even if the protec-
tive role of NK cells against cancer relapse is well sustained, their
role in GVHD is still controversial. Simonetta et al. reviewed and
discussed this with the goal of obtaining a model that could show
which are the conditions that could induce naturally suppressing
NK cells to sustain GvHD. More studies are needed to determine
if the adaptive-like NKG2C* NK cells that play a role in the
control of viral infections in HSC and solid transplant recipients
contribute to control of GVHD.

UTERINE NK CELLS

Natural killer cells do not only play a crucial role during disease.
Uterine NK cells are required to have a healthy pregnancy, as
they regulate trophoblast invasion and uterine spiral arterial
remodeling in humans. Gaynor and Colucci reviewed the current
knowledge on their development and function. The emergence
of Zika virus, which can be transmitted from an infected-mother
to the fetus resulting in strong neurological consequences for the
fetus, shows the importance of studying uterine NK cells as they
could play a role in Zika virus control at the level of the placental
barrier.

In conclusion, we want to express our gratitude to all the
authors who have contributed to this research topic and to the
reviewers for their valuable work showing that many components
can shape NK cell behavior and thus have consequences on
human disease.
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David F. G. Malone', Sebastian Lunemann?, Julia Hengst'*, Hans-Gustaf Ljunggren’,
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and Niklas K. Bjérkstrém ™
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Stockholm, Sweden, 2 Department for Viral Inmunology, Heinrich Pette Institute, Hamburg, Germany, ° Department of
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Adaptive-like expansions of natural killer (NK) cell subsets are known to occur in response
to human cytomegalovirus (CMV) infection. These expansions are typically made up of
NKG2C+ NK cells with particular killer-cell immunoglobulin-like receptor (KIR) expression
patterns. Such NK cell expansion patterns are also seen in patients with viral hepatitis
infection. Yet, it is not known if the viral hepatitis infection promotes the appearance of
such expansions or if effects are solely attributed to underlying CMV infection. In sizeable
cohorts of CMV seropositive hepatitis B virus (HBV), hepatitis C virus (HCV), and hepa-
titis delta virus (HDV) infected patients, we analyzed NK cells for expression of NKG2A,
NKG2C, CD57, and inhibitory KIRs to assess the appearance of NK cell expansions
characteristic of what has been seen in CMV seropositive healthy individuals. Adaptive-
like NK cell expansions observed in viral hepatitis patients were strongly associated with
CMV seropositivity. The number of subjects with these expansions did not differ between
CMV seropositive viral hepatitis patients and corresponding healthy controls. Hence,
we conclude that adaptive-like NK cell expansions observed in HBV, HCV, and/or HDV
infected individuals are not caused by the chronic hepatitis infections per se, but rather
are a consequence of underlying CMV infection.

Keywords: natural killer cells, cytomegalovirus, killer-cellimmunoglobulin-like receptor, hepatitis B virus, hepatitis
C virus, hepatitis delta virus

INTRODUCTION

Infection with cytomegalovirus (CMV) is associated with expansion of a subset of NKG2C-expressing
natural killer (NK) cells (1). Such expansions have also been observed in CMV seropositive indi-
viduals infected with other infections such as hantavirus (2), HIV-1 (3, 4), and EBV (5). Expanded
NK cell populations expressing the activating NKG2C receptor, or CD2 in the case of homozygous

Abbreviations: CMV, cytomegalovirus; HBV, hepatitis B virus; HCV, hepatitis C virus; HDV, hepatitis delta virus; KIR, killer-
cell immunoglobulin-like receptor; NK, natural killer; PBMC, peripheral blood mononuclear cell.
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deletion of the NKG2C gene (6), are often dominated by the
expression of a single inhibitory killer-cell immunoglobulin-like
receptor (KIR) receptor (7). NK cell populations with these
phenotypic traits have memory-like features including the lack of
adaptor proteins EAT-2 (8) and FceR1y (9, 10) and have distinct
epigenetic characteristics compared to non-expanded NK cells
(8, 10, 11).

Cytomegalovirus-driven NK cell-expansions have been repor-
ted in viral hepatitis infections (12). Furthermore, increased
NKG2C-expressing NK cell populations have been observed in
patients with chronic hepatitis B virus (HBV) infection (13) or
hepatitis C virus (HCV) infection (14). NK cell expansions in
CMV seropositive HCV-infected patients share phenotypic traits
with expansions found in healthy controls including loss of the
FceR1y adaptor (15) and superior capacity to respond to CD16
stimulation (12, 15). However, the extents to which different
hepatitis virus infections contribute to or modify these NK cell
expansions are unknown.

To study this, we examined NK cell expansions in HBV-, HCV-,
and hepatitis delta virus (HDV)-infected patients in the context
of underlying CMV infection by studying the expression of dif-
ferentiation markers and inhibitory KIRs on NK cells. The results
suggest that the presence of adaptive-like NK cell expansions seen
in HBV, HCV, and HDV infections is primarily caused by the
underlying CMV infection, and not significantly influenced by
the hepatitis virus infections per se.

MATERIALS AND METHODS

Patient Material

Peripheral blood mononuclear cells (PBMCs) from patients
used in this study were collected at the outpatient clinic of the
Department of Gastroenterology, Hepatology, and Endocrinology
at Hannover Medical School in Germany. A total of 24 HBV, 18
HCV, and 28 HDV patients were analyzed, of which 20, 12, and
24 were CMV seropositive, respectively. The detailed clinical
characteristics of these patients have been reported previously
(16). PBMCs from 29 healthy donors, of whom 23 were CMV
seropositive, were collected at the Karolinska University Hospital,
Stockholm, Sweden. PBMCs were isolated through standard
density-gradient separation and cryopreserved for deferred
analysis.

Monoclonal Antibodies and Viability Stains
The following monoclonal antibodies were used in the study:
CD14-Horizon-V500, CD19-Horizon-V500 (BD Biosciences),
CD3-PE-Cy5, CD56-ECD, CD57-PacificBlue, NKG2A-APC
(Beckman  Coulter), CD4-PE-Cy5, KIR3DLI-Alexa700
(Biolegend), KIR2DL1-biotin, KIR2DL3-FITC, NKG2C-PE
(RnD systems), Aqua Dead Cell Stain Kit 405 nm, Strepavidin-
Qdot-605, and Qdot-700 (Thermofisher).

Flow Cytometry
Flow cytometry staining was performed as previously described
(17). In brief, cryopreserved PBMCs were thawed and washed

twice prior to 30 min incubation in the dark at room tempera-
ture with the desired antibody combination. Subsequently, the
PBMCs were washed once and incubated for 20 min in the dark
at room temperature with streptavidin-conjugates. Cells were
subsequently washed twice and fixed in 2% PFA for 10 min in
the dark at 4°C. Data were acquired on a BD LSRFortessa and
analyzed with Flow]Jo software version 9.8 (LLC, OR, USA).

CMV Serology

Cytomegalovirus IgG serology on hepatitis samples was determined
at Hannover Medical School, Hannover; serology on the healthy
control samples was determined at Karolinska Institutet, Sweden;
both centers used Abbott ARCHITECT Anti-Cytomegalovirus
IgG tests.

Statistical Methods, Analysis Strategies,

and Outlier Identification

Since expanded NK cell subsets have narrow KIR-repertoires
often dominated by a single inhibitory receptor, different statisti-
cal strategies aimed at identifying outliers have previously been
utilized to identify NK cell expansions (7, 18, 19). For cohorts
significantly larger than ours, the Chauvenet criterion has been
applied to select for NK cell expansions combined with cellular
maturation (7, 18). However, along with our smaller cohorts, the
lower expression of some KIRs during hepatitis infections may
affect selection. In line with how we previously identified NK cell
expansions (19), a variation of the Tukey’s range test account-
ing for the cohort size was utilized to identify potential NK cell
expansions. In more detail, CD56%™ NK cells were subdivided
into subsets based upon their expression of NKG2A and NKG2C.
Subsequently, the expression repertoire of KIR2DL1, KIR2DL3,
and KIR3DL1 was assessed. Particular KIR-defined subpopula-
tions were considered as expanded populations if their popula-
tion frequency was greater than one interquartile range above
quartile three in each cohort. Threshold population sizes of either
5 or 20% were both analyzed. Further ensuring that the particular
KIR-expressing NK cell subpopulation was a substantial constitu-
ent of the NK cell subset (e.g., NKG2A"NKG2C"), it was required
to be greater than quartile one of the NK cell subset. Finally the
geometric MFI of CD57 on the KIR-expressing NK cell subpopu-
lation had to be greater than the geometric MFI of the subject’s
total CD56%™ NK cells, ensuring that the identified outliers con-
tained terminally differentiated NK cells (7, 20). Identifications
of NK cell expansions were performed using Microsoft Excel
version 14.4.3 (Microsoft Corporation, Washington, USA). Data
were analyzed using Prism version 5.0d (GraphPad Software Inc.,
CA, USA). For the discrete statistics, non-parametric tests were
used as outlined in the respective figure legends.

RESULTS

Validation of CMV-Associated Alterations

in NK Cell Differentiation Status
First, NK cell differentiation-associated receptors NKG2A, CD57,
and NKG2C, as well as inhibitory receptors KIR2DL1, KIR2DL3,
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and KIR3DL1 were stained for on CD56%™ NK cells (Figure 1A).
Expression of these markers was assessed in relation to CMV
serostatus in the entire study cohort. As expected from previous
reports (1, 21), CMV infection was associated with a higher fre-
quency of CD56% NK cells expressing NKG2C and CD57, and
with lower NKG2A expression compared to CMV seronegative
individuals. However, CMV serostatus did not significantly alter
expression of individual KIRs (Figure 1B).

Viral Hepatitis Does Not Alter NK Cell
Differentiation as Assessed in CMV

Seropositive Patients and Controls

Of the 88 individuals assessed in the entire study cohort, 79 were
confirmed CMV seropositive permitting us to study the influ-
ence of hepatitis infection on a CMV seropositive background in
relation to NK cell differentiation (Figure 1C). No major differ-
ences in expression of NKG2A, NKG2C, or CD57 were observed
when comparing CD56%™ NK cells in CMV seropositive chronic
hepatitis patients with corresponding CMV seropositive healthy
controls (Figure 1C).

A recently published study including the same patient cohorts
indicated that there was no overall difference in the expression of
inhibitory KIRs on NK cells during hepatitis infection compared
to healthy controls (16). However, in that report expression pat-
terns of individual KIRs were not assessed. Here, a more detailed
examination was performed. NK cells from CMV seropositive
HCV-infected patients showed a significant decrease in expres-
sion of KIR2DL1 and KIR3DL1 relative to healthy controls,
while expression of KIR2DL3 was unaltered (Figure 1C). HBV
infection and HDV infection had no significant impact on KIR
expression (Figure 1C).

Presence of CMV-Driven NK Cell
Expansions Remain Unaltered in Chronic
Viral Hepatitis

As described, expansions of NKG2C* NK cells with a specific
KIR-repertoire driven by CMV infection have been observed in
chronic hepatitis virus infections (12). However, whether hepa-
titis virus infection affects the prevalence of these expansions is
unknown. Adaptive-like NK cell expansions have previously been
identified based on deviations in KIR expression profiles, using
statistical strategies such as the Chauvenet criterion (7, 18) and
the Tukey’s range test (19), combined with cellular differentiation.
As our analysis included patients with different hepatitis infec-
tions, likely affecting receptor expression to varying degrees, each
group was analyzed separately. NK cell subsets were assessed for
the presence of expansions (see Materials and Methods) and
quantified (Figures 2A-C). For both NKG2A"NKG2C~ and
NKG2A"NKG2C* NK cell subsets, there was no overall differ-
ence in the number of CMV seropositive individuals with NK cell
expansions, irrespective of chronic hepatitis virus infections
(Figure 2D). Since only 9 out of 88 studied patients were CMV
seronegative, it was not possible to determine the influence
of chronic viral hepatitis on potential expansions within this
cohort. Together, we conclude that there is no difference between

the prevalence of adaptive-like NK cell expansions observed in
CMYV seropositive subjects with HBV, HCV, and HDV infection
as compared to CMV seropositive healthy controls.

DISCUSSION

Adaptive-like expansions of certain NK cell subsets are known
to occur in response to human CMV infection. As described,
such expansions are typically made up of NKG2C* NK cells
with specific KIR expression patterns. Such expansions have
been observed in several viral infections including viral hepatitis
infections (12, 15). Yet, it is not known if viral hepatitis infection
as such contributes to or promotes the appearance of such expan-
sions, or if effects are primarily due to underlying CMV infection.
Utilizing a CMV seropositive patient cohort with different forms
of chronic viral hepatitis (HBV, HCV, and HDV), we confirmed
the existence of large populations of adaptive-like CD57 express-
ing NK cells. However, the presence of these expansions was
largely unrelated to hepatitis status. Since the vast majority of
studied subjects were CMV seropositive, it was not possible to
determine the influence of chronic viral hepatitis infections on
potential adaptive-like NK cell expansions in CMV seronegative
individuals. Based on results obtained in this study, we conclude
that the observed expansions in hepatitis virus infected indi-
viduals (12) are attributed largely, if not exclusively, to underlying
CMV infection.

Except for expression of NKG2C combined with a narrow
KIR-repertoire, adaptive-like NK cell expansions have also been
reported to express high levels of CD57, LILRB1, and CD2
while largely lacking NKG2A, NKp30, CD161, EAT-2, and
FceRly expression (2, 6-8). Although the adaptive NK cells
display unique functional characteristics (2, 6-8), the phenotypic
diversity within adaptive-like expanded subsets appears lower
as compared to, e.g., the conventional CD56%™ NK cell subset
(22,23). 1t is currently unclear to which the degree the phenotype
of adaptive-like NK cell expansions is affected in settings of dis-
ease, e.g., during chronic viral infections. In this study, we utilized
expression of NKG2C, KIRs, and CD57 combined with absence
of NKG2A to identify adaptive-like NK cell expansions. We
could not detect any differences in expression of NKG2A, CD57,
and NKG2C when comparing patients with controls. However,
it is still plausible that other phenotypic traits associated with
adaptive-like expansions are uniquely affected during chronic
viral hepatitis.

It has been previously shown that KIR2DL2/3 is the most
frequently expressed KIR on expanded adaptive-like NK cells
during chronic hepatitis virus infections (12). While, we were
unable to KIR genotype the present patient cohort, to allow us to
precisely examine KIR2DL2 expression, we did observe mainte-
nance of KIR2DL3 expression and down-regulation of KIR2DL1
and KIR3DL1 in chronic hepatitis C compared to healthy con-
trols (Figure 1C). This is in line with previous results from other
groups (13, 24). Preservation of expression of KIR2DL3 may be
due either to immune adaptation or selective pressure in response
to hepatitis infection. Intriguingly, it was recently shown that
HCV sequence variation in core protein-derived HLA-presented
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FIGURE 1 | Role of underlying cytomegalovirus (CMV) infection in chronic viral hepatitis infections with respect to effects of natural killer (NK) cell
differentiation and killer-cell immunoglobulin-like receptor (KIR) expression. (A) Representative staining of differentiation-associated receptors on CD56%™
NK cells. Data shown from total lymphocytes have CD3, CD4, CD14, CD19, and dead cell marker positive cells excluded. (B) Expression of NKG2A, CD57,
NKG2C, KIR2DL1, KIR2DL3, and KIR3DL1 on CD56°™ NK cells in CMV seronegative (CMV-) or seropositive (CMV+) individuals, irrespective of hepatitis status;
CMV-n =9 and CMV* n = 79. Statistical analysis performed with Mann-Whitney test. (C) Expression of NKG2A, CD57, NKG2C, KIR2DL1, KIR2DL3, and KIR3DL1
on CD569™ NK cells in CMV seropositive individuals split into healthy (n = 23) and hepatitis virus infected [n = 20, 12, and 24 for hepatitis B virus (HBV), hepatitis C
virus (HCV), and hepatitis delta virus (HDV), respectively]. Statistical analysis performed with Kruskal-Wallis test and Dunn’s multiple comparison. Gray bar indicates
median. *p < 0.05.
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immunoglobulin-like receptor (KIR)-repertoire and adaptive-like NK cell expansions within NKG2A*NKG2C+~ (A), NKG2A-NKG2C- (B), and NKG2A-NKG2C+

(C) CD56°™ NK cell populations in CMV seropositive individuals. Upper-row figures display all KIR subpopulations [n = 23, 20, 12, and 24 for healthy individuals and
hepatitis B virus (HBV), hepatitis C virus (HCV), and hepatitis delta virus (HDV) infected individuals, respectively]. Gray bar indicates median. Bottom-row figures
display the identified expansions. The dark gray shading indicates a 5% and the light gray shading a 20% threshold for confirmation of expansions. (D) Percentage
of CMV seropositive individuals that have at least one measured expansion within the CD569™ NK cell population. Twenty percent threshold results depicted in light
colored bars. Chi-squared test for all NK cell subsets: healthy, p < 0.02; HBV, p < 0.04; HCV, p < 0.08; HDV, p < 0.01; and between NKG2A- subsets: healthy,

p =1, HBV, p=0.27; HCV, p = 1; HDV, p < 0.17. Five percent threshold results depicted as light and dark bars, Chi-squared test for all NK subsets: healthy,

p < 0.03; HBV, p < 0.074; HCV, p < 0.03; HDV, p = 0.0004; and between NKG2A- subsets: healthy, p < 0.55; HBV, p < 0.3; HCV, p = 1; HDV, p < 0.06.

epitopes alters the binding of KIR2DL3 to its HLA-ligand with
functional consequences for NK cells suggesting a potential
pathway for viral escape via KIR2DL3 (25).

There are contradictory results regarding NKG2C expression
on NK cells during hepatitis infections. A systematic review sug-
gested increased levels of NKG2C on CD56%™ NK cells during
HBYV infections relative to healthy donors (26). Further, levels of
NKG2C in HBV infections were shown to be greater than those
in HCV infections (13), while others have seen increased NKG2C
during HCV infection (24). Data from our cohorts do not con-
firm these reports. As CMV serostatus associates with NKG2C
expression, it is possible that these reported discrepancies would
disappear had CMV serological status been considered. Indeed,
such bias inferred by CMV was previously reported for individu-
als infected with HIV-1 (4).

In this study, we employed a non-parametric method to iden-
tify expanded NK cell populations. In brief, CD56%™ NK cells
were separated into subsets based on expression of NKG2A and
NKG2C, further subdivided based upon their expression profile
of KIR2DL1, KIR2DL3, and KIR3DL1, and assessed for KIR-
expressing NK cell expansions. NK cell expansions were in all

assessed patient groups and healthy controls primarily confined
within the NKG2A"NKG2C* or the NKG2A"NKG2C~ groups
of CD56%™ NK cells (Figures 2A-C). Few, if any, expansions
had an NKG2A* phenotype (Figure 2A). Although NK cell
expansions have predominantly been described as NKG2C*
(18), NKG2C~ CD2* NK cell expansions have also been reported
(6). Therefore, we speculate that the NKG2A"NKG2C~ NK cell
expansions we observed may have had another activating recep-
tor associated with their function, e.g., CD2 or activating KIRs.
Taken together, the results validated our statistical strategy for
identification of expansions, permitting us to compare how
common expanded NK cell subsets were in CMV seropositive
individuals with chronic viral hepatitis infections compared to
healthy controls.

The NK cell expansions that we identified may be the reported
adaptive-like NK cells, which lack the adaptor protein FceR1y and
have been associated with reduced liver damage in HCV infection
(15). Thus, the role for such cells, with increased levels of IFN-
y production in response to CD16 stimulation (10), should be
thoroughly assessed in acquisition and progression of hepatitis
virus infections in future studies.
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Taken together, these results suggest that the NK cell differ-
entiation status and the presence of NK cells with an adaptive
phenotype, when controlled for CMV, remain unaffected by
chronic viral hepatitis infection.
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The natural killer (NK) cell activating receptor NKp46/NCR1 plays a critical role in
elimination of virus-infected and tumor cells. The NCR7 gene can be transcribed into five
different splice variants, but the functional importance and physiological distribution of
NKp46 isoforms are not yet fully understood. Here, we shed light on differential expression
of NKp46 splice variants in viral respiratory tract infections and their functional difference
at the cellular level. NKp46 was the most predominantly expressed natural cytotoxicity
receptor in the nasal lavage of patients infected with four respiratory viruses: respiratory
syncytia virus, adenovirus, human metapneumovirus, or influenza A. Expression of
NKp30 was far lower and NKp44 was absent in all patients. Domain 1-negative NKp46
splice variants (i.e., NKp46 isoform d) were the predominantly expressed isoform in nasal
lavage following viral infections. Using our unique anti-NKp46 mAb, D2-9A5, which
recognizes the D2 extracellular domain, and a commercial anti-NKp46 mAb, 9E2, which
recognizes D1 domain, allowed us to identify a small subset of NKp46 D1-negative
splice variant-expressing cells within cultured human primary NK cells. This NKp46
D1-negative subset also showed higher degranulation efficiency in term of CD107a
surface expression. NK-92 cell lines expressing NKp46 D1-negative and NKp46
D1-positive splice variants also showed functional differences when interacting with
targets. A NKp46 D1-negative isoform-expressing NK-92 cell line showed enhanced
degranulation activity. To our knowledge, we provide the first evidence showing the
physiological distribution and functional importance of human NKp46 splice variants
under pathological conditions.
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INTRODUCTION

Acute viral respiratory tract infections represent a major public
health and economic problem, affecting all age groups and caus-
ing severe disease, especially in infancy and old age. Various
respiratory viruses, such as respiratory syncytial virus (RSV),
influenza viruses, parainfluenza viruses, and adenoviruses may
cause respiratory illness. In particular, RSV is the leading cause
of hospitalization for respiratory tract illnesses in young children
(1). Cellular immune responses play a major role in viral clear-
ance. However, they can play a pivotal role in contributing to the
pathogenesis of chronic diseases, e.g., asthma and apnea, in some
cases (2, 3). The reported clinical manifestations for viral res-
piratory infections are largely overlapping, suggesting common
regulatory pathways. Despite extensive diagnostic investigations
of the operative cellular immune responses to respiratory infec-
tions, the role of natural killer (NK) cells and their involvement
in immune responses to acute upper and lower respiratory tract
infections remain largely unknown (4). NK cells have been found
to be the major (25%) immune cells in non-squamous nasal lav-
age (5), but the specific type of NK-cells or their activity were not
studied.

Natural killer cell activity is regulated by a balance between
signals delivered by inhibitory and activating receptors. The
natural cytotoxicity receptors (NCRs) NKp46 (NCR1), NKp44
(NCR2), and NKp30 (NCR3), as well as NKG2D, are the main
activating receptors involved in mediating NK cell function in
health and disease (6, 7). NCR and NKG2D mRNAs are subjected
to alternative mRNA splicing events, resulting in the generation
of splice variants that could mediate different and even opposing
functions for the same receptor. For NKp30, three splice variants
were reported: NKp30a, NKp30b, and NKp30c. NKp30a and
NKp30b are considered as immune stimulatory isoforms and
lead to increased IFN-y and TNF-a secretion, while NKp30c
leads to IL-10 secretion and immunosuppression. NKp30 splice
variants have been studied by us and others in cancer, viral
infection, and pregnancy (8-13). Also, three splice variants for
NKp44 were reported: NKp44-1, NKp44-2, and NKp44-3. We
were the first to report that the ITIM-positive NKp44-1 splice
variant could serve as an inhibitory receptor when co-incubated
with target cells expressing PCNA (14), and our findings with
regard to the NKp44-PCNA inhibitory axis were corroborated
by others (15). In acute myeloid leukemia (AML), sole expres-
sion of NKp44-1 was associated with poor survival of newly
diagnosed patients (14). A NKp44-1-dominant inhibitory
profile predominated in healthy pregnancy gestation, but pre-
ponderance of a NKp44 activation phenotype, was associated
with pregnancy disorder (10). For NKG2D, it was reported that
a truncated human NKG2D splice isoform negatively regulates
NKG2D-mediated function (16).

Interestingly, no studies of the function and distribution of
NKp46 splice variants have been published to date. Here, we
studied the expression of NCRs in nasal lavage following res-
piratory viral infection and observed that NKp46 was expressed
abundantly. The NKp46 receptor has five main splice variants
divided into a group that contains both extracellular domains
(3 isoforms) and a group that does not express the D1 domain

(2 isoforms) (11, 17). Interestingly, the DI1-negative NKp46
splice variants were the predominant isoforms expressed in
nasal lavage following viral infection. We further showed that
the D1-negative NKp46 splice variants are more active in both a
NK cell line and primary human NK cells.

MATERIALS AND METHODS

Antibodies and Fusion-lg Proteins

The following fluorochrome conjugated anti-human mono-
clonal antibodies were used for flow cytometry: anti-CD3 (PE,
IQproducts), anti-CD56 (allophycocyanin, BioLegend), anti-
CD16 (Pacific blue, BioLegend), anti-NKp46 (Alexa Fluor 647,
clone 9E2, BioLegend), anti-NKp46 (iFluro 488, clone D2-9A5,
Gen-Script), and anti-CD107a (BrilliantViolet 421, BioLegend).
Purified anti-human monoclonal antibodies used for cell
stimulation were anti-NKp30 (clone 210847, R&D Systems) and
anti-NKp46 (clone D2-9A5). Monoclonal antibody D2-9A5 was
generated using hybridoma technology described previously (18).
HRP-conjugated goat anti-mouse IgG, Fcy fragment-specific
(Jackson ImmunoResearch Laboratories) antibody was used as
secondary antibody. Recombinant NKp46 receptor Ig proteins,
respectively, NKp46-D1 Ig, NKp46-D2 Ig, NKp46-Full Ig, and
Human Fc were generated as described previously (19, 20).

Generation of NKp46 Domain 1+ and
NKp46 Domain 1- isoform-expressing NK

Cell Lines and Cell Culture

NKp46 full length, ie., domain 1* (isoform a; matching
NM_004829.5) and NKp46-D2,i.e.,domain 1~ (isoform d; match-
ing NM_001242356.1) ¢cDNA were N-terminal FLAG-tagged
and cloned into pBMN-IRES-GFP retroviral vector. NK-92 cells
(ATCC CRL-2407), derived from human NK cell leukemia were
then transduced with the constructs to produce NK-92-NKp46-
Full (NK92-46Full) and NK-92-NKp46-D2 (NK92-46D2) cell
lines, respectively. Retroviral transduction was performed as pre-
viously described (21-24). NK-92 cell lines were then grown in
Alpha-MEM medium (Gibco, Life Technologies) supplemented
with 10% horse serum, 10% FBS, 0.2 mM myo-inositol (Sigma),
0.1 mM B-mercaptoethanol (Sigma), 0.02 mM folic acid (Fisher
Scientific), 100 IU/mL of recombinant human IL-2 (PeproTech),
and 1% penicillin/streptomycin (Life Technologies). HEK293T,
SV40 large T Ag-transfected HEK293 cells (CRL-11268) were
used as target cell lines. HEK293T cells were cultured in DMEM
(Gibco, Life Technologies) medium supplemented with 10% FBS
and 1% penicillin/streptomycin. Cell lines were grown in a 5%
CO; humidified 37°C incubator.

Isolation and Culture of Primary Human
NK Cells

Natural killer cell isolation was done from peripheral blood
of healthy volunteer donors, who were recruited by informed
consent as approved by the Ben-Gurion University of The Negev
Institutional Review Board, using the RosetteSep Human NK cell
Enrichment Cocktail kit (Stem Cell Technologies). After purifica-
tion, cells were cultured in CellGro stem cell serum-free growth
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medium (CellGenix) supplemented with 10% heat-inactivated
human plasma from healthy donors, 1 mM sodium pyruvate,
2 mM r-glutamine, 1X MEM non-essential amino acids, 1%
penicillin/streptomycin, 10 mM HEPES (Life Technologies), and
300 IU/ml human IL-2 (PeproTech) (23, 25).

Samples

Respiratory specimens, mainly nasal washes, were routinely
obtained from hospitalized children with acute respiratory tract
infection or from healthy children undergoing elective procedures
(control group). Samples of nasopharyngeal washing (NPW)
were tested for respiratory virus infections by real-time PCR (26).
Briefly, nucleic acid extraction was performed using NucliSense
EasyMag (Biomerieux, Marcy I'Etoile, France), according to
the manufacturer’s instructions. One milliliter of aspirate was
extracted into 50 pl of elution solution. Amplification was carried
out in a final volume of 10 pl, using the RNA Ultrasense One-step
qRT-PCR system (Invitrogen, Carlsbad, CA, USA) with 4 pl of
nucleic acid and four sets of primers and probes to detect four
viruses, and an internal control (IC) set (27). Samples positive
for respiratory syncytia virus (RSV), adenovirus (ADV), human
metapneumovirus (HMPV), or influenza A (FLUA HINT1 strain),
along with healthy controls, were included in the study.

Ethics Statement

The number of the Ethics Committee approval is 0113-14-SOR.
The approval is to get respiratory specimens from children under
5 years old (hospitalized or healthy controls undergoing elec-
tive procedures). It includes the requirement to sign a written
informed consent by the parents.

RNA Extraction, Reverse Transcription,
Real-time Reverse Transcriptase
Polymerase Chain Reaction (QRTPCR),

and Primer Set Efficiencies

qRTPCR for NCRs

The sets of primers and probes used to detect the NCRs were
all designed to span an intron or a splice junction, and thus test
differentially spliced RNA transcripts, avoiding testing of DNA in
the samples. The primers and probes were described in Table S1
in Supplementary Material. Each sample (extracted as described
above, from NPW) was tested in parallel for NKp30, NKp44,
and NKp46. Amplification was carried out in a final volume of
20 pl, using the RNA UltraSense One-Step qRT-PCR system
(Invitrogen, Carlsbad, CA, USA) with 4 pl of nucleic acid and the
relevant set of primers and probes. Samples that were positive for
NKp46 were further analyzed for the NKp46 isoforms, specifi-
cally the presence of D1 domain, see Table S2 in Supplementary
Material for primers—probes combinations.

Flow Cytometry

Human primary NK cells (10° cells/condition) were incubated
with CD3-PE, CD56-APC, and CD16-Pacific blue mAbs (1 pg/
ml) on ice for 1 h, washed and NK purity was checked. Primary
NK cells from day 14, 21, and 28 culture were double stained
on ice with anti-NKp46-Alexa Fluor 647 (clone 9E2) and

anti-NKp46-iFluro 488 (clone D2-9A5) mAbs (1 pg/ml) for 1 h,
washed and assessed for isoform development. Flow cytometry
was done using on a Gallios instrument (Beckman Coulter) and
FACS data were analyzed using Flow]Jo software (Tree Star, Inc.).

Cell Stimulation and Flow Cytometry-

Based Degranulation Assay

For the NK cell degranulation assay, 96 well U-bottom plates
were coated with 1.5 and 5 pg/ml of anti-NKp46 mAb (clone
D2-9A5) and anti-NKp30 (clone 210847) mAb overnight at 4°C.
After washing, 10° human primary NK cells were added for each
condition along with BrilliantViolet 421-conjugated anti-CD107a
mAb (1:400 final dilutions). After 4 h of incubation (37°C, 5%
COy), cells were washed and stained again with the same anti-
CD107a mAb (1:400 final dilution) and anti-NKp46 conjugated
with Alexa Fluor 647 (clone 9E2). Percentages of CD107a* cells
were assessed from both 9E2-positive and -negative population.
The NK-92 cell line was transduced to express NKp46 full-IRES-
GFP (NK92-46Full) and the NK-92 cell line expressing NKp46
D2-IRES-GFP (NK92-46D2) were separately co-incubated for
4h (37°C, 5% CO,) with HEK293T cells using a E:T ratio of 1:1,
1:2, or 1:5 along with BrilliantViolet 421-conjugated anti-CD107a
mAb (1:400 final dilutions). Then, the cells were washed and
stained again with BrilliantViolet 421-conjugated anti-CD107a
mAb (1:400 final dilutions). NK-92 cells expressing the same
level of GFP (correlating with equivalent levels of NKp46 isoform
expression) were gated and percentages of CD107a* cells were
analyzed. Flow cytometry was done using Gallios instrument
(Beckman Coulter) and FACS data were analyzed using Flow]Jo
software (Tree Star, Inc.).

ELISA Assay

ELISA plates were coated overnight at 4°C with 1 pg/ml of recom-
binant NKp46 receptor Ig proteins (NKp46-D1 Ig, NKp46-D2 Ig,
and NKp46-Full Ig) and Human Fc as control. After washing, the
plates were blocked with skimmed milk followed by incubation
with 1 pg/ml of anti-NKp46 mAbD (clone 9E2 or clone D2-9A5).
Detection was done using HRP-conjugated goat anti-mouse IgG
(1:1000 final dilution). OD was measured at 650 nm with a Dynex
Technologies MRX microplate reader.

Statistical Analysis

Graphics and statistical analysis were performed using GraphPad/
Prism5, OriginPro8, and Microsoft Office/Excel software.
Statistical significance was calculated using Mann-Whitney U
or Wilcoxon rank-sum test and One-way ANOVA. p < 0.05 was
considered statistically significant.

RESULTS

Expression of NCRs, NKp46 Isoforms, and

Cytokines in Nasal Lavage

The assessment of NCR expression in the upper airways during
viral infection was carried out using QRTPCR analysis. Three
sets of primers and probe (Tables S1 and S2 in Supplementary
Material) were designed for each of the three NCRs (NKp46,
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NKp44 and NKp30). Samples taken from nasal lavage (using nasal
wash) of hospitalized patients with respiratory tract infection
were tested. The most prevalent viruses that are found in these
patients were chosen: 34 infected with RSV (respiratory syncy-
tial virus) and 12 infected with HMPV, both ssRNA(+) viruses
from the Pneumoviridae family; 24 infected with ADV, dsDNA
viruses; and 14 infected with FLUA (influenza A) a segmented
ssRNA(—) virus from the Orthomyxoviridae. Fifteen samples of
healthy controls that arrived to the hospital for elective surgery
were included in the study as well. Expression of the three NCRs
was tested along with an IC, which is used to monitor for RNA
extraction and for the PCR process (ERV-3 transcript, see Table
S1in Supplementary Material). To summarize, 83% (70 out of 84)
of the infected samples were positive for NKp46 receptor, 18%
(15 out of 84) were positive for NKp30, and none were positive
for NKp44 (Figure 1A, detailing for the different viruses). All
NKp30-positive samples were also positive for NKp46.

In the healthy control samples, 27% (4 out of 15) were
positive for NKp46 and none was positive for NKp30 or NKp44
(Figure 1A). However, NKp46 expression in the nasal lavage of
the infected samples was considerably higher as compared to
the NKp46 expression in the nasal lavage of the four NKp46*
healthy controls (Figure 1B). The fact that NKp46 was widely
detected in samples from infected individuals (88, 79, 71, and
92% for RSV, ADV, FLUA, and HMPYV, respectively, Figure 1A),
but not in most healthy individuals, suggests that NKp46 is a
preferred receptor in the immune cells infiltrating the nasal
lavage during viral infections regardless of the type of viral
infection.

Natural killer cells, the prototypical member of group 1 innate
lymphoid cells (ILCs) express NKp46 (28, 29) and can invade
nasal lavage (30, 31).

We, next, investigated the expression of NKp46 isoforms in
the nasal lavage following respiratory viral infection. Differential
expression of NKp30 and NKp44 isoforms was reported for
different diseases (8-10, 12-14, 16); yet, the distribution of
NKp46 isoforms was not studied. The NKp46 receptor has five
main splice variants divided into two groups; one group (3 splice
variants) contains the domain 1 (D1) region (contains Exon 3)
and the other group (2) does not contain the D1 region (lacks
Exon 3) (17). We previously published that domain 2 (D2) but
not domain 1 (D1), of NKp46 is involved in the recognition of
cellular ligands and that recognition of viral hemagglutinins
(HA) involve the hinge region connecting domain 2 to the NK
cell membrane (32). Therefore, we assessed the expression of
D1-positive NKp46 mRNAs in nasal lavage following respiratory
viral infection. The samples were screened by qRTPCR, and the
results are shown in Figure 2. In parallel, each assay included
three positive controls: NK cell lines (positive control cell line that
contains D1-negative and D1-positive NKp46 isoforms), isolated
PBMCs, and whole blood samples of healthy adult individuals
(the latter two are depicted in Figure 2). Figure 2 shows that most
of the samples from the nasal lavage expressed NKp46 that lacked
the D1 domain (75, 71, 57, and 77% for RSV, ADV, FLUA, and
HMPYV, respectively). In contrast, none of the positive controls
was negative for expression of the NKp46 D1 isoforms (Figure 2
for PBMC/blood controls).
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FIGURE 1 | Viral respiratory infections are accompanied by a specific
pattern of natural cytotoxicity receptor (NCR) expression. Nucleic
acids were extracted from nasal wash samples, obtained from patients with
respiratory viral infections, respectively, respiratory syncytial virus, adenovirus,
human metapneumovirus, and influenza A, along with healthy controls and
then were tested for MRNA expression of the three NCRs (NKp30, NKp44,
and NKp46) by gRTPCR. (A) Depicted are the number of patients positive
and negative for expression of NKp46, as well as NKp30. Purified PBMCs
from healthy controls or whole blood served as a positive control in each test.
NKp44 receptor expression was not found in any of the samples. (B) NKp46
mMRNA expression was compared between healthy and each of the
virus-infected groups. Graph bars show mean + SEM. Statistical significance
was calculated by Mann-Whitney U or Wilcoxon rank-sum test. p < 0.05
was considered as statically significant.

NK-92 Cell Line Expressing the NKp46-
Isoform d (D1-Negative) is Functionally
More Active Than NK-92 Cell Line
Expressing the Canonical NKp46-Isoform
a (D1-Positive)

The NKp46 receptor consists of two Ig-C2-like ectodomains,

D1 and D2 (33). As aforementioned, the NKp46 receptor has
five main splice variants divided into a group that contains both
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FIGURE 2 | Expression of D1-positive NKp46 isoforms in nasal wash is rare. The presence or absence of NKp46 D1-positive isoforms in samples were
tested using two sets of specific primers and probes that span exon4 and exon5 (for NKp46 total) and the D1-positive region (Exon3, see Tables S1 and S2 in
Supplementary Material for details). Shown are the total number of NKp46 receptor-positive samples that were found in each type of virus tested, and distribution of
D1-positive isoforms and D1-negative isoforms (calculated from the subtraction of D1-positive samples from the number of samples positive for total NKp46).
Purified PBMCs from healthy controls or whole blood served as a positive control in each test. *Low levels of D1-negative splice variants were shown for PBMCs in
a different gRTPCR assay with a Fw-primer targeting the conjugated Ex2—Ex4 sequence (following the exclusion of the Domain-1 coding Exon 3). However, in this

Figure, D1-negative is calculated as described above.

ectodomains (3 isoforms) and a group that does not express the
D1 domain (2 isoforms) (11, 17). We, thus, investigated the func-
tion of a representative from each group: the canonical NKp46
receptor, i.e., NKp46 full (isoform a; matching NM_004829.5)
and the single domain NKp46-D2 (isoform d; matching
NM_001242356.1) (Figure 3A).

We generated NK-92 cell lines expressing splice variants a
(D1-positive) and d (D1-negative) using a lentiviral gene delivery
approach (NK92-46Full and NK92-46D2, respectively) and stud-
ied degranulation activity of these two cell lines upon interaction
with cancer cells. We measured the CD107a surface expression
as a degranulation marker. NK92-46Full and NK92-46D2 were
co-incubated with HEK293T cell line in an E:T ratio of 1:1, 1:2,
1:5 for 4 h and CD107a surface staining was performed. Since
GFP was co-expressed with the transduced NKp46 splice vari-
ant, we could measure CD107a expression for NK92-46Full and
NK92-46D2 expressing the same levels of transduced NKp46.
We observed that for each E:T ratio, degranulation efficacy was
significantly higher for NK92-46D2 as compared to NK92-46Full
cells (Figure 3B, summary of 3 experiments).

Cultured Human Primary NK Cells Develop
a NKp46 D1-Negative-Dominant

Subpopulation Manifesting Higher Activity
We previously developed the anti-NKp46 mAb, D2-9A5, which
recognizes NKp46D2 (34). An ELISA assay to test for reactivity

of the commercial anti-NKp46 mAb, clone 9E2, with recombi-
nant NKp46D1-Ig, NKp46D2-Ig, and NKp46full-Ig revealed
the recognition of NKp46D1 and NKp46full, but not NKp46D2
(Figure S1 in Supplementary Material). In contrast, D2-9A5 mAb
recognized NKp46D2 and NKp46full, but not NKp46D1 (Figure
S1 in Supplementary Material). Neither mAb reacted with nega-
tive control human Fc (Figure S1 in Supplementary Material).
Similarly, the 9E2 mAb stained very positively NK92-46Full
cells but to a significantly lesser extent the NK92-46D2 cells,
while D2-9A5 mAb stained both cell lines similarly (Figure S2
in Supplementary Material). The low staining of NK92-46D2 by
9E2 antibody probably reflects the endogenous NKp46 expressed
by NK-92 cells. Since both mAbs stain different domains, cross-
reactivityisnotalikely scenario. Yet, we did test for cross-reactivity
by staining purified primary human NK cells either with each of
the mAbs alone or by double staining with both mAbs. Figure
S3 in Supplementary Material shows that the intensity of single
staining with each of the m Abs was similar to its staining intensity
in the double staining condition; thus demonstrating that 9E2
does not block D2-9A5 and vice versa. Therefore, we could use
these antibodies together in flow cytometry analysis to test for the
presence of a primary human NK subset in healthy controls that
expresses only/mostly the D1-negative splice variant, as predicted
from the RTPCR results from the nasal lavage of patients infected
with respiratory viruses (Figure 2).

Since we could not retrieve live NK cells from nasal lavage
of infected patients, we tested PBMCs. In freshly purified NK
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FIGURE 3 | Natural killer (NK)-92 cell line expressing the NKp46
D1-negative isoform is functionally more active than NK-92 cell line
expressing the canonical NKp46. (A) Schematic diagram of the canonical
NKp46 receptor, i.e., NKp46 full (isoform a; matching NM_004829.5) and
D1-negative splice variants of NKp46 receptor, i.e., NKp46 D2 (isoform d;
matching NM_001242356.1). Domain 1(D1) within exon3, domain 2(D2)
within exon4, transmembrane domain, and cytoplasmic domain (CY) within
exon? are marked. “A” shown between exons 5 and 6 note the Alanine AA
existing in these isoforms. (B) To show degranulation efficiency, NK-92 cell
line expressing NKp46 full, IRES-GFP (NK92-46Full), and NK-92 cell line
expressing NKp46 D2, IRES-GFP (NK92-46D2) were co-incubated for 4 h
with HEK293T cells then washed and stained for CD107a. Percentages of
CD107a positive cells were analyzed by flow cytometry. The results are from
three experiments. Graph bars show mean + SEM. p < 0.05, ANOVA.

cells, we could not observe a subset that expresses only the
NKp46D1-negative splice variants. Yet, when we cultured
human primary NK cells in the presence of 300 IU of recom-
binant human IL-2, they gradually developed a small but very
distinct subpopulation that express only NKp46D1-negative
splice variants, i.e., cells that were stained with D2-9A5 mAb,
but not with 9E2 mAb. The D2-9A5*9E2~ NK subset was
evident at levels of 5% (14-day culture), 8% (21-day culture),
and 10% (28-day culture) (Figures 4A,B). To investigate the
functional relevance of this subset in primary NK cells, we
assessed the degranulation potential of these cells as compared
to the D2-9A5%9E2* cultured NK cells. We stimulated the cells
with anti-NKp30 or with anti-NKp46 (D2-9A5) mAbs and
tested CD107a expression. Figure 4C shows that cultured NK
cells lacking the D1 domain (D2-9A5%9E2°) were significantly
more active as compared to cultured NK cells expressing the
D1 domain (D2-9A5%9E2*). Taken together, our data reveal
the evolution of NKp46 splice variants within primary NK
cells over time, and their differential ability to release cytolytic
granules.

DISCUSSION

We showed that NKp46 is not expressed regularly in the nasal
lavage of healthy controls, but this receptor was highly expressed
in the human nasal lavage from patients infected with various
respiratory viruses (Figure 1). NKp46 is constitutively expressed
by NK cells that are part of group 1 ILCs (28, 29). Other ILCs,
such as intraepithelial (lung and intestine) ILC1 and NCR* ILC3
subsets, also expressed NKp46 (28). Most non-NK ILC subsets
that constitutively express NKp46, also manifest constitutive
expression of NKp44; in contrast, peripheral blood NK cells
express NKp44 only after stimulation. Therefore, our failure to
observe any NKp44 expression in the human nasal lavage in
parallel with NKp46 expression, indicates that the ILCs migrating
to the nasal lavage upon respiratory nasal infection, are probably
NK cells (35, 36).

Natural killer cells are capable of migrating to virus-infected
tissue (30, 31) and specifically for IV infection, CCR2 was shown
in mice to mediate the migration of NK cells during influenza
virus infection (37). The immunopathology of upper respira-
tory tract viral infection is characterized by a complex interplay
between respiratory virus, resident lung epithelial cells and infil-
trating innate and adaptive immune cells. NK cells are one of the
important immune cell types recruited into the infected respira-
tory tract to clear virus and resolve the infection. In addition to
directly killing virus-infected cells, NK cells produce significant
amounts of IFN-y to augment cytotoxic T lymphocyte activity
(31). NKp46 is a primary activating receptor mediating NK cell
antiviral function (6, 7); a number of virus-derived ligands rec-
ognized directly by NKp46 have been reported. We have shown
that NCRs, particularly NKp46, are involved in the functional
recognition of viral HA and hemagglutinin-neuraminidases
(38-41). Other groups have similarly reported the involvement
of NKp46 and other NCRs in the recognition of viruses (42, 43).

The NKp46 receptor can be encoded by five major splice
variants that can be divided into a group that contains both ecto-
domains (3 isoforms) and a group that does not express the D1
domain (2 isoforms) (11, 17). We showed that D1-positive splice
variants are rare in the nasal lavage; therefore, the D1-negative
splice variants are the dominant splice variants in the nasal lav-
age following respiratory viral infection (Figure 2). These results
are in concordance with our previous reports that the NKp46
recognition site of viral ligands involve the membrane-proximal
domain (domain 2) and the hinge peptide connecting NKp46-D2
to the cell membrane, but does not involve the membrane distal
domain D1 (32). Differential tissue distribution of NCR splice
variants has been previously reported for NKp30 and NKp44, but
this is the first report of differential distribution of NKp46 splice
variants. It was previously reported that NKp30 and NKp44 splice
variant profiles differ between decidua basalis NK (dNK) cells
and peripheral blood NK (pNK) cells. The NKp44-1 splice variant
was shown to be significantly expressed in dNK cells compared to
PNK cells, and the decidual cytokine milieu can change the splice
variant profile of pNK cells to mimic that of dNK cells (11). Our
recent observations also showed that a NKp44-1%™" jnhibitory
profile predominates in dNK cells in healthy pregnancy gestation,
whereas a NKp44-2/3%minant activation profile proved to be more
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FIGURE 4 | Continued

Human primary natural killer (NK) cells when cultured in vitro became enriched with a distinct subpopulation expressing mostly the NKp46
D1-negative isoforms (NKp46 D2) that are functionally more active. (A) Primary NK cells were stained with anti-CD3, anti-CD56, and anti-CD16 mAb to
determine the percentage of CD3- CD56* NK cells and their CD16 expression. (B) Primary NK cells were double stained with anti-NKp46-Alexa Fluor 647 (clone
9E2) and anti-NKp46-iFluor 488 (clone D29A5) mAb at day 14, 21, and 28 of culture to show the development of NKp46 D1-negative isoforms. (C) When primary
NK cells of day 28 culture were cross-linked for 4 h in a 96-well plate, coated with anti-NKp46 mAb (clone D29A5) and anti-NKp30 (clone 210847), then double
stained with anti-CD107a and anti-NKp46 (clone 9E2), NK cells expressing the NKp46 D1-negative isoform became more active. Staining results were analyzed by
flow cytometry. The results are from one representative experiment of triplicates. Graph bars show mean + SEM (p < 0.05, ANOVA.

prevalent in cases of spontaneous abortions. No significant differ-
ences were observed in NKp30 splice variant expression profiles
in dNK cells when comparing healthy gestation and spontaneous
abortions (44). Recently we also reported that among the three
different splice variants of NKp44, the inhibitory NKp44-1
isoform was significantly associated with poor survival of AML
patients (14). In the case of gastrointestinal sarcoma tumors
(GIST), distinct NKp30 splice variant profiles were observed in
peripheral blood NK cells, as compared to healthy individuals
(8). In that study, the immunosuppressive NKp30c isoform was
expressed more prominently in individuals with GIST (8).

The differential distribution of NKp30 and NKp44 splice
variants was associated with alterations in function of the dif-
ferent splice variants. In particular, inhibitory splice variants
were identified and characterized for both NKp30 and NKp44
(8, 14, 44). In our studies with NK cell lines transfected with dif-
ferent NKp46 splice variants, we showed a functional difference
between a D1-positive and a D1-negative splice variant, with a
tendency of the D1-negative splice variant to exert a better NK
cell degranulation response (Figure 3). Yet, this difference could
not define the D1-positive splice variant as a suppressor variant.
We were able to use anti-NKp46 mAbs that specifically stain
domain 1 or domain 2, to identify primary human NK cells that
more readily express D1-negative splice variants (Figures S1-S3
in Supplementary Material). NK cells expressing only the NKp46
D1-negative splice variants were negligible in peripheral blood;
yet, following prolonged in vitro culture with IL-2, a small but
distinct NK subset expressing mostly the D1-negative splice vari-
ants was observed. In accordance with the results from the NK
cell lines, these D1-negative primary human NK cells exhibited
a significantly better degranulation response, as compared to
the other IL-2 cultured NK cells expressing both D1-negative
and D1-positive NKp46 transcripts (Figure 4). We previously
reported the evolution of a NK cell subset expressing a specific
splice variant of NKp44 (14, 44), and the microenvironment of
placenta, as well as tumor, was enriched with TGF-p and other
cytokines that can actively modulate NKp44 splice variant
expression. The development of NK cells expressing inhibitory
NKp44 and NKp30 splice variants, orchestrated by cytokine
milieu within placenta and tumor, provides a unique mechanism
of immune tolerance.

The question whether or not the two splice variant groups
(D1-negative and DI1-positive NKp46 isoforms) are mutually
exclusive, or can exist within the same NK cell, remained to
be further explored. Yet, our D1-D2 antibody staining results
of IL-2-maintained primary NK cells indicate the develop-
ment of NK cell subset expressing mostly the D1-negative

splice variants. Single-cell genomic analysis assays should be
performed to assess the RNA splice variant distribution in the
level of the single cell. Following the setting of single NK cell
expressing mostly the D1-negative splice variants, the second
subject to be resolved is whether the NK cells migrating to an
active site are comprised mostly from cells expressing the same
pattern of splice variants. Our results with the nasal lavage
following respiratory viral infection point to a setting of NK cells
manifesting similar phenotype of NKp46 D1-negative splice
variants. Our recent studies with NKp44 splice variants indicate
that dominant expression of splice variant (NKp44 isoform 1)
can be observed in NK clones (14); moreover, we showed that
NK cell subset in specific organs, e.g. the first trimester decidua
in normal pregnancy, has the same splice variant profile which
is mostly NKp44 isoform 1 (44).

To recapitulate, for the first time, this study demonstrates
alterations in the distribution of NCRI splice variants within
nasal mucosa following respiratory viral infections, as well as
the ability of cytokine stimulation to modulate the NKp46 splice
variant expression profile, which may be representative of condi-
tions in the infected respiratory tract. In addition, we also provide
evidence for functional differences between the NCRI splice
variants, since the NKp46 domain 1-negative isoform proved to
be functionally more active.
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Department of Immunology and Infection, London School of Hygiene and Tropical Medicine, London, UK

Until recently, studies of natural killer (NK) cells in infection have focused almost entirely
on their role in viral infections. However, there is an increasing awareness of the poten-
tial for NK cells to contribute to the control of a wider range of pathogens, including
intracellular parasites such as Plasmodium spp. Given the high prevalence of parasitic
diseases in the developing world and the devastating effects these pathogens have on
large numbers of vulnerable people, investigating interactions between NK cells and
parasitized host cells presents the opportunity to reveal novel immunological mecha-
nisms with the potential to aid efforts to eradicate these diseases. The capacity of NK
cells to produce inflammatory cytokines early after malaria infection, as well as a possible
role in direct cytotoxic killing of malaria-infected cells, suggests a beneficial impact of
NK cells in this disease. However, NK cells may also contribute to overproduction of
pro-inflammatory cytokines and the consequent immunopathology. As comparatively
little is known about the role of NK cells later in the course of infection, and growing
evidence suggests that heterogeneity in NK cell responses to malaria may be influenced
by KIR/HLA interactions, a better understanding of the mechanisms by which NK cells
might directly interact with parasitized cells may reveal a new role for these cells in the
course of malaria infection.

Keywords: NK cells, malaria, inflammatory cytokines, cytotoxic killing, KIR

INTRODUCTION

Natural killer (NK) cells are a subset of lymphocytes that contribute to the control of cancers and
infections through the production of pro-inflammatory cytokines and the destruction of damaged,
dysfunctional or infected host cells via cytotoxic activity [reviewed in Ref. (1)]. They typically con-
stitute about 10% of peripheral blood mononuclear cells (PBMCs), although there is considerable
variation between individuals. The activity of NK cells is regulated by binding of antibody-antigen
complexes to the Fc receptor CD16 (2), expression of a large range of activating and inhibitory
receptors used to directly “read” the surface of potentially infected or dysfunctional cells [reviewed
in Ref. (3, 4)], and expression of receptors for cytokines such as interleukin (IL)-12,IL-15, IL-18 and
IL-2 [reviewed in Ref. (5)]. Healthy cells express ligands for inhibitory NK cell receptors, ensuring
that they are “ignored” by patrolling NK cells, but these ligands are downregulated on damaged
or diseased cells, while activating signals (so-called “stress ligands”) may be upregulated, making
the cells clear targets for NK cell-mediated destruction. Moreover, pro-inflammatory cytokines can
override ligand-mediated inhibitory signals, thereby allowing NK cells to participate in systemic
immune responses by producing inflammatory cytokines (6-8).
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Although traditionally classed as innate lymphocytes, recent
work has suggested that NK cells may participate in adap-
tive immune responses and may also exhibit immunological
“memory” or “memory-like” responses leading to significantly
higher cytokine production and enhanced cytotoxic responses
upon restimulation. This topic was recently comprehensively
reviewed by Cerwenka and Lanier (9), but, in brief, enhanced
NK cell responses have been described after infection with
viruses, after exposure to haptens, and after in vitro stimulation
with cytokines. Very recently, enhanced responses of human
peripheral blood NK cells have also been observed ex vivo after
influenza vaccination (10). While there is some evidence in
murine systems, and more recently in rhesus macaques (11), that
these “memory” NK cell responses may be antigen specific, this
has only been shown definitively for liver-resident NK cells (12,
13) and the only well-characterized receptor-ligand interaction is
the mouse Ly49 receptor family binding murine cytomegalovirus
(MCMV) ligands (14-17). In the case of human CMV (HCMV),
the functionally equivalent interaction is mediated by heterodi-
meric CD94/NKG2A and CD94/NKG2C receptors which recog-
nize peptides from HCMV bound to human leukocyte antigen
(HLA)-E (18) and which induce characteristic expansions of the
NKG2C* NK cell subset and epigenetic modifications of the NK
cell genome (19-22) [reviewed in Ref. (23)]. However, in many
cases such as in studies on malaria, rabies, and influenza, these
enhanced secondary responses are at least partly attributable to
indirect activation of NK cells by memory T cell-derived IL-2
rather than to true “memory” on the part of NK cells themselves
(10, 24-26). This proxy recall response was first identified during
influenza vaccination by He et al. (27) and then by Horowitz
et al. (24) in response to rabies vaccination. Subsequent studies
have demonstrated a similar IL-2-dependent effect in response to
malaria-infected erythrocytes (25). Regardless of the underlying
mechanism, this raises the intriguing possibility that NK cells
may contribute substantially to immune responses after malaria
vaccination, and preliminary studies have already demonstrated
enhanced NK cell activation in response to increased T cell
IL-2 production in individuals vaccinated with the RTS,S/AS01
malaria vaccine (26).

Given this evidence, there is considerable interest in gaining
a better understanding of the mechanisms by which NK cells are
activated during malaria infections and whether this is beneficial
or detrimental. Such research will serve to clarify the basic func-
tions of NK cells during infection with intracellular protozoa
and, potentially, to target an effective immune mechanism during
vaccine development. In this review, we summarize the current
state of knowledge of the role of NK cells during malaria infection
and malaria vaccination, both in humans and in experimental
murine infections.

MECHANISMS OF NK CELL ACTIVATION

Natural killer cells were classically considered “natural” killers
because, unlike T cells, they do not require prior exposure to
antigen before being able to engage and kill target cells, although
it is now understood that they require a complex process of
education and licensing in order to become fully functional (7,

28). During infection, the main functions of NK cells are cytokine
production and cytotoxic killing of infected host cells. These
activities can be triggered by three distinct but complementary
activation pathways: cytokine activation, antibody-dependent
cell-mediated cytotoxicity (ADCC), and loss of inhibitory signal-
ing due to downregulation or mismatching of major histocom-
patibility complex (MHC) class I (the missing-self hypothesis).
NK cells can be activated via a plethora of host (target) cell
surface receptors, including activating members of the killer cell
immunoglobulin-like receptor (KIR) family that bind to MHC
molecules [reviewed in Ref. (29)], killer lectin-like receptors
(KLRs) such as NKG2D homodimers and CD94/NKG2A and
CD94/NKG2C heterodimers that interact with HLA-E, and
natural cytotoxicity receptors (NCRs) such as NKp30 and NKp46
which are believed to recognize pathogen-encoded ligands
[reviewed in Ref. (30)]. The outcome of these interactions can
be direct lysis of the target cell by the NK cell, which implies an
important role for NK cells in killing infected or diseased cells.
NK cells also constitutively express receptor subunits for IL-15,
IL-18, and IL-12, as well as the low-affinity receptor for IL-2. The
high-affinity IL-2 receptor a chain (CD25) is upregulated upon
activation, allowing NK cells to become activated by cytokines as
a result of local or systemic inflammation (8, 31).

Natural killer cells are also significant producers of inflamma-
tory cytokines during early infection, prior to the priming, clonal
expansion and activation of antigen-specific T cells (32-35); in
particular, NK cells are an important source of interferon gamma
(IEN-y). In vitro, NK cells are capable of producing IFN-y after
activation by exogenous cytokines, in particular IL-12 and IL-18
(8, 31, 36, 37). However, during infection, various cytokines are
produced at different times from diverse cellular sources, allowing
NK cell responses to be finely controlled so that pathogen growth
and dissemination is constrained while simultaneously limiting
the pathology caused by uncontrolled inflammation (38-40).
For example, during infection with two classic Thl-inducing
pathogens, Salmonella enterica and Plasmodium falciparum,
NK cells require activating signals from three distinct sources:
a priming or pre-activation signal of either IL-2 or IL-15 from T
cells or dendritic cells (DCs) respectively, IL-12 and IL-18 from
macrophages, and direct contact with macrophages (41, 42).
Activation via these pathways allows synthesis of IFN-y by NK
cells that induces downstream transcription of IFN-controlled
genes, thereby leading to macrophage activation and killing of
target cells or pathogens.

MALARIA SYMPTOMS AND SPREAD

Perhaps the most infamous family of protozoan parasites affect-
ing humans is Plasmodium, the causative agent of malaria in a
range of mammalian and non-mammalian hosts. The parasites
are carried by numerous species of mosquito vectors of the
Anopheles genus and are transmitted by female mosquitoes
during hematophagy. During a single bite, between a dozen and
several hundred motile and infectious malaria sporozoites are
inoculated into the skin of the mammalian host from the salivary
glands of the mosquito; they then disseminate to the liver via
the blood stream to initiate the intravertebrate developmental
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pathway (43-45). The developmental pathway of the Plasmodium
parasite within its vertebrate host comprises multiple life stages
exhibiting both constitutive and stage-specific genomic and
proteomic expression (46). Of particular clinical relevance is the
intra-erythrocytic stage during which merozoites enter eryth-
rocytes and develop into trophozoites and large, multinucleated
schizonts. These schizonts then lyse their host cells in order to
release the next generation of merozoites into the circulation and
repeat the hematic replication cycle (Figure 1).

In humans, this intra-erythrocytic stage of the parasite life
cycle causes the symptoms of malaria infection. The lysis of
erythrocytes can lead to severe anemia, and structural changes
induced in the red blood cell membrane by the parasite can lead
to vascular sequestration (i.e., adherence of parasitized erythro-
cytes to vascular endothelium, causing blockage of small blood
vessels). Anemia and sequestration can in turn lead to systemic
lactic acidosis due to reduced oxygen delivery to the tissues, and
in the brain can lead to cerebral malaria, resulting in seizures,
coma, and potentially death [reviewed in Ref. (47)]. Excessive
inflammatory immune responses, characterized as high levels of
IL-1, IL-6, IFN-y, and TNFa, exacerbate these direct effects of
parasitemia, leading to immunopathology (39, 48-51). However,
an insufficient inflammatory response is conversely associ-
ated with increased parasitemia and poorer outcomes (39, 40),
indicating that an optimal immunological response to malaria
is a delicate balancing act. The nature of this paradox will be
discussed in detail later in this review.

It is estimated that 3.2 billion people are currently at risk of
developing malaria, and in 2015 alone there were an estimated
212 million cases of malaria leading to approximately 429,000
deaths worldwide; of these deaths, 70% were in children under
5 years old (52). The burden of malaria falls most heavily on Sub-
Saharan Africa and South Asia; 80% of cases and 90% of deaths
occurred in Africa, with the Democratic Republic of the Congo
and Nigeria alone accounting for an estimated 35% of global
malaria mortality. Current methods for controlling the spread
of malaria include the use of long-lasting insecticide-treated bed
nets, residual indoor spraying with insecticides, chemopreven-
tion in vulnerable individuals, and combination drug treatment
of infected individuals (52). While these tools have curbed the
transmission of malaria in the last decades, it is widely accepted
by both researchers and public health officials that sustainable
malaria control or elimination would be facilitated by a highly
effective malaria vaccine, the development of which requires a
greater scientific understanding of the interaction between the
human immune system and Plasmodium parasites.

There are currently six species of Plasmodium that are
known to cause malaria in humans (53), in addition to three
capable of causing similar symptoms in mice [reviewed in Ref.
(54)] (Table 1). Of the six species capable of infecting humans,
P, falciparum and P. vivax are responsible for most malaria deaths
worldwide. P. falciparum is responsible for most malaria deaths
in Africa (and therefore most global deaths due to Africa’s dis-
proportionate malarial burden) and is the most studied human
strain of malaria, which is greatly assisted by its tolerance for
in vitro laboratory culture. By contrast, P. vivax has so far been
unamenable to long-term laboratory culture. This is a major

impediment to further understanding of this species, contribut-
ing to its continued status as a major health burden across Asia
and South America.

MALARIA IN MICE AND THE
IMPORTANCE OF NK CELLS

A rapid and robust pro-inflammatory immune response is
essential for control of malaria parasitemia. Much of the research
underpinning this observation has been performed in mice
infected with species of Plasmodium that naturally infect wild
rodents, and has shown a crucial role for IFN-y in parasite control
and clearance (55-57) [reviewed in Ref. (58)] and a decreased
likelihood of mice developing the severe symptoms of cerebral
malaria (59). It is worth noting, however, that the effects of IFN-y
during Plasmodium infection vary depending on the amount pro-
duced, the time course of cytokine production, and the particular
characteristics of the Plasmodium strain involved (Table 2). IFN-
v is a crucial mediator of antimalarial effector mechanisms and is
thought to act primarily by activating macrophages to phagocytose
merozoites and parasitized erythrocytes in both an opsonization-
dependent (60) and opsonization-independent manner (61), and
by inducing macrophages to produce parasiticidal free radicals
such as nitric oxide (NO) and superoxides, which combine to
form short-lived but highly damaging peroxynitrite capable of
efficiently killing infected erythrocytes (62).

Given the capacity of NK cells to secrete large amounts of
IFN-y very quickly (63, 64), it is reasonable to assume that NK
cells may contribute to control of malaria infections, and indeed
several studies have demonstrated a crucial role for NK cells in
the production of cytokines during murine malaria infections
(55, 65). Murine splenic, hepatic and peripheral blood NK cells
have been shown to significantly upregulate their production of
pro-inflammatory cytokines such as IFN-y and TNFa in response
to both erythrocytic and hepatic stages of Plasmodium yoelii (55,
66), as well as blood-stage Plasmodium chabaudi (55, 65). It has
also been demonstrated that experimental depletion of NK cells
in mice infected with P. yoelii or P. chabaudi results in a decrease in
IFN-y production with a corresponding increase in parasitemia
(57, 65), suggesting that NK cells contribute significantly to the
early production of pro-inflammatory cytokines that is associated
with an improved clinical outcome. Additionally, NK cells play
an important role in reciprocal activation of DCs for cytokine
production and CD4 T cell priming during murine malaria infec-
tions (67, 68), placing them at the interface of innate and adaptive
immunity.

In pre-erythrocytic stages of infection, IFN-y produced by
proliferating hepatic NK cells inhibits the growth of hepatic
schizonts (66, 69). Type I interferons (IFN-a and -f) produced
by plasmacytoid DCs (pDCs) are thought to be important driv-
ers of hepatic NK cell activation (69-71) as mice deficient in
IFNAR (the IFN-o/p receptor) were unable to reduce the burden
of liver-stage parasites in P. yoelii non-lethal infections (69, 72).
However, some studies have suggested that NK T cells and/or
non-conventional y8 T cells may play a greater role than NK cells
in driving the early cytokine-driven inflammatory response (69,
73). This uncertainty may be partly due to variability in the time
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FIGURE 1 | The intra-erythrocytic asexual replication cycle of malaria parasites. After initial infection of the host and replication in the liver, merozoites are
released into the blood stream where they penetrate healthy erythrocytes. The merozoite will then metabolize host hemoglobin to fuel its own development into the
mature schizont stage (over the course of approximately 48 h in the case of P, falciparum) while restructuring the erythrocytic membrane to aid in nutrient transfer,
rosetting and sequestration, and producing proteins, some of which are exported to the erythrocyte surface. The mature schizont will then undergo replicative
fission, forming 8-32 merozoites which lyse the cell membrane and re-enter the bloodstream.
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points of infection analyzed, as well as differences between strains
of Plasmodium infection and murine models. In a dynamic sys-
tem such as the immune system, with high levels of redundancy;, it
is likely that more than one cell type or mechanism of protection
contributes to the outcome of infection.

The role of IL-15 in priming NK cells has not been extensively
studied in mouse models of malaria, but work by Ing etal. indicates
that DC-derived IL-15 enhances NK cell production of IFN-y in
combination with IL-12 (67, 74); this is consistent with in vitro
studies of human NK cells showing that IL-15 is an important
priming signal for NK cell activation (38), and that combinations
of cytokines are required to drive IFN-y production by NK cells

(8, 31, 32, 75). IL-12 is a key driver of IFN-y production (31,
33, 76), and loss of IL-12 results in decreased IFN-y responses,
higher parasitemia, and less effective malaria-specific antibody
responses (77, 78). In tandem with this, IL-2 signaling is thought
to promote full activation of NK cells (based on human in vitro
studies by Horowitz et al. (63)). For many years, it was believed
that CD25, the high-affinity IL-2 receptor subunit, was not
expressed on murine NK cells (79) and reports on murine malaria
infections tended to support this view (66), but more recent work
has found a clear role for CD25 expression, primarily driven by
IL-18 but further enhanced by IL-12, during murine malaria
infections (64) and MCMYV infection (80). Furthermore, there
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TABLE 1 | List of Plasmodium species causing malaria infection in mice
or humans.

Species Common mammalian host(s)

Plasmodium falciparum
Plasmodium vivax H. sapiens
Plasmodium malariae H. sapiens
Plasmodium ovale curtisi H. sapiens
H.
H.

Homo sapiens

Plasmodium ovale wallikeri sapiens

Plasmodium knowlesi sapiens/Macaca fascicularis
Plasmodium chabaudi Various Rodentia species including murids
Plasmodium berghei Various Rodentia species including murids
Plasmodium yoelii Various Rodentia species including murids

TABLE 2 | List of experimental Plasmodium infection models in mice.

Species Strain Characteristics
Plasmodium yoelii Py17X Non-lethal, self-resolving. Also known as
PyNL or PyXNL
Py17XL Lethal. Also known as PyL
PyYM Lethal
Plasmodium berghei ANKA Lethal. Causes experimental cerebral
malaria in “susceptible” C57BL/6 mice;
“resistant” BALB/c mice subsequently die
of severe anemia
NK65 Lethal. Does not cause cerebral malaria

Plasmodium chabaudi AS Non-lethal in C57BL/6 mice, lethal in

“susceptible” A/J mice

appears to be a strong correlation between CD25 expression and
IEN-y production, which supports a role for T cell-derived IL-2
in maintaining or driving NK cell responses in both humans and
mice (63, 64). The capacity to respond to T cell-mediated signals
may also indicate a role for NK cells beyond early infection.

In murine models of virulent malaria infections, excessive
IEN-y or TNF production can lead to severe immunopathology
(81-84) suggesting that, although NK cells are beneficial during
early immune responses to malaria, they may contribute to the
detrimental effects of excessive systemic inflammation (83).
There is also evidence that NK cells may recruit T cells to the
brain during murine Plasmodium berghei infections and there-
fore contribute to the development of experimental cerebral
malaria (83, 85). In keeping with this, the anti-inflammatory
cytokines IL-10 and TGF-P have been shown to regulate the
pro-inflammatory immune response during malaria infec-
tion, counteracting the pathological effects of inflammatory
cytokines and promoting healthy resolution of the immune
response after initial stimulation (86-88). Neutralization of
TGEF-B is lethal in a normally non-lethal P. chabaudi chabaudi
infection (88), and lack of IL-10 in IL-107~ mice leads to
increased IFN-y, TNFa and IL-12 production and exacerbated
pathology and mortality (86, 89). IL-10 and TGF-p appear to
show some overlap in function and can individually down-
regulate pro-inflammatory responses (87), although both are
suggested to modulate macrophage activation (89, 90). The
regulatory receptors CTLA-4 and PD-1 are also thought to
be important regulators of inflammation and are frequently
co-expressed on activated T cells during infection; blockade
of either receptor has been shown to induce lethal cerebral

malaria in normally resistant BALB/c mice (91). However,
overexpression of TGF-f or IL-10 very early in infection
inhibits the pro-inflammatory response and impedes parasite
clearance (89). Similarly, blockade of CTLA-4 drives excessive
inflammation and exacerbates pathology in mice infected with
a lethal strain of P. yoelii, but mediates lower peak parasitemia
and swifter parasite clearance in a non-lethal model (81).
There is some evidence in other disease models, including
from other protozoan infections, for NK cells as producers
of IL-10 (92-95), drawing parallels with CD4 T cells that can
produce both IFN-y and IL-10. To date, IL-10-producing NK
cells have not been reported in the context of malaria exposure
or infection, but it is certainly possible that “regulatory” NK
cells might be found to contribute to healthy resolution of the
inflammation associated with malaria infections.

NK CELLS AND CYTOKINE RESPONSES
TO MALARIA IN HUMANS

Evidence that NK cells contribute to the antimalarial immune
response in experimental murine models has naturally provoked
interest in establishing whether the same is true for human
Plasmodium infections. As anticipated from experimental animal
studies, numerous studies conducted on human populations have
revealed positive associations between IFN-y production and
protection against malaria infection [reviewed in Ref. (96)]. IFN-y
production by PBMCs has been found to be associated with mild
rather than severe malaria in children, and children with mild
malaria who had detectable IFN-y responses also demonstrated
delayed incidence of reinfection within 1 year of initial infection
(97). More recently, long-term protection against experimental
malaria infection after vaccination with whole P falciparum
sporozoites while under protective antimalarial drug cover (98)
has been associated with both IFN-y and T cell IL-2 production
by PBMCs restimulated in vitro with sporozoite antigen (99).

However, as previously demonstrated in mice, excessive
pro-inflammatory cytokine production is also associated with
onset of clinical disease and immunopathology in humans. An
early study in African children by Riley et al. in 1991 demon-
strated an association between IFN-y production after in vitro
stimulation with malaria antigens and an increased likelihood
of developing fever and malaise during in vivo infection (49).
A later study by Walther et al. found an association between
the presence of IFN-y in plasma in the first few days after
experimental malaria infection and fever (39). Other studies
have suggested that IFN-y, TNFa, and IL-12 production by
PBMC:s are associated with lower parasite densities and higher
hemoglobin concentrations, but also with increased incidence
of febrile episodes in Ghanaian children (50, 51). High ratios
of TNFa to IL-10 have also been linked to severe malaria in
children from this region (48).

These studies indicate that excessive pro-inflammatory
cytokine responses to human malaria infections correlate with
more severe clinical symptoms but better parasite clearance.
In concert with this evidence, several studies suggest that
overproduction of regulatory cytokines has a negative effect
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on parasite clearance. A 2005 study by Walther et al. revealed
that excessive production of anti-inflammatory cytokines such
as TGF-p and IL-10 early in infection is linked to reduced
ability to control parasite growth (39), and a 2006 study by
Prakash et al. indicated that regulatory cytokines were upregu-
lated in patients with cerebral malaria (40). It is interesting to
note, however, that this study also found an association between
high levels of TNFa, but not IFN-y, and the development of cer-
ebral malaria (40). This perhaps suggests that classing cytokines
as simply pro- or anti-inflammatory, and therefore “good” or
“bad”, may be too simplistic when investigating the antimalarial
immune response. While clinical immunity to malaria in both
mice and humans (defined here as clearance of parasites in the
absence of overt clinical symptoms) does seem to require a pre-
cise balance between early pro-inflammatory responses needed
to kill parasites and regulatory anti-inflammatory responses
needed to prevent immune pathology, increasing evidence sug-
gests that the equilibrium between the two is highly complex.
For example, Walther et al. noted an association between a
higher frequency of FOXP3~ CD4* IFN-y* IL-10* effector T
cells in the peripheral blood of children with uncomplicated
compared to severe clinical malaria (100), while Jagannathan
et al. identified an increased risk of future episodes of malaria
in individuals with this same population of FOXP3~ CD4*
IEN-y* IL-10* T cells (101). Clearly, the immune response to
malaria requires a far more complex investigation than simply
stating which cytokines are produced and which are not, and
the specific cellular sources of cytokines, the quantity produced,
and the timing of their production relative to the time course
of infection appear to be key determinants of the outcome of
infection.

For a long time, it was assumed that classical ap CD4 and
CD8 T cells were the primary source of malaria-induced IFN-y
as a result of studies where lymphocyte proliferation and IFN-y
production were measured utilizing techniques that could not
differentiate between T cells and NK cells (102-104). In more
recent times, the advent of intracellular cytokine staining and
consequent single cell analysis of cytokine production by flow
cytometry has revealed considerable redundancy in the cellular
sources of IFN-y, with y8 T cells and NK cells also producing
IFN-y in response to malaria-infected erythrocytes (32, 105,
106). However, while many different lymphocyte populations
are capable of producing IFN-y, they vary in their relative
contributions to the overall IFN-y response at different stages
of infection. The exact proportion of the cytokine response
ascribed to NK cells or T cells appears to vary based on the time
point examined [reviewed in Ref. (96)] and thus inconsistencies
in the literature regarding the major sources of IFN-y among
PBMCs exposed to infected erythrocytes likely reflect differ-
ing experimental conditions and differences in the time points
chosen for analysis. Very few studies have attempted to establish
the full range of cellular sources of IFN-y over the course of
infection (82, 107) [reviewed in Ref. (108)]. In particular, few
studies have assessed IFN-y production in the first 18 h of
exposure, and we have shown that assessing IFN-y production
from 24 h coculture onward risks missing important earlier
contributions from NK cells (63, 106).

A function for NK cells as early responders in human malaria
infection was first suggested in the early 1980s (109), and since
that time an increasing number of studies have investigated the
role of NK cells in the human antimalarial response. Most of
these data are from in vitro studies culturing PBMCs or purified
NK cells with P. falciparum-infected erythrocytes, although a
few studies have investigated IFN-y production and cytotoxic
responses ex vivo among infected individuals (25, 110-112).
In vitro studies of PBMCs from malaria-naive individuals have
shown that P. falciparum-infected erythrocytes can induce NK
cells to produce IFN-y within 6 h of coculture (32), though
this response appears to be somewhat heterogeneous between
individuals (113). This heterogeneity may be partly explained by
NK cell receptor repertoires (114), as evidence suggests that this
response may require direct physical contact between NK cells
and infected erythrocytes (51, 106). The role of NK cell receptors
in determining the magnitude of the IFN-y response is also sup-
ported by evidence from mouse models (83, 115, 116). Optimal
NK cell activation also appears to require IL-12 and IL-18 pro-
duced by myeloid accessory cells (106), IL-2 from memory CD4*
T cells (63), and physical contacts between NK cells and myeloid
accessory cells (42, 117, 118), the molecular basis for which has
yet to be fully identified. The requirement for IL-12 and IL-2 for
optimal NK cell IFN-y production may explain the association
between production of these cytokines and improved clinical
outcome in human P, falciparum infections (40).

There are many potential trans costimulatory signals that
could be provided by myeloid accessory cells activated after
exposure to infected erythrocytes [reviewed in Ref. (119)], but
so far a role has only been demonstrated for interactions between
the adhesion molecules ICAM-1 and LFA-1 (118). The role of
DCs in human malaria is less clear, but they appear to contribute
to NK cell activation by early cytokine production, possibly after
activation by parasitized erythrocytes via the CD36 scavenger
receptor (42, 120). pDCs are a major contributor of type I IFNs in
humans during infection with other pathogens due to expression
of TLR7 and TLRY (121) and are hypothesized to play a similar
role in malaria infection (120); for example, mouse models sup-
port a role for pDCs in NK cell activation during acute infection
(67,71,72,122). Similarly, our unpublished work has shown that
in vitro NK cell responses to P, falciparum-infected red blood cells
are enhanced by low levels of IL-15, consistent with data from
mouse models (74); IL-15 is likely to be trans-presented by DCs
[reviewed in Ref. (123)].

Recent evidence from mice for the development of “adaptive”
or “memory-like” NK cell responses after infection, antigen sen-
sitization, or exposure to inflammatory cytokines (15, 124) is now
beginning to be supported by similar (though currently limited)
data from human studies (10, 19). NK cells have been shown to
contribute to increased IFN-y responses to malaria antigens after
vaccination (26, 98, 99, 125), although initial studies suggest this
may be a proxy effect due to priming of antigen-specific CD4 T
cells to secrete IL-2 rather than a reflection of intrinsic changes
within the NK cell population itself (63). Notably, enhanced
IFN-y production by NK cells from individuals experimentally
infected with malaria up to 20 weeks after initial infection appears
to be dependent on the presence of both IL-2 and T cells (25).
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NK CELL CYTOTOXICITY AGAINST
MALARIA

In addition to the well-established role for NK cells in cytokine
production in response to infected erythrocytes, there is lim-
ited but growing evidence to suggest that NK cells may also be
capable of directly killing Plasmodium-infected cells through
cytotoxic activity. Cytotoxic granzymes have been detected in
the plasma of people with blood-stage malaria infections (111),
suggesting that parasite-infected erythrocytes may be targets
of NK cell or CD8* T cell cytotoxic activity in vivo. Peripheral
blood NK cells from experimentally infected malaria-naive
volunteers and naturally infected Cameroonian children have
also been shown to release cytotoxic mediators when cultured
in vitro with hepatocytes infected with liver-stage Plasmodium
(111), with a similar result reported in Kenyan adults and
children in response to infected erythrocytes (126). NK cell
cytotoxicity has similarly been observed against hepatic-stage
parasites in mice (66).

Natural killer cells have also repeatedly been observed forming
stable conjugates with infected erythrocytes in vitro (32,113, 117)
(Figure 2). In 2005, Baratin and colleagues found that immortal-
ized NK92 cells selectively bound to infected, but not uninfected,
erythrocytes (117) (Figure 2A), while Artavanis-Tsakonas et al.
(106) and Korbel et al. (113) observed conjugate formation

) Non parasitized RBC
d ‘o NK92™ - e
N2l o

FIGURE 2 | Evidence of natural killer (NK) cells conjugating to
malaria-infected erythrocytes. NK cells selectively form conjugates or
“rosettes” with infected, but not uninfected, erythrocytes. Baratin et al.
observed conjugate formation between the NK92 cell line and P, falciparum-
infected erythrocytes by light microscopy (A). [Figure from Baratin et al. (118).
Copyright under Creative Commons license CC-BY.] Korbel et al. observed
conjugate formation via confocal microscopy (B) where NK cells from some
donors showed actin relocalization to the site of contact with P, falciparum-
infected erythrocytes, possibly indicating formation of an immune synapse.
[Figure used with permission from Korbel et al. (113). Copyright 2005. The
American Association of Immunologists, Inc.]

between P. falciparum-infected erythrocytes and freshly isolated
human NK cells from multiple individuals (Figure 2B). These
conjugates can be observed by light microscopy and can be
counted by flow cytometry as singlet events that stain for both
NK cell markers and erythrocyte membrane markers (106);
these results have been replicated by our group using both flow
cytometry markers and a transgenic P. falciparum strain express-
ing green fluorescent protein (127).

Conjugates have been shown to form rapidly (within 30 min),
although the proportion of NK cells forming conjugates varies
considerably between donors (106, 113), suggesting that the
receptors involved in recognition of infected erythrocytes are
either polymorphic or are variably expressed on human NK cells.
Additionally, in cells from some individuals there is evidence of
NK cell cytoskeletal actin rearrangement at the point of contact
with infected erythrocytes (113) (Figure 2B). Actin rearrange-
ment at the immune synapse between an NK cell or CD8* T cell
and target cells is a prelude to migration of cytotoxic granules
toward a target cell (128); as such, these data suggest the formation
of a functional cytotoxic synapse between NK cells and infected
erythrocytes. More recently, in a humanized mouse model capa-
ble of sustaining a P. falciparum infection, Chen et al. showed that
parasitemia was significantly reduced in the presence of NK cells,
and NK cells were directly observed interacting with and kill-
ing P, falciparum-infected erythrocytes using video microscopy,
providing the clearest evidence yet of NK cell cytotoxicity against
malaria-infected cells (129).

While there is growing evidence for cytotoxic killing of para-
sitized cells by NK cells and for functional physical interactions
between them, the NK cell receptors and ligands on infected
erythrocytes that may mediate these interactions are unknown.
Healthy erythrocytes are not known to express either classical
or non-classical HLA class I molecules that might represent
ligands for inhibitory NK cell receptors such as KIRs or NKG2A,
nor are they known to express any known ligands for activat-
ing NK cell receptors such as the NCRs. Healthy erythrocytes
are therefore generally assumed to go unnoticed by NK cells.
However, malaria infection induces numerous perturbations of
the erythrocyte membrane [reviewed in Ref. (130)], which may
result in the presentation of as yet undiscovered ligands for NK
cell receptors.

One parasite-derived molecule that has been widely impli-
cated in interactions between infected erythrocytes and other
host cells (and is thus a prime candidate for mediating NK cell
interactions with infected erythrocytes) is Plasmodium falcipa-
rum erythrocyte membrane protein 1 (PfEMP1). P/EMP1 can
bind to the adhesion molecules ICAM-1, PECAM, and VCAM,
the scavenger receptor CD36, and chondroitin sulfate A (CSA),
a glycosaminoglycan modification of many cell surface proteins
including those on NK cells (131-133) [reviewed in Ref. (134)].
Polymorphic variants of P/EMP1 display different avidities for
these various ligands [reviewed in Ref. (134)]. Baratin et al. (118)
have shown that binding of PfEMP1 to CSA mediates binding
of infected erythrocytes to NK92 cells, but that this interaction
is not required for subsequent activation of the NK cells. In
2007, Mavoungou et al. suggested that Pf/EMP1 binds to NKp30,
a member of the NCR family (135), but a subsequent study by
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Chen et al. indicated that none of the NCRs (NKp30, NKp44,
or NKp46), nor the unrelated activating receptor NKG2D, are
required for conjugate formation with infected erythrocytes
(129). CD36 expressed on DCs may mediate DC activation by
infected erythrocytes (120), but CD36-PfEMP1 interactions have
not been shown to occur on NK cells.

Alternatively, a study by Bottger et al. proposed that the
presence of membrane-bound heat shock protein 70 (a “self”
stress ligand) on the surface of infected erythrocytes may be suf-
ficient to trigger release of granzyme B from NK cells, leading to
subsequent erythrocyte death (136); however, this has not been
subsequently confirmed. Other studies have demonstrated that,
when compared to live and intact infected erythrocytes, dead or
lysed infected erythrocytes do not fully activate NK cells (32, 51),
which may narrow down possible candidate ligands, although it
is possible that this simply reflects a reduced capacity of dead
parasite material to fully activate myeloid accessory cells or
IL-2-producing CD4* T cells rather than evidence of a reduced
capacity to bind NK cells directly.

HETEROGENEITY IN NK CELL
RESPONSES TO MALARIA

In vitro, NK cell responses to infected erythrocytes differ
greatly between individuals, although individuals’ responses
are consistent over time (106, 113, 114). This diversity likely
arises from a number of sources including the strength of the
cytokine and costimulatory signals provided to NK cells by mye-
loid accessory cells (42), differential NK cell maturation status
dependent on age and infection with human cytomegalovirus
(137) [reviewed in Ref. (138)], frequencies of malaria-reactive
or cross-reactive IL-2-secreting CD4* T cells (25, 63, 98, 99),
and genetically determined differences in the expression of NK
cell activating and inhibitory receptors, which set the threshold
for NK cell activation (7, 114) [reviewed in Ref. (139)]. Among
these, there is evidence that genetic diversity genetic diversity
in KIRs may contribute to the heterogeneity of the response to
infected erythrocytes.

The KIR locus contains genes for both activating (short-tailed)
and inhibitory (long-tailed) KIR, and heterogeneity in gene
content combined with allelic polymorphism at individual loci
and stochastic expression of individual receptors at the cellular
level leads to extensive haplotypic diversity and highly diverse
NK cell populations within an individual (140). There are two
distinct families of KIR haplotypes, comprising combinations
of KIRs commonly inherited together. The A haplotype encodes
mainly inhibitory receptors with KIR2DS4 the only activating
receptor, while the B haplotype encodes more balanced combina-
tions of inhibitory and activating receptors (141) [reviewed in
Ref. (142, 143)]. However, genes in the centromeric and telomeric
regions of the two haplotypes can recombine during meiosis,
leading to hybrid centromeric A/telomeric B haplotypes and
vice versa (144, 145) [reviewed in Ref. (29)].

Heterozygous carriage of the AB KIR haplotypes appears
to be associated with increased IFN-y production in vitro in
response to iRBC compared to either AA or BB homozygous
individuals (114). Similarly, AB heterozygosity was suggested

to be protective during clinical malaria infection, as individuals
carrying c-AB2/t-AA (i.e., individuals with heterozygous A and
B centromeric KIR genes in combination with telomeric A hap-
lotype genes) were more likely to have asymptomatic malaria
infections rather than uncomplicated or severe symptomatic
malaria (146). As carriage of both A and B haplotypes is likely
to increase the total number of different KIR that can be an
expressed by an individual, heterozygosity may increase the
proportion of NK cells that express a KIR capable of binding
self-HLA and are therefore “licensed” [reviewed in Ref. (28, 147)]
and, as such, may be more responsive to activation by pathogens.
Conversely, in a Gambian population, Yindom et al. suggested
that an AA KIR haplotype may be protective during malaria
infection and that carriage of activating KIRs is associated with
higher mortality (148); this may suggest that NK cell responses
contribute to the over-exuberant inflammatory responses that
are associated with severe disease, either because they express
a particular activating KIR that recognizes a, as yet unknown,
ligand on infected erythrocytes or because the balance of acti-
vating to inhibitory KIR expressed by B haplotype-bearing NK
cells lowers the threshold for activation [reviewed in Ref. (149)].
To date, the largest genetic association study of KIR and malaria
susceptibility, conducted in Thailand, reported that KIR2DL3
in association with its ligand HLA-C1 is associated with an
increased risk of cerebral malaria compared to uncomplicated
malaria and that this combination of KIR2DL3-HLA-C1 is sig-
nificantly less common in malaria-endemic areas than might be
expected; the authors proposed that this was evidence of natural
selection (150). One hypothesis that might unify all of these find-
ings is that protection is mediated by KIR2DL2, a B haplotype
KIR, which binds HLA-C1 with higher affinity than KIR2DL3,
an A haplotype KIR (151); thus, carriage of a single copy of the
centromeric B haplotype may confer protection against severe
malaria by preventing interactions between KIR2DL3 and HLA-
C1 through preferential expression of KIR2DL2. However, larger
studies of KIRs that take into account the genetic background of
the population and the allelic diversity of both KIR and HLA
class I molecules are needed to determine whether KIR receptors
do in fact influence malaria disease progression. In this respect,
itis disappointing that all of the recent genome-wide association
studies of malaria susceptibility exclude KIR and/or HLA from
their analyses (152, 153).

A major limitation of NK cell licensing as a possible explana-
tion for the association between KIR AB heterozygosity and
resistance to malaria is that licensing has only been shown to
enhance NK cell cytotoxicity in situations where MHC class
I expression is downregulated (i.e., missing self) [reviewed in
Ref. (139)]. For activation via missing self, at least in terms of
lack of MHC class I, to operate in malaria infections, the bal-
ance of NK cell receptor signaling would probably have to be
altered by expression of a potent activating ligand. Moreover, it
is not clear that licensed NK cells display a greater capacity for
cytokine production (which is the more established role for NK
cells in malaria infection) compared to unlicensed cells (154).
Indeed, CD56%" NK cells (which express KIR) seem to produce
lower levels of IFN-y than CD56" NK cells that lack KIR
expression (106, 114), and in some viral infections unlicensed

Frontiers in Immunology | www.frontiersin.org

March 2017 | Volume 8 | Article 212


http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive

Wolf et al.

NK Cells: Uncertain Allies

Intrahepatic parasite

stage IL-15

IFN-a/B

Free
merozoites

: q
@ )

Sl
\/M\/

Mes kill by
phagocytosis

‘e

B Early innate immune response
to the erythrocytic stage

perforin/granzyme-mediated cytotoxic killing or death receptor-induced apoptosis,
interferon gamma (IFN-y) to activate macrophages that phagocytose infected eryth

kiling by antibody-dependent cell-mediated cytotoxicity (ADCC). NK cells may also
of cytolytic granules (C).

FIGURE 3 | Hypothesized model for the continuing role of natural killer (NK) cells during malaria infection. NK cells may destroy infected hepatocytes by
toxic radicals (A). During the early erythrocytic stage of infection, NK cells are activated by cytokines from macrophages and dendritic cells (DCs) and in turn release

contribute interleukin (IL)-2 to enhance the ongoing NK cell response. In the presence of specific IgG antibodies, NK cells may now mediate parasite clearance and

C Adaptive mid/late immune response

559

—>» IFN-y
IL-12/IL-18 {,
e B cell
‘ . ‘
ADCC?
Infected
erythrocyte

Direct killing mediated by
unknown ligands and receptors?

or may kill the parasite within the hepatocyte via cytokine-mediated induction of
rocytes (B). Once the adaptive immune response has developed, T cells

kill infected erythrocytes directly via formation of an immune synapse and release

cells are thought to be key producers of cytokines (155). Finally,
in considering the potential role of KIR in controlling NK cell
responses to malaria, more definitive evidence is required for
direct, functional interactions between NK cells and infected
erythrocytes, and it is also necessary to consider that genetic
associations between malaria severity and KIR might be medi-
ated by NK cell interactions with infected hepatocytes (which
express MHC class I) during the pre-erythrocytic liver stage of
infection.

CONCLUDING COMMENTS

Natural killer cells have traditionally been considered to
contribute to the control of infection by producing IFN-y
and killing infected cells during the first hours and days of
infection, before being superseded by the adaptive immune
response. This narrow interpretation of NK cells as mediators
of innate immunity has had to be re-evaluated in light of more
recent studies implicating NK cells as effectors in the adaptive
immune response (mediating antibody-dependent cellular
cytotoxicity and responding to IL-2 from effector and effec-
tor memory CD4* T cells) (19, 24, 25) [reviewed in Ref. (9,
156)]. In the case of malaria, NK cells have been implicated

in cytokine-mediated as well as cytotoxic activity against both
erythrocyte and liver-stage parasites, and in both early and late
stages of infection. Although the currently available data tend
to support a primarily beneficial role for NK cells as an early
source of a key cytokine (IFN-y) and suggest that they might
also contribute to controlling parasitemia by lysis of infected
erythrocytes, these studies fall far short of convincingly dem-
onstrating either a protective or deleterious role for NK cells
in human malaria infection. Figure 3 shows the different roles
that NK cells may play throughout the course of malaria infec-
tion; future studies may confirm or refute these suggestions. An
alternate hypothesis is that, in some people, NK cell cytokine
production may contribute to immune pathology. If so, this
may be a transient effect associated with particular stages of
the development of antimalarial immunity.

Interferon gamma is produced by many lymphocyte popula-
tions at the various stages of malaria infections (including aff
CD4* T cells, y8 T cells, and NK T cells (112)), suggesting that
the particular importance of NK cells as cytokine producing
cells is during the very first few days of a blood-stage infec-
tion (63). The role of NK cells later in malaria infection, or
upon secondary or subsequent infection, and in particular the
importance of NK cell-mediated cytotoxicity, ADCC and NK
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cell “memory,” requires further investigation. As we learn more
about how KIR and HLA genotypes influence NK cell function
and licensing, and how NK cell phenotype and function change
over the course of life, we may gain a better understanding of
the role of NK cells throughout the course of malaria infections.
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Natural killer (NK) cells kill or inhibit the growth of a number of fungi including
Cryptococcus, Candida, Aspergillus, Rhizopus, and Paracoccidioides. Although many
fungi are not dangerous, invasive fungal pathogens, such as Cryptococcus neoformans,
cause life-threatening disease in individuals with impaired cell-mediated immunity. While
there are similarities to cell-mediated kiling of tumor cells, there are also important
differences. Similar to tumor killing, NK cells directly kill fungi in a receptor-mediated
and cytotoxic granule-dependent manner. Unlike tumor cell killing where multiple NK
cell-activating receptors cooperate and signal events that mediate cytotoxicity, only the
NKp30 receptor has been described to mediate signaling events that trigger the NK
cell to mobilize its cytolytic payload to the site of interaction with C. neoformans and
Candida albicans, subsequently leading to granule exocytosis and fungal killing. More
recently, the NKp46 receptor was reported to bind Candida glabrata adhesins Epail, 6,
and 7 and directly mediate fungal clearance. A number of unanswered questions remain.
For example, is only one NK cell-activating receptor sufficient for signaling leading to
fungal killing? Are the signaling pathways activated by fungi similar to those activated
by tumor cells during NK cell killing? How do the cytolytic granules traffic to the site of
interaction with fungi, and how does this process compare with tumor killing? Recent
insights into receptor use, intracellular signaling and cytolytic granule trafficking during
NK cell-mediated fungal killing will be compared to tumor killing, and the implications for
therapeutic approaches will be discussed.

Keywords: fungal cytotoxicity, tumor cytotoxicity, cytotoxic granules, fungal cytotoxic receptors, fungal
cytotoxicity signaling pathways

INTRODUCTION

In the mid-1970s, two independent groups discovered natural killer (NK) cells when they described
their ability to lyse tumor cells without prior exposure (1, 2). It is now well established that NK
cells are also effective cytotoxic lymphocytes against fungi (3), in addition to their ability to lyse
tumors and virus-infected tumor cells (4). NK cell-mediated cytotoxicity is a complex process
that involves receptor-mediated binding and signaling, synapse formation, granule polarization,
and granule release (5). For tumors, NK cell cytotoxicity is regulated by activating and inhibitory
receptors that are expressed on its cell surface. Ligation of these receptors with their cognate ligands
triggers downstream signaling events, and a balance in both activating and inhibiting signals tightly
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controls NK cell function. While there are some similarities with
respect to NK cell-mediated killing of tumor cells or fungi, some
important differences exist. For example, in tumor cell killing,
NK cells release perforin and granzyme B as effector molecules,
with the perforin-forming pores in the tumor cell membrane,
thereby allowing entrance of granzyme B to activate caspases and
induce target cell death (6). In the case of fungi killing, there is
no reported use of granzyme B. Instead, NK cells release perforin
to directly kill Cryptococcus neoformans and Candida albicans
(7, 8), or granulysin to directly kill Paracoccidioides brasiliensis
(9), or IFN-gamma to directly damage Aspergillus fumigatus
(10). NK cells also indirectly mediated fungal elimination by
secreting IFN-gamma to either mediate fungicidal activity of
murine peritoneal exudate cells against C. neoformans (11) or
mediate phagocytosis of C. albicans by splenic macrophages
(12) or secrete GM-CSF to promote neutrophil phagocytosis of
C. albicans (13). It has also been shown that the receptor and
signaling pathway used for cryptococcal killing differs from that
used for tumor killing (14, 15). This review will focus on the
recent insights into activating receptor-mediated signaling and
granule trafficking during NK cell killing of fungi compared to
that of tumor cells.

RECEPTORS USED BY NK CELLS
DURING KILLING

During tumor cytotoxicity, NK cells use a large number of
activating receptors to mediate granule-dependent killing. Such
receptors include the natural cytotoxic receptors (NCRs) such
as NKp30, NKp44, and NKp46, as well as NKG2D, DNAM-1,
2B4, CD2, NKp80, CD48 and Ly9 (CD229), LFA-1, and CD16
(5, 16-28). Interestingly, no activating receptor was found to
be sufficient in inducing degranulation, except when used in
combination with other receptors (5, 17, 19). It is possible that
synergy among NK receptors could be required to mediate fungal
cytotoxicity as it is in tumor cytotoxicity.

In the context of fungal cytotoxicity, only two NK cell-
activating receptors, NKp30 and NKp46, have been identified.
The NKp30 receptor was identified as a fungal cytotoxic receptor
when antibodies that were generated against an NK cell line, YT,
inhibited fungal killing by NK cells. The NKp30 receptor directly
recognized and mediated NK cell killing of C. neoformans and
C. albicans (7) and antibody blocking or siRNA knockdown
of NKp30 expression reduced fungal binding and killing (7).
More recently, the NKp46 receptor was discovered to directly
recognize and mediate killing of Candida glabrata (29). NKp46
was identified as a fungal cytotoxic receptor when soluble
NKp46-IgG1 fusion construct specifically bounded multiple
fungal adhesins, Epal, 6, and 7, expressed on C. glabrata and
mediated killing of C. glabrata (29). In addition, mice deficient
in NCR1 (mouse ortholog of NKp46) could not mediate clear-
ance of systemic C. glabrata infection (29). Since several fungi
including Cryptococcus, Candida, Aspergillus, and Coccidioides
express adhesins (30), it is interesting to speculate that other
fungal adhesins could be recognized by NK cell receptors for
fungal cytotoxicity.

SIGNALING PATHWAY ACTIVATED IN
NK CELLS DURING KILLING

Signaling through NK cell-activating receptors triggers cyto-
toxicity (6). While the molecular pathways that are associated
with NK cell killing of tumor target cells have been elucidated
[Figure 1; (6, 31)], the pathways associated with NK cell anti-
fungal activity are still being elucidated (Figure 2). In tumor
killing, the inhibition of phosphatidylinositol 3-kinase (PI3K)
in NK cells blocked p21-activated kinase 1 (PAK1), MAPK
kinase (MEK), and extracellular signal regulated kinase (Erk)
activation and interfered with cytotoxic granule movement
toward the target cells, thereby suppressing NK cytotoxicity
(32). Hence, NK cell antitumor signaling follows the sequential
activation of PI3K — Racl — PAK1 — MEK — Erk (6, 32).
A Vavl — PLCy2 — Erk sequence has also been reported to
mediate cytotoxicity (31, 33) and Vavl, which is a guanine
exchange factor, activated Racl by catalyzing GDP/GTP
exchange on Racl (34). Similar to tumor killing, fungal killing,
demonstrated using Cryptococcus, depended on PI3K — Erk
signaling (35). However, unlike tumor killing, PLCy was not
required for cryptococcal killing (15). Further, in the context of
tumorkilling, and depending on the activating receptor involved,
Src family kinases (SFKs) either directly activated PI3K, leading
to Rac and Erk activation, or recruited Vavl to activate Rac
(Figure 1). While the NCRs signal through the PI3K/Rac/Erk
axis (6), DNAM-1 and 2B4 signal through the Vavl/Rac/Erk
axis (36), and NKG2D transmits its signal through both axes
(31, 33, 36-40). Similar to tumor killing, two SFKs, Fyn and
Lyn, redundantly mediated NK cell anticryptococcal activity by
activating PI3K and Erk1/2 (41). Also, SFK was required to form
NK cell-cryptococcal conjugates (15), and NKp30 was required
for NK cell-fungal conjugate formation and PI3K-Erk signaling
(7), making it likely that NKp30 activated SFK. Unlike in tumor
killing where Rac is activated by SFK and is downstream of PI3K,

DNAM-1
2B4
NKG2D

L I |
@‘@ mm) | = mm) Cytotoxicity

FIGURE 1 | Natural killer (NK) cell/tumor cytotoxicity pathway.
Following receptor-ligand interaction, NK cell receptors initiate multiple
signaling cascades. While the natural cytotoxic receptors (NKp30, NKp44,
and NKp46) signal through Src family kinase (SFK) to activate PI3K/Rac/Erk
pathway, DNAM-1 and 2B4 signal SFK to activate Rac/Erk pathway, thereby
leading to cytotoxicity.

Frontiers in Immunology | www.frontiersin.org

January 2017 | Volume 7 | Article 692


http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive

Ogbomo and Mody

NK Cells Kill Fungi Pathogens

Other
Activating
Receptors

NKp30??

1
© O
N/

@‘ mm) Cytotoxicity

FIGURE 2 | Natural killer (NK) cell/Cryptococcus cytotoxicity pathway.
Following recognition of cryptococcal capsule and cell wall component by NK
cell-activating receptors such as NKp30, receptor binding signals both Src
family kinase (SFK) and Rac to activate PI3K/Erk, leading to cytotoxicity.

both Rac and SFK were found not to activate each other, but both
were essential for PI3K activation in NK cell-mediated killing of
Cryptococcus (15). In fact, Rac was found to be upstream of PI3K
and was required for the activation of the PI3K — Erk signaling
pathway during NK cell antifungal activity (15), thereby sug-
gesting two separate pathways for PI3K activation (Figure 2).
This interesting finding that Rac is upstream of PI3K needs to
be confirmed by others. Ultimately, in tumor and cryptococcal
killing, all pathways converged at Erk to mediate granule polari-
zation and exocytosis, resulting in target cell death. The signal-
ing pathway activated by the other known activating receptor
for fungi cytotoxicity, NKp46, remains to be identified, and the
signaling pathway involved in rearming of fungal cytotoxicity
also remains to be investigated (42).

Tumor cells express several activating ligands on their surface
to ligate NK cell-activating receptors, thereby resulting in multi-
ple activating signaling pathways that contribute to cytotoxicity.
For example, NKG2D binds the ULBP ligands, DNAM-1 binds
CD112 and CD155, 2B4 binds CD48, and NKp30 binds B7-H6
(43). To date, the only known activating fungal ligands are three
adhesins, Epal, 6, and 7, of C. glabrata, which bind to NKp46
(29). Thus, whether there is coordination of signaling from mul-
tiple activating receptors expressed on NK cells to mediate fungi
cytotoxicity remains an unanswered question.

CYTOTOXIC GRANULE TRAFFICKING

In response to tumor cells, coordinated signaling through
different NK cell receptors and signaling molecules leads to
polarization of cytotoxic granules toward the NK immune
synapse (NKIS) formed with the target cell (44). The polariza-
tion of cytotoxic granules to the NKIS has been described in a
sequential order. Upon conjugate formation with the target cell,
the engagement of LFA-1 led to Vavl activation (45). This in
turn led to the polymerization and recruitment of filamentous
actin (F-actin) to the NKIS (46). Dynein, a minus-end directed

motor, rapidly moved granules along microtubules to converge
on the microtubule-organizing center (MTOC) (47), followed
by the polarization of the MTOC, together with the converged
granules, to the NKIS (48). This process was mediated by kine-
sin-1, a plus-end motor that moves granules in the opposite
direction, away from the MTOC (48). Although it is not clear
how a kinesin would mediate MTOC movement to the NK
cell synapse, in T cell cytotoxicity, the distal microtubule was
tethered at the immune synapse and the MTOC was reeled in
to the synapse by a dynein motor (49). Also, in T cell-mediated
killing, microtubules linked the MTOC to the target contact site
and the MTOC was progressively pulled to the contact site by
a microtubule sliding mechanism (50). The MTOC movement
resulted from the vector sum of tension on multiple microtu-
bules (50). Following polarization, the lytic granules associated
with myosin IIA, which enabled their interaction with F-actin
and final transit through the actin-rich synapse to join the NK
cell membrane (51). The contents of the cytolytic granules were
then secreted directly toward the target cell through a pervasive
F-actin network at the NKIS (52). While SFK signal mediated the
rapid convergence of cytolytic granules to the MTOC without
the involvement of PI3K, MEK, or PLCy (53), PI3K-Erk signal
was required for the polarization of the MTOC and converged
cytolytic granules to the NKIS (32, 44).

We are only beginning to understand the mechanisms by
which cytotoxic granules traffic during fungal killing. Cytotoxic
granule trafficking during NK cell cytotoxicity of Cryptococcus
was different from that of tumors, especially because NK cells
did not require LFA-1 in the process, even though the 2 chain
of LFA-1 bound to cryptococcal capsular components GXM and
GalXM (14). Instead, NK cells used NKp30 to bind Cryptococcus
and C. albicans, mediate microbial synapse formation, and
signal PI3K-Erk to release perforin granules (7). Also the SFKs,
Fyn and Lyn, redundantly mediated NK cell anticryptococcal
activity by activating PI3K and Erk, which in turn polarized
perforin-containing granules to the synapse (41). Furthermore,
MTOC polarization toward the binding site with Cryptococcus
was required for cryptococcal killing (54). It remains unknown
whether a dynein is required for convergence of granules to
the MTOC or whether a kinesin is required for polarization in
response to fungi.

IMPLICATION FOR THERAPEUTIC
APPROACHES

Understanding the receptors used and signaling pathways
activated during NK cell function may lead to therapeutic
opportunities. For example, compared to healthy adults, NK
cells from HIV-infected patients had diminished expression
of NKp30 (7), defective binding, reduced perforin content,
defective perforin-containing granule polarization (55), reduced
perforin release in response to Cryptococcus, and reduced
cryptococcal killing (7, 55). Interestingly, treatment of NK cells
from HIV-infected patients with IL-12 reversed these multiple
defects (7, 55). Since a percentage of HIV-infected patients
are subclinically infected with C. neoformans (56), treatment
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with IL-12, or similar agent, could reduce or eliminate this
complication. Another example is the development of pulmo-
nary cryptococcosis and cryptococcal meningitis in patients
with Crohn’s disease or autoimmune hepatitis that were treated
with the purine analog, azathioprine (57, 58). Azathioprine
prevented Racl activation by blocking GTP binding to Racl
(59, 60), and Racl activation in NK cells is required for NK
cell cytotoxicity of tumors (32) and Cryptococcus (15). Thus,
the increased susceptibility to Cryptococcus in patients with
Crohn’s disease and autoimmune hepatitis that are treated
with azathioprine may in part be due to the defective NK cell
function resulting from azathioprine-induced blockade of the
Racl — PI3K — Erk cytotoxicity pathway.

CONCLUDING REMARKS

Fungi, like tumors, are susceptible to NK cell killing. While NK
cells use multiple receptors to recognize and kill tumor cells
(16), they use NKp30 to recognize and kill C. neoformans and C.
albicans (7), and use NKp46 to kill C. glabrata (29). The paradigm
in tumor cytotoxicity is that NK cells use multiple activating
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Now in its fourth decade, the burden of HIV disease still persists, despite significant
milestone achievements in HIV prevention, diagnosis, treatment, care, and support.
Even with long-term use of currently available antiretroviral therapies (ARTs), eradication
of HIV remains elusive and now poses a unique set of challenges for the HIV-infected
individual. The occurrence of HIV-associated non-AlDS-related comorbidities outside
the scope of AIDS-defining ilinesses, in particular non-AlDS-defining cancers, is much
greater than the age-matched uninfected population. The underlying mechanism is now
recognized in part to be related to the immune dysregulated and inflammatory status
characteristic of HIV infection that persists despite ART. Natural killer (NK) cells are mul-
tifunctional effector immune cells that play a critical role in shaping the innate immune
responses to viral infections and cancer. NK cells can modulate the adaptive immune
response via their role in dendritic cell (DC) maturation, removal of immature tolerogenic
DCs, and their ability to produce immunoregulatory cytokines. NK cells are therefore
poised as attractive therapeutic targets that can be harnessed to control or clear both
HIV and HIV-associated malignancies. To date, features of the tumor microenvironment
and the evolution of NK-cell function among individuals with HIV-related malignancies
remain unclear and may be distinct from malignancies observed in uninfected persons.
This review intends to uncouple anti-HIV and antitumor NK-cell features that can be
manipulated to halt the evolution of HIV disease and HIV-associated malignancies and
serve as potential preventative and curative immunotherapeutic options.

Keywords: HIV, cancer, natural killer cells, ADCC, antiretroviral therapy, lymphoma, eradication and control

INTRODUCTION

Since the introduction of antiretroviral therapy (ART), life expectancy of people living with HIV
(PLHIV) has notably improved, and the gap between the uninfected population ranging from 60
to 90%, of normal life expectancy is narrowing in regions of the world among those with access to
ART (1). Before the availability of ART, immune suppression-related complications represented the
predominant cause of mortality among HIV-infected individuals. Incidence rates of non-Hodgkin
lymphoma (NHL) and Kaposi sarcoma (KS) were more than 100 times higher in the pre-ART era
and were classified, together with cervical cancer, as AIDS-defining cancers (ADCs) (2). Overtime, as
ART became the standard of care, prolonged use has lead to a remarkable improvement in immune
status, dramatically reducing ADC rates (ratio of ART to no-ART) by 0.61 per year (3).
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In the United States, despite the sharp decline in the incidence
of ADCs, increased risk of developing specific types of NHL such
as Burkitt lymphoma and classical Hodgkin lymphoma (HL) has
evolved (4, 5). A meta-analysis of standardized incidence ratios
from 18 studies showed that infection-related cancers such
as anal, liver and HL, as well as smoking-related cancers such
as lung, kidney, and oral cancers, had an increased incidence
among the HIV population despite being on ART, with lym-
phomas being the most frequent type of cancer observed (6). A
separate comprehensive epidemiological study showed that the
PLHIV also had significantly higher rates of these now termed
“non-AIDS defining cancers” (NADCs) when compared to
matched HIV-negative individuals, suggesting the likelihood of
other etiologies besides an increase in life expectancy as pre-
disposing the HIV population to develop these types of cancers
more frequently (7). In fact, NADCs have now become one of
the leading causes of mortality among HIV-infected individu-
als (8, 9). Surprisingly, however, the incidences of breast and
prostate cancers have significantly declined in HIV-infected
persons, suggesting that HIV infection, ART, or other viral-host
interactions have differential impacts on cancer risk in this
population (10, 11). The increased incidence of NADC despite
viral suppression and CD4 T-cell recovery in the era of ART
raises important key mechanistic questions in the oncogenesis
of NADC. The direct oncogenic effect of HIV, HIV-induced
immunodeficiency, and chronic inflammation, as well as ART
toxicities are some of the plausible mechanisms that are being
investigated (12). Complete immune recovery after prolonged
ART is variable and underscores that harnessing specific com-
ponents of the host immune response may play a vital role in
preventing NADC.

Chronic immune activation and immune senescence
contribute to immune dysfunction in chronic HIV infection
and partially persist even after CD4 T-cell count recovery and
viral suppression by ART (13). Such processes lead to immune
exhaustion/senescence, thereby facilitating reactivation of
other latent viral infections, such as Epstein-Barr virus (EBV).
Besides HIV, all ADCs and the majority of NADCs appear to be
associated with several chronic viral infections (12), justifying a
new way to categorize HIV malignancies into infection-related
and non-infectious-related cancers. KS is intimately associated
with HHV-8 infection (14), and cervical cancer is almost always
caused by HPV infection (15). B-cell lymphoproliferative dis-
orders are frequently associated with EBV infection, and such
association is even more common in HIV-infected individuals,
ranging from 60 to 100% (5, 16). Viral co-infections are present
in NADC. The incidence of hepatocellular carcinoma has
progressively increased among HIV-infected persons in the
last decade (17). Merkel cell carcinoma, recently reported to be
associated with Merkel cell virus, has a 20-fold increased risk
among HIV-infected individuals (18). The potential direct effects
of HIV in modulating oncogenes are under investigation, but
how HIV impacts the oncogenic potential of other chronic viral
infections is unclear (19-21). Persistent immune alterations may
play a critical role in the oncogenic process in this population
and deserve special attention, particularly in the context of
co-infections.

NATURAL KILLER (NK) CELLS:
A CRITICAL IMMUNE PLAYER IN
ANTITUMOR AND ANTI-HIV IMMUNITY

Since the discovery of NK cells 40 years ago, a plethora of
research has uncovered their phenotypic and functional capac-
ity against virally infected and tumor cells (22-25). NK cells are
CD3— multifunctional effector lymphocytes defined based on
levels of CD56 and CD16 expression (26), the majority (>90% of
NK cells) in the peripheral blood being CD56dim and predomi-
nantly cytotoxic upon activation, thereby releasing pro-apoptotic
cytoplasmic granules composed of granzymes and perforins.
CD56dim NK cells can also induce cytolysis via induction of
Fas/FasL-dependent or TRAIL-dependent apoptotic signals. In
addition, a minority of NK cells express the FcyRIIIA receptor
(CD16) that binds to the constant (Fc) domain of IgG antibodies
that can bind to viral antigens expressed on the surface of infected
cells. This antibody conjugation of NK-cell and antibody-coated
target cell, strongly mediating NK-cell activation, is known as
antibody-dependent cell-mediated cytotoxicity (ADCC) (27). A
distinct subset of CD56bright cytokine-producing NK cells with
a limited cytotoxic capacity is more abundantly present in lymph
nodes (28). By producing IFN-y, TNF-a, IL-10, and chemokines,
this NK subset predominantly modulates other subsets of
lymphocytes, thereby regulating dendritic cell maturation, dif-
ferentiation of helper T cells, and B- and T-cell-specific immune
responses (29, 30).

To understand the NK-cell effector functions, it is paramount
to take into consideration the balance between activating and
inhibitory signals (31) that drive NK-cell cytotoxicity. NK-cell
activation relies on stimulatory signals capable of overcom-
ing the steady inhibitory state that is maintained by signaling
through inhibitory receptors. Self-recognition of MHC-I proteins
through C-type lectin receptor NKG2A and inhibitory killer
cell immunoglobulin-like receptors (KIRs) represent the physi-
ological interaction between NK and target cells. The absence
of recognition of “self” by inhibitory receptors characterizes the
“missing-self” phenomenon and lowers the activating threshold.
NK cells become more susceptible to activation, especially if
activating molecules are expressed in infected or transformed
target cells and recognized by activating receptors, characterizing
the altered-self phenomenon. Activating C-type lectin receptor
NKG2D recognizes the altered self-state of infected or trans-
formed cells and triggers NK-cell cytolytic activity. Other surface
molecules, such as natural cytotoxic receptors Nkp30, Nkp44,
and Nkp46, and activating KIRs also contribute to NK-cell activa-
tion process and are critical to determine whether NK cells will be
activated to target infected or transformed cells (27, 31).

Both HIV infection and oncogenesis lead to a downregulation
of surface MHC-I expression as a way to avoid T-cell recognition
but in turn renders target cells more susceptible to NK-cell-
mediated cytolysis. However, HIV has developed immune
evasion mechanisms via the viral protein Nef, thereby leading
to preferential downregulation of HLA-A and -B, and preserving
expression of HLA-C and -E (32). Therefore, HIV prevents NK
activation as well as CTL recognition of infected cells. Besides
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interfering with self-recognition, HIV infection and cancer can
induce expression of stress signaling molecules, in particular
MHC class I polypeptide-related sequence A/B (MICA/MICB).
More importantly, HIV leads to persistent activation and con-
sequently T cell and NK-cell immune exhaustion. Despite viral
suppression and normal CD4 T-cell counts in the majority of
HIV-infected persons on ART, NK-cell phenotype and function-
ality are not fully restored, suggesting that these individuals may
be more susceptible to long-term comorbidities associated with
immune dysfunction, such as HIV-related malignancies (33).

THE INTERPLAY BETWEEN THE TUMOR
MICROENVIRONMENT AND NK-CELL
IMMUNITY

The process by which the immune system can promote or suppress
tumor growth and development is based on animal models and
data from cancer patients and has evolved to define the concept of
cancer immunoediting (34). Tumor immunoediting is comprised
of three phases: elimination, equilibrium, and escape. The elimi-
nation phase is when immune cells target cancer cells that suc-
ceeded in overcoming intrinsic tumor suppressor mechanisms. If
tumor elimination is only partially achieved, a state of equilibrium
between malignant cells and the immune system ensues. Tumor
cells can become dormant or accumulate mutations, while the
immune system continues to exert selective pressure, thereby
controlling tumor progress temporarily or eventually eliminating
the cancer cells. If elimination does not occur, tumor cell variants
resistant to the existent immune response eventually give rise to
tumor progression, thereby initiating the escape phase and char-
acterizing failure of tumor immune control. The contribution of
NK cells in cancer immunoediting and clinical outcomes is now
being appreciated (35).

Natural killer cells have proved to be critical for the eradication
and inhibition of metastasis of cancer cells in vivo (36). Perforin
protein (pfp) and/or IFN-y knockout (KO) mice predominately
develop B-cell lymphomas, especially after 1 year of age (older ani-
mals) with a combination of pfp and IFN-y KO inducing an early
onset of lymphoma, suggesting a synergistic immunosurveillance
effect (37). Late age development of B-cell lymphoma and lung
adenocarcinoma were also observed in TRAIL KO mice (38) and
pfp KO mice (37), respectively. These findings support a role for
NK-cell immunosurveillance of B-cell lymphomas as well as epi-
thelial malignancies, through a combination of NK-cell-mediated
cytotoxic activity, [IFN-y secretion, and TRAIL killing pathways.
In humans, NK cells are particularly relevant in the prevention of
tumor development. An 11-year follow-up of the general popula-
tion for cancer incidence showed an association between reduced
NK-cell cytotoxicity and increased risk of cancer (39). It has been
postulated that NK cells are critical to the prevention of cancer
development (elimination and equilibrium); however, once the
tumor microenvironment is established (escape), suppressor
factors such as TGF-p and IL-10 are induced and negative inhibi-
tory receptors, such as the T-cell immunoglobulin-and-mucin-
domain-containing molecule-3 receptor (TIM-3) on NK cells,
that maintain an NK-cell anergic state (40) are upregulated. The
induced aberrant expression of HLA-G (membrane-bound and

soluble) and increased shedding of MICA (sMICA) seen in tumor
cells (41, 42) can further suppress NK-cell antitumor immune
responses. HLA-G interaction with ILT2 and CD94/NKG2A
results in the inhibition of NK-cell cytotoxicity, IFN-y secretion,
and chemotaxis (43), while sMICA-NKG2D binding impairs
NK-cell tumor-specific cytotoxicity, NKG2D expression, and
homeostatic maintenance (42).

As a result of these immune deregulated events, NK-cell-
associated suppressor factors are currently being considered
as immunotherapeutic targets. TIM-3, for instance, is an
immunoregulatory checkpoint expressed by most lymphocyte
subtypes with critical and complex implications in cytotoxic
NK cells (44, 45). Increased TIM-3 expression on NK cells has
been shown as a marker of poorer prognosis in lung adenocar-
cinoma and other types of cancer and correlates with reduced
NK-cell cytotoxicity. Blockade of TIM-3 is capable of restoring
IFN-y secretion and cytotoxicity of NK cells in lung cancer (46).
Recent studies by Fowke et al. have shown that low expression of
various inhibitory molecules on NK cells were associated with
HIV viral control (47). Despite the complexity of the immune
suppressive strategy of the tumor microenvironment, targeting
these inhibitory checkpoint receptors shows potential to restore
NK-cell functionality in the control or clearance of solid tumors
(48). Currently, several trials are underway assessing the impact
of Tim-3 blockade in cancer patients (http://ClinicalTrials.gov:
NCT02817633; NCT02608268). However, such therapeutic tools
are still in their infancy in the context of HIV-associated ADC
or NADCs. Given the success of immunotherapy targeting the
inhibitory receptors PD-1 and CTLA-4 against several malignan-
cies (49), evaluation of the impact of NK-cell function following
immune checkpoint blockade may have relevance in the setting
of HIV and may serve a dual purpose in both HIV eradication
and tumor clearance. Combining immunotherapy and NK-cell-
based therapies is another potential targeted strategy and war-
rants further investigation in individuals with HIV-associated
malignancies (50-53).

NK-CELL IMMUNE CONTROL OF HIV
INFECTION DURING ART

HIV infection induces significant phenotypic changes and
negatively impacts NK-cell cytotoxicity (54). Cytotoxic NK cells
in aviremic HIV donors have impaired ADCC that is associated
with a reduced expression of FcRIIIA, an activated phenotype
represented by increased expression of CD38 and HLA-DR.
Furthermore, NK cells are rarely found in lymph nodes, an
important site of both HIV replication and B-cell transformation
(55). Critical activating receptors important in cancer immuno-
surveillance such as NKp30 and NKp46 are downregulated (56)
in HIV infection, and expansion of dysfunctional CD56— NK-cell
subsets (57) persists even after cART.

Non-neutralizing anti-HIV-1 antibodies can mediate protec-
tion through ADCC in assays of HIV candidate vaccines in
non-human primate models of HIV infection. Several studies
have suggested that HIV-specific ADCC responses may be
contributing to partial control of HIV viremia during acute
infection. The early initial interest in the utility of NK-mediated
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ADCC via HIV-specific antibodies was to enhance the develop-
ment of an HIV vaccine and novel therapies to suppress HIV
replication. Interestingly, in the RV144 HIV vaccine Thai trial,
the robust ADCC responses observed were associated with mod-
est protective efficacy (58). It would be intriguing to determine
the effects of NK-mediated ADCC in the recently launched
HVTN 702 study that builds on the success of the RV144 trial
in support of this correlate. In addition, recent studies suggest
that cytokine stimulation can enhance direct NK cytotoxicity and
NK-mediated ADCC of autologous HIV-infected CD4+ T cells
(59-61). Therefore, modulating NK activity is a potential strategy
to develop novel immunotherapies to prevent and possibly lead
to the eradication of HIV.

INFLUENCE OF NK-CELL IMMUNITY IN
HIV-ASSOCIATED MALIGNANCIES

It is becoming apparent that NK cells may also contribute to
tumorigenesis. The potential impact of such alterations in
HIV malignancies is illustrated in Figure 1. Overexpression of
activation markers on NK cells and spontaneous degranulation
occurring during HIV infection may directly contribute to
tumor development (33). Analysis of NK cells from patients with
lymphoma demonstrated decreased levels of activating receptors
in those with HIV compared to uninfected patients, suggesting
that these cells might be less efficient to target cancer cells (62).
NK cells can also present proangiogenic activity in the tumor
microenvironment in a similar way to decidual NK (dNK) cells
early on in pregnancy. In fact, in non-small cell lung cancer, the
majority of tumor-infiltrating NK cells have a dNK-cell pheno-
type: CD56bright, CD9+, perforin low, and high production of
vascular endothelial growth factor (VEGF) (63). Hypoxia and
TGE-p secreted by tumor cells has a known immunomodulatory
impact in the tumor microenvironment and induces VEGF secre-
tion (64). In vitro exposure to TGF-f and hypoxia led to conver-
sion of CD56dim NK cells into dNK-like cells (65). HIV infection
leads to increased levels of TGF-f by monocytes (66) and T cells
(67), suggesting that TGF-f may play a more prominent role in
tumorigenesis during HIV infection.

The combination of (1) reduced expression of activating
receptors and increased inhibitory receptors (e.g., TIM-3), (2)
reduced ADCC, (3) reduced secretion of TNF-a and IFN-y,
and (4) development of pro-cancer features such as persistent
activation, spontaneous degranulation, and production of
VEGF suggests that NK cells may directly be associated with the
increased cancer risk in the setting of ART-treated HIV infection.
It is fair to speculate that targeted immunotherapies reversing
specific NK cells deficits may be relevant for many HIV-related
malignancies.

NK-CELL-BASED IMMUNOTHERAPIES
TARGETING HIV AND HIV-ASSOCIATED
MALIGNANCIES

With the exception of the Berlin patient (75), and given the
continued resurgence of virus in HIV-infected persons in various

eradication approaches (76-78), it is clear that elimination of
all latent HIV reservoirs is going to be critical to successfully
achieve ART-free sustained HIV control or remission. Innovative
approaches that are extrapolated from these studies and cases
have lead to renewed interest in determining ways to bolster
the host immune response and/or manipulate HIV target cells
to render them refractory to infection. Since HIV and cancers
have evolved sophisticated modalities to escape the host immune
defense mechanisms, enhancing NK-cell function may serve as a
promising tool as part of a multifaceted approach in the elimina-
tion of HIV as well as HIV-associated malignancies.

Recently, there has been renewed interest in harnessing
HIV-specific ADCC responses as an HIV cure strategy. A
monoclonal antibody (mAb) targeting the CD4-binding site on
the HIV envelope spike (3BNC117) may have the potential to
guide host immune effector cells to accelerate the clearance of
HIV-1-infected cells by an FcyR-dependent mechanism (79, 80).
In addition, Byrareddy et al. recently reported that a rhesusized
mAb against a4p7 mediated sustained control of SIV infection
in the absence of ART in non-human primates. This remarkable
response was associated with increased cytokine-synthesizing
NK cells (81). These studies, and others, highlight the potential
of using mAbs through modulation of NK-cell-mediated activ-
ity as an exciting therapeutic tool to achieve sustained HIV
remission and be beneficial in the context of HIV-associated
tumors.

Natural Kkiller-cell-based antitumor immunotherapeutic
strategies targeting NK-cell activity have shown some promise in
the oncology field (Table 1). Infusion of allogeneic or autologous
NK cells has, to some degree, been successful in tumor clearance.
Recently, single-chain variable fragment recombinant reagents,
such as bispecific and trispecific killer cell engagers, are being
considered as novel immunomodulators to enhance NK-cell
function, antigen specificity, and in vivo expansion of these
infused cells; however, these reagents need to be fully evaluated for
clinical use (82-91). The efficiency of ADCC-mediated NK-cell
responses is dependent on several factors from the mAbs them-
selves, NK-cell, and target cell status and also to the glycosylation
state and the expression of glycosylation-specific ligands of both
the NK-cell and target cells (92, 93). These features can be modi-
fied to enhance antiviral and immunomodulatory functions and/
or the ability of the target cell to trigger or evade immunological
recognition.

Several gene-editing technologies have been explored to geneti-
cally reprogram NK cells to optimize their persistence, expan-
sion, migration, and cytotoxic capacity to improve the antitumor
efficacy of primary human NK cells in vivo. With many challenges
associated with most of these technologies, CRISPR/Cas9 nucle-
ase system offers a new promising tool to gene-edit NK cells to
improve their utility as a novel cell-based cancer immunotherapy
strategy (142). Finally, latency reversal agents (LRAs) are being
explored as a part of a “shock” approach to reverse cellular HIV
latency and expose HIV reservoirs to immune-mediated clear-
ance. Garrido et al. recently studied the impact of LRAs on the
function of primary NK cells ex vivo and showed a heterogeneous
mixed effect of different LRAs on antiviral activity, cytotoxicity,
cytokine secretion, phenotype, and viability (143). Therefore,
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FIGURE 1 | Compounded effect of HIV infection on natural killer (NK) cell antitumor responses. The tumor microenvironment constrains NK-cell
functionality through the expression of tumor-derived transforming growth factor p (TGF-p) (68), shedding of MICA, and HLA-G (69). The limitations of antitumor
mechanisms by NK cells are exacerbated in HIV infection. HIV infection reduces the surface expression of activation receptors (aKIRs, NKp30, and NKp46) and
CD16 (56) while upregulating the expression of inhibitory receptors (iKIRs). The net result of the influence of HIV on NK-cell receptor expression further impairs
NK-cell activation by cancer cell interaction and decreases tumor-directed antibody-dependent cell-mediated cytotoxicity (ADCC) responses (70). HIV infection
decreases INF-y and TNF-a production by NK cells despite HIV viral suppression by cART (71, 72), which will limit dendritic cell (DC) maturation and thus prevent
efficient tumor-directed adaptive responses (73). The increased plasma TGF-f and loss of cell-specific degranulation of NK cells seen in HIV infection could lead to
tumorigenicity via contributing to increased frequency of vascular endothelial growth factor (VEGF)-producing intratumoral NK cells (63) and occurrence of chronic
inflammation, respectively (74). Furthermore, the affect of cART on tumor activity is yet to be explored. Blue lines represent responses that promote tumor growth,
while responses that inhibit NK-cell function are indicated in red. Decreases are indicated by dashed lines and increases by bolded lines.
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TABLE 1 | Therapeutic strategies utilizing natural killer (NK) cells in cancer immunotherapy that should be evaluated in the eradication of both HIV and

HIV-associated malignancies.

Strategy

Summary

Limitations Reference

Allogeneic NK-cell-based
immunotherapy

Freshly isolated or IL-2-stimulated NK-donor lymphocyte infusion

Requires further optimization to (94-103)
avoid graft-versus-host disease and
to enhance efficiency

Autologous NK-cell-based
immunotherapy

Activating endogenous NK cells and promoting their proliferation and
function in patients using pro-inflammatory cytokine stimulation, or bispecific
killer cell engagers (BIKEs) and trispecific killer cell engagers (TriKEs)

Low cytotoxic potential and possible (82-91, 104-106)
side effects when using high doses

of cytokines. BiKEs and TriKEs need

to be fully evaluated for clinical use

ADCC-based immunotherapy

Tumor-targeting monoclonal antibodies (e.g., anti-CD20, anti-HER-2,
anti-GD2, anti-EGFR, and anti-GD2) or bispecific antibodies to induce

antibody-dependent cell-mediated cytotoxicity (ADCC)

Immune checkpoint inhibitors-
based immunotherapy

Blockade of NK-cell surface inhibitory receptors by specific antibodies (e.g.,
anti-PD-1, anti-NKG2A, anti-KIRs, anti-TIM-3, and anti-CTLA-4) in order to

induce NK cells cytolytic activity

Genetically reprogrammed
NK cells

Genetic modification of NK cells to induce the expression of activating
receptors, silencing inhibitory receptors, inducing cytokine production, or

genetic transferring of chimeric antigen receptors

Requires tumor antigen-specific (79, 107-111)
antibodies

Possible side effects (44, 112-118)
Methods need further optimization (119-141)
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it will be important to comprehensively evaluate the impact of
potential HIV curative strategies and elucidate the possible effect
on NK cells against HIV-associated cancers.

CONCLUSION

To achieve ART-free sustained HIV remission, it is likely that
a multidisciplinary approach that includes a combination of
immunotherapies and novel targeted approaches that will boost
both the adaptive and innate immunity will be necessary. From
this review, we posit that NK cells remain a very attractive thera-
peutic target to develop curative interventions for both HIV and
HIV-associated malignancies.
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MICA Expression Is Regulated by
Cell Adhesion and Contact in a
FAK/Src-Dependent Manner

Gerald Moncayo™', Da Lin, Michael T. McCarthy, Aleksandra A. Watson® and
Christopher A. O’Callaghan*

Henry Wellcome Building for Molecular Physiology, University of Oxford, Oxford, UK

MICA is a major ligand for the NKG2D immune receptor, which plays a key role in activat-
ing natural killer (NK) cells and cytotoxic T cells. We analyzed NKG2D ligand expression
on a range of cell types and could demonstrate that MICA expression levels were closely
linked to cellular growth mode. While the expression of other NKG2D ligands was largely
independent of cell growth mode, MICA expression was mainly found on cells cultured
as adherent cells. In addition, MICA surface expression was reduced through increase
in cell—cell contact or loss of cell-matrix adherence. Furthermore, we found that the
reduction in MICA expression was modulated by focal adhesion kinase (FAK)/Src sig-
naling and associated with increased susceptibility to NK cell-mediated killing. While the
mechanisms of tumor immune evasion are not fully understood, the reduction of MICA
expression following loss of attachment poises a potential way by which metastasizing
tumor cells avoid immune detection. The role of FAK/Src in this process indicates a
potential therapeutic approach to modulate MICA expression and immune recognition
of tumor cells during metastasis.

Keywords: MICA, NKG2D, FAK/Src, adhesion, contact, metastasis

BULLET POINT SUMMARY

1. MICA was predominantly expressed on adherent cell lines, and this expression was reduced in
the absence of cell-surface adherence.

2. MICA downregulation with loss of adherence was modulated through FAK/Src.

Cell-cell contact, influenced by extracellular calcium availability, regulated MICA expression.

4. Cellular growth mode modulated NK cell-mediated cytotoxicity, therefore affecting NK cell
recognition of metastatic cells.

b

INTRODUCTION

Tumors are complex networks of cells that can interact with the extracellular matrix and neighboring
normal tissues (1). Alterations in cell-cell and cell-matrix interactions are classic phenomena that
occur during cancer development and affect disease progression (2). As adherent cancer-derived
cell lines lose contact with their underlying surface, they tend to aggregate into three-dimensional
tumor-like masses that recapitulate some features of in vivo tumor growth (3). These “spheroids”
reflect aspects of solid tumors in morphology, compact organization, growth dynamics, capacity to
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develop a necrotic core, proliferation in the periphery, induction
of hypoxia, and increased resistance to chemo- and radiotherapy
(4, 5). Spheroids are therefore useful in vitro models of cancers for
a range of studies (4).

Integrins are major cell-matrix adhesion receptors (6). During
adhesion and migration, integrins activate a range of signal trans-
duction molecules, such as focal adhesion kinase (FAK) and the
Rous sarcoma oncogene family (Src) (6, 7). FAK and Src signal
through PI3K/Akt(PKB)/GSK-3/mTOR (8) and the Ras/Raf-1/
ERK pathways (9), and their expression is often deregulated in
cancers. Cell-cell adhesion is mediated by proteins including
cadherins, immunoglobulin superfamily proteins, EGF family
members, C-type lectins, and proteins containing leucine-rich
repeats (6, 10). Cell-cell and cell-matrix adhesion receptors
participate in intracellular communication linked to the cytoskel-
eton, affecting cell shape and polarity, cytoplasmic organization,
cell motility, intracellular signal transduction, cancer progression,
and metastasis (6).

Natural killer (NK), cytotoxic T cells, and gamma-delta T cells
are critical cellular effectors of the immune system, which can
recognize and kill virus-infected and tumor-transformed cells
and can also release chemokines and cytokines, such as tumor
necrosis factor-alpha (TNF-a) (11). NK cell activity is modulated
by signaling through a complex balance of ligand-receptor inter-
actions (12). Inhibitory receptors recognize a range of ligands
including MHC class I molecules and thereby hinder cytotoxicity
against normal self-tissues (13).

NKG2D is a key activating receptor expressed on NK cells,
cytotoxic T cells, and gamma-delta T cells, which recognizes a
variety of ligands including MHC class I-related chain (MIC)-A
and -B (14) and the UL16 binding proteins (ULBPs) (15). A wide
range of stresses have been shown to modulate the expression
of these ligands, including viral infection, oxidative stress (16),
heat shock (17), TNF-a (18), metalloproteases that regulate the
release of the soluble forms (19), DNA damage, and cell cycle
modulators (20). The surface expression of these ligands must
be closely regulated to avoid an inappropriate immune assault
on otherwise healthy cells. Conversely, if tumors or transformed
cells do not express these ligands, this will facilitate their escape
from recognition.

This study demonstrates that MICA, a key activating ligand
for NKG2D, is mainly expressed on adherent cells and that
this expression is reduced upon loss of surface attachment and
increased cell-cell contact, underscoring the importance of the
FAK/Src signaling pathway in modulating MICA expression.
Reduced MICA expression upon loss of attachment or increased
cell-cell contact results in reduced susceptibility to NK cell kill-
ing, suggesting a mechanism whereby metastasizing tumor cells
may evade immune recognition.

RESULTS

MICA Is Mainly Expressed in Adherent Cell
Lines

A range of human cell lines of different (mainly cancer-derived)
origins which were cultured adherently or in suspension were

screened by flow cytometry for MICA surface expression. Most
adherent cell types tested expressed moderate to high levels of
MICA (Figure 1A; Figure S1A in Supplementary Material),
including two primary adherent non-cancer cell types growing
as monolayers (fibroblasts and normal human astrocytes). In
contrast, MICA surface expression was absent or low in most
of the suspension cell lines tested (Figure 1B; Figure S1B in
Supplementary Material). This was not the case for other NKG2D
ligands as ULBPs were often found in suspension cell lines, while
MICB was not always expressed in adherent cells (Figure 1C).

MICA Expression Is Reduced in the

Absence of Cell-Surface Adherence

When adherent tumor cell lines are cultured as monolayers, a
small proportion of cells detach from the adherent monolayer
(Figure S1C in Supplementary Material). To examine whether
loss of surface attachment showed a correlation with a reduction
in MICA expression, we analyzed MICA expression on adherent
cells and their non-adherent counterparts which had detached
and were floating in suspension. Up to 60% of cells found in each
suspension sample were alive as assessed by propidium iodide
staining, and these live cells expressed lower levels of MICA on
their surface compared to their adherent counterparts in the
same media across a range of cell types (Figure 2A).

Cells which are normally adherent can be forced to grow in
suspension by culture over agarose-coated plates, to which they
cannot adhere. Under these conditions, they may form multicel-
lular masses called spheroids (Figure S1D in Supplementary
Material) (4). To investigate whether loss of surface adhesion
would modulate MICA surface expression, cells were cultured as
spheroids and MICA expression was compared to the equivalent
surface adherent cells. Cells cultured under adherent conditions
expressed high levels of surface MICA, but when surface adher-
ence was prevented by culture in agarose-coated plates, MICA
expression was reduced substantially (Figure 2B).

Culture in Suspension Also Alters HLA-A,
B, C and MICB, ULBP2, and ULBP3

Expression

As NKG2D has several human ligands, we examined whether
growth in suspension affected the surface expression levels of
the other NKG2D ligands on U20S and HeLa cells (Figure S2 in
Supplementary Material). Forcing HeLa cells to grow in suspen-
sion by culture on agarose resulted in lower levels of expression of
ULBP2 and ULBP3 compared to the levels seen on adherent cells,
although the effect was less striking than that observed for MICA.
MICB and ULBP1 surface expression levels were very low, but
even this expression was reduced in suspension cells (Figure S2A
in Supplementary Material). As a control, cell-surface expression
of the non-NKG2D ligands HLA-A, B, C was assessed on adher-
ent and suspension cultured cells. After growth in suspension,
HLA-A, B, C expression was lower than when grown in an adher-
ent fashion but was still very high compared to NKG2D ligands.
The same was the case with U20S cells, which do not express
MICB and ULBP1 (Figure S2B in Supplementary Material). In
summary, several cell lines expressed lower levels of NKG2D
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ligands when grown in suspension compared to when cultured
as an adherent monolayer.

MICA Downregulation with Loss of
Adherence Is Not Caused by Hypoxia,

Apoptosis, or Metalloprotease Action
Hypoxic environments may be found in the center of spheroids
(21), but neither hypoxia nor 24 h of hypoxia followed by 24 h of
reoxygenation affected MICA surface expression (Figure S3A in
Supplementary Material). Similar results were observed follow-
ing a full hypoxic stimulus with anoxia (0.1% oxygen) in adherent
U208, Hela, and 786-O cells (Figure S3B in Supplementary
Material). Furthermore, although 786-O cells are deficient in
HIF-1a, which is the key transcription factor in the hypoxic
response, these cells still demonstrate reduced MICA expression
when grown as spheroids compared to when grown as adherent
cells. This pattern was unaffected by hypoxia. Therefore, we found
no evidence that hypoxia triggered a reduction in MICA expres-
sion in adherent cells.

Loss of adherence can induce cell death through mechanisms
involving p53, ATM, and caspase activation. In the experiments
detailed above, the analysis was restricted to viable cells as iden-
tified by propidium iodide staining. To investigate whether the

induction of apoptosis was responsible for the reduction in MICA
expression, spheroids were assessed after culture with the p53
inhibitor pifithrin alpha or the caspase inhibitor z-vad (Figure
S3C in Supplementary Material). Treatment with these inhibi-
tors did not prevent the downregulation of MICA expression
observed on spheroids. This suggests that the downregulation
of MICA expression on spheroids is not due to the induction of
apoptosis.

Treatment of cells with the metalloprotease inhibitor GM6001
is known to increase MICA expression at the cell surface (22).
To test if the downregulation of MICA observed in spheroids
was due to metalloprotease shedding of MICA, spheroids and
confluent adherent cells were treated with the broad spectrum
metalloprotease inhibitor GM6001 during culture. GM6001 had
no effect on surface MICA expression of spheroids (Figure S3D in
Supplementary Material) suggesting that the observed reduction
in MICA was not due to metalloprotease action.

Cell-Cell Contact Downregulates MICA

Expression

It has previously been reported that MICA is downregulated on
normal fibroblasts upon cell contact (23). We were interested to
investigate whether this would also be the case in tumor cell lines
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FIGURE 1 | MICA surface expression on adherent and suspension cells. (A) Adherent and (B) non-adherent human cell lines were screened for MICA
expression using the anti-MICA monoclonal antibody 2C10. Surface expression was analyzed by flow cytometry. The mean delta MFI as MFI (MICA) — MFI
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normal conditions and stained for MICA or MICB or UL16 binding proteins 1-3 or with an isotype control antibody. Dead cells were excluded using propidium iodide
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and what would be the mechanism for this regulation. Spheroids
differ from adherent monolayers not only in their loss of cell-
matrix interactions but also in their increased cell-cell interac-
tions. Adherent cells were cultured at increasing cell density, and
MICA expression was measured by flow cytometry (Figure 3A).
Additionally, cell density regulated MICA mRNA expression was
also demonstrated by semiquantitative RT-PCR (Figure 3B).
Furthermore, we wished to investigate whether this reduc-
tion of MICA surface expression was due to increased adherent
cell-cell contact or was an indirect consequence of the addi-
tion of more cells, for example, by reducing the availability of
nutrients. Therefore, CFSE-labeled U20S cells were cocultured
under non-confluent (10%) conditions with non-adherent,
non-activated U937 monocytes or with U937 monocytes that
had been activated with 20 nM PMA for 24 h to render them
adherent. Coculture with activated adherent U937 monocytes
reduced MICA expression on U20S cells, while coculture with
non-activated non-adherent monocytes had no effect on MICA
expression (Figure 3C). Furthermore, coculture with adherent

HeLa, HT29, and HEK293T cells also reduced MICA expression
(Figure 3D), while culture with non-adherent DAUDI, K-562,
and Jurkat cells had no effect on MICA expression (Figure 3E).
Together, these results indicate that increased cell-cell contact or
cell density of adherent cells is correlated with reduced MICA
surface expression on a range of cancer cell lines and indicates that
the reduction in MICA expression observed at high cell densities
is not simply due to factors such as the reduced availability of
nutrients. Therefore, we conclude that, in addition to causing loss
of adherence, cell-cell contact also inhibits MICA expression.

MICA Expression Is Influenced by

Extracellular Calcium

Calcium-dependent cellular adhesion molecules are essential to
cell contact mechanisms (24). To investigate the nature of the
cell-cell interactions that regulate MICA expression, spheroids
were treated with the calcium chelating agent EDTA. Treatment
with up to 5 mM EDTA increased MICA expression on spheroids
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(Figure 4A). Interestingly, we observed a concentration-depend-
ent adhesion and contact regulation of MICA expression in
adherent cells (Figures 4B,C). At 5 mM EDTA, cells detached
from the surface and MICA levels were reduced. At the lower
concentration of 1-2 mM EDTA treatment, where calcium-
dependent cell-cell contact was partially disrupted but cells
remained attached to the surface, we observed an increase in the
levels of MICA expression. In addition, the more confluent cells
are, the less contact area each cell can have with the underlying
surface (see Figure 4C untreated vs. 2mM EDTA). Overall, these
findings suggest that calcium-dependent cell-matrix adherence
promotes MICA expression, while calcium-dependent cell-cell
contact inhibits MICA expression.

MICA Protein Expression Levels Are
Reduced after Confluency and Forced
Suspension Correlating with FAK
Activation

Focal adhesion kinase and Src have been shown to be essential for
cell survival following loss of surface attachment (25). To test if
FAK was activated after loss of adhesion or increased cell contact,
U20S cells were grown either un-confluent, over-confluent or
under force suspension for 5 days and cell extracts taken. At day 5,

MICA levels were clearly downregulated both at high confluency
and at forced suspension (Figure 5A). However, at this time point,
FAK phosphorylation levels were clearly reduced. In contrast, p21
levels were found increased in confluent and forced suspension
treatments. We therefore elected to look at earlier timepoints. At
1 day after confluency and forced suspension, we observed that
FAK phosphorylation levels were indeed increased (Figure 5B).

FAK/Src Downregulates MICA Expression

We then sought to determine whether modulating FAK activation
would regulate MICA surface expression. Treatment of spheroids
with the FAK/Src inhibitors tyrphostin AG82 or PP2 increased
MICA expression (Figure 6A). MICA expression was also
increased by treatment of spheroids with manumycin, an inhibi-
tor of Ras, which is downstream of FAK (Figure 6A). We then
investigated whether FAK expression could influence the surface
expression of MICA. Overexpression of FRNK, a dominant nega-
tive FAK mutant, had only a small effect on MICA expression in
non-confluent adherent cells, but overexpression of FAK reduced
surface levels of MICA (Figure 6B). Transfected cells were also
resuspended over agarose for 2 days, and then MICA expression
was analyzed. Here, we could see that the FRNK transfected
cells had higher MICA expression compared to mock-treated
suspension cells. These results indicated that inhibition of FAK/
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Src signaling leads to increased levels of MICA in spheroids, sug-
gesting that FAK/Src can play a role in regulating MICA expres-
sion. Adherent cells transfected with the kinase deficient mutant
FAKY397F also showed a slight upregulation in MICA expression
(Figure 6C). Additionally, knockdown of FAK with shRNA led to
upregulation of MICA expression compared to control scramble
shRNA (Figure 6D). FAK and shRNA expression was moni-
tored through EGFP expression on an IRES of the plasmids. To
further investigate whether FAK activation could reduce MICA
expression on adherent cells, cells were cultured with the FAK
activators acrylamide (26), colchicine, and lysophosphatidic acid
(LPA) (27). MICA expression was reduced following treatments
with these FAK activators (Figure 6E). Treatment of adherent
cells with the FAK/Src inhibitor tyrphostin AG82 and PF 573228
upregulated MICA surface expression (Figure 6F). Together,
these data show that FAK/Src can downregulate MICA expres-
sion in adherent cells.

Cellular Growth Mode Influences NK

Cell-Mediated Cytotoxicity

Next, we tested whether the different levels of MICA expres-
sion observed on spheroids, confluent adherent cells, and
non-confluent adherent cells were functionally relevant and
whether they influenced susceptibility to NK cell-mediated
killing. Spheroids, confluent, and non-confluent adherent cells
were incubated with NK cells in a chromium-release killing
assay. The non-confluent adherent cells with the highest MICA
expression were more susceptible to NK cell killing than conflu-
ent adherent cells. Suspension spheroids were killed less readily
than the confluent adherent cells (Figure 7A). Treatment with

anti-NKG2D antibody significantly reduced the susceptibility of
non-confluent cells to NK cell-mediated killing (Figure 7B). In
line with the observed reduction in MICA expression, treatment
with the NKG2D blocking antibody had no significant impact
on spheroid susceptibility. MICA expression therefore correlates
with susceptibility to NK cell killing.

To confirm whether NK cell susceptibility was modulated
by FAK/Src activity, adherent cells were treated with the FAK/
Src inhibitor AG82 to increase MICA expression and these cells
were then exposed to NK cells. AG82-treated U20S and HelLa
cells were more susceptible to NK cell-mediated killing than
mock-treated cells (Figures 7C,D). Therefore, FAK/Src signaling
inhibition results in increased susceptibility to NK cell killing.

In Vivo MICA Expression of Human in Mice
Xenograft

All previous experiments were done in vitro with well-established
cell lines, but we were interested to see if what we saw in vitro
could be translated in vivo. For this, we selected a cell line, SW620
adenocarcinoma, derived from a metastatic lymph node tumor
(28). We first confirmed that this cell line could also downregulate
MICA expression after loss of adhesion (Figure 8A). We then
stained an SW620 in nude mice xenograft for MICA expression.
Here, we could see that the surface of the tumor had a stronger
MICA expression than at the core (Figure 8B), recapitulating
the in vitro results. Therefore, our observation may be especially
important, as treatments that upregulate MICA expression in
spheroids may upregulate MICA expression in vivo where tumor
MICA expression is often negligible.

DISCUSSION

MICA is an important ligand for the immune receptor NKG2D,
which plays an activating role in NK and T cells. This study
demonstrates that MICA expression is strongly influenced by
cell-surface adhesion and cell-cell contact and this has implica-
tions for understanding the immunopathogenesis of cancer
metastasis.

We initially observed that MICA was expressed on almost
all adherent cell lines, but expression was low or absent on cell
lines which normally grow in suspension. One of the MICA
expressing suspension cell lines was K-562, which expresses the
BCR-ABL fusion oncoprotein which has been reported to induce
MICA expression directly (29). MICB expression in contrast was
less often found on adherent cell lines and on more suspension
cell lines like HL-60. ULBP2 was found in almost all cell lines
regardless of whether they were adherent or not. While adherent
cells were shown to express high levels of MICA, MICA levels
were considerably reduced on cells that had detached from the
surface under the same culture conditions. Forcing cells to grow
in suspension as spheroids through culture over agarose led to a
downregulation of MICA expression.

Focal adhesion kinase and Src play key roles in cell-cell
contact and have been shown to be essential for growth in sus-
pension by inhibition of anoikis, which is death resulting from
loss of matrix attachment (25, 30). We investigated whether the
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Focal adhesion kinase (FAK)/Src downregulates MICA surface expression. (A) U20S cells were cultured as either untreated adherent cells (gray line) or as
spheroids and treated with (dashed gray line; isotype control staining—dashed black line) or without (shaded gray histogram; isotype control staining—black line) the
FAK inhibitors AG82 and PP2 or manumycin. n = 3. (B) U20S cells were transfected with FAK (dashed black line), FRNK (dotted gray line), or with empty vector (full
shaded gray histogram; isotype control—black line) for 48 h and then analyzed for MICA expression. Some of these cells were then forced to grow in suspension as
spheroids. After 2 days, cells were analyzed for MICA expression. n = 3. (C) Adherent U20S cells were either transfected with FAKY397F (dotted gray line) or with

independent experiments.

empty vector (shaded gray histogram; isotype control staining—black line) and stained for MICA expression. (D) U20S cells were also transfected with either
scramble control shRNA (shaded gray histogram; isotype control—black line) or shRNA targeting FAK (dashed gray line; isotype control—dashed black line).
(E) Adherent U20S cells were left untreated (shaded gray histogram; isotype control—black line) or treated with the FAK activators acrylamide, colchicine, or
lysophosphatidic acid and stained for MICA surface expression. (F) Adherent U20S cells were left untreated (shaded grey histogram; isotype control—black line) or
with the FAK inhibitors tyrphostin AG82 or PF 573228 and stained for MICA expression (dashed grey line; isotype control staining—dashed black line). n = 3

the other conditions. *p < 0.05, *p < 0.01.
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FIGURE 7 | MICA expression correlates with increased natural killer (NK) cell-mediated cytotoxicity. (A) U20S cells were either plated to grow as
non-confluent adherent cells, as confluent adherent cells or were cultured in suspension. After 5 days, cells were exposed to NK cells in a chromium-release assay.
(B) Non-confluent cells and spheroids were also subjected to NK cells pretreated with a blocking NKG2D antibody. (C) Adherent U20S and (D) Hela cells were
either mock-treated or treated with the focal adhesion kinase inhibitor AG82 prior to exposure to NK cells in a chromium-release assay. Points plotted represent
mean of four replicates. Error bars show SEMs. To test for significance, a Student’s t-test was performed with the degree of cytotoxicity values of each ratio against

Non-confluent

FAK/Src signaling axis was involved in regulating MICA expres-
sion. MICA expression in spheroids was increased by chemical
inhibition of FAK/Src or Ras and by overexpression of FRNK or
FAKY397F dominant negative FAK mutants. In adherent cells,
chemical activation and overexpression of FAK downregulated
MICA expression, while the opposite effect was observed follow-
ing with chemical inhibition of FAK and with shRNA targeted
against FAK. Consistent with our observations, TGF-f has been
shown to activate FAK and to downregulate MICA expression

(22, 31). These data indicate that activation of the FAK/Src path-
way has a negative regulatory influence on MICA expression.
Spheroids have high levels of cell-cell contact because they
are in a three-dimensional arrangement with other cells. We
found that increased cell-cell contact reduced MICA expression
on cancer cell lines and that signaling through the FAK/Src axis
plays a key role in this. These findings provide a mechanistic
foundation for understanding earlier observations in untrans-
formed adherent primary cells (23). Our results show that loss
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FIGURE 8 | Inmunohistochemistry of SW620 xenograft. (A) Adherent
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50 pm.

of cell-cell contact following 1 mM EDTA treatment upregulated
MICA expression, but once EDTA levels were high enough to
inhibit surface adhesion (5 mM) MICA levels fell to even lower
levels than on untreated cells. This may be due to the observation
that at lower EDTA concentrations, cells lose cell-cell contact by
blocking cadherin adhesive binding activity (32) and have more
surfaces to adhere. At higher EDTA levels, integrin signaling is
completely blocked (33), although if FAK is not activated, cells
would die through anoikis (25). Thus, the effect of loss of surface
adhesion is dominant over that of cell-cell contact.

The reduced MICA expression observed on spheroids com-
pared to non-adherent cells is functionally significant, and sphe-
roids are less susceptible to NK cell cytotoxicity. Tumor spheroids
are known to be less susceptible to cytotoxic cells, and this has
been attributed to reduced antigen presentation associated with
downregulation of HSP-70 (3). Transfection of HSP-70 partially
restored susceptibility to cytotoxic attack. This effect may in part
be due to an upregulation of NKG2D ligands, as HSP-70 transfec-
tion has been reported to induce MICA overexpression (34). Here,
we could observe that most NKG2D ligands were downregulated
following forced suspension. MICA is the NKG2D ligand most
highly expressed on many adherent cell lines, and this was
significantly downregulated. Although MHC class I expression
was also downregulated, this did not make the cells more sensi-
tive; therefore, the NKG2D ligand downregulation appears to be
dominant. The MHC class I downregulation may also have an
important effect on T cell recognition of metastatic cells.

As MICA and MICB are not expressed in mice (35), many
regulatory studies have focused on in vitro experiments. To
investigate the in vivo relevance of our in vitro results, we analyzed

MICA expression in a tumor xenograft. Here, we could observe
that MICA expression was higher on cells at the surface of the
tumor than in the core. The immunohistochemistry images
showed that cells on the surface of the tumor were more loosely
packed, analogous to the non-confluent adherent cells we studied
in vitro. The core, in contrast, was compact showing more contact
and less space between the cells, comparable to over-confluent
cells. Therefore, the MICA staining of an in vivo tumor correlated
with the in vitro findings in this study.

The physiological condition where “loss of adhesion” could
take place is during tumor cell extravasation. The relationship
between MICA expression and metastasis had been observed
with uveal melanoma where metastatic melanoma cells have
lower MICA expression than primary tumors (36). The failure to
induce cell-surface MICA expression upon loss of surface adhe-
sion, thereby facilitating immune evasion, could be a significant
step in the development of metastatic cancer. Therefore, in a
future study it would be interesting to analyze MICA expression
on tumor circulating cells from a range of MICA positive tumors
and test if these cells lose MICA expression in vivo as a mecha-
nism of immune evasion.

In summary, this study shows that spheroids and confluent
adherent cells downregulate MICA expression in a FAK/Src-
dependent manner. We have identified a mechanism whereby
adhesion and cell contact can modulate the extent to which
a cell can be recognized by cytotoxic cells expressing NKG2D.
Targeting this pathway may be of therapeutic value in reducing
the probability of tumor immune evasion and metastasis.

MATERIALS AND METHODS

Cell Culture

The cell lines 786-O, A549, BS125, primary human fibroblasts,
HEK293T, HeLa, Hep3b, HEPG2, HT-1080, HT29, HUH?7,
MCEF7, MO59K, RCC4, SF767, SKOV3, SUSA, SW480, SW620,
T47D, U208, U343MG, U373MG, U87MG, and ZR751 were cul-
tured in D10: DMEM (Sigma, St. Louis, MO, USA) supplemented
with 10% fetal calf serum (FCS), 50 U/ml penicillin, 50 pg/ml
streptomycin, and 4mM L-glutamine. Normal human astrocytes
were grown in Astrocyte Medium (ScienceCell) containing
astrocyte growth supplement and FCS. BCL-B7, C1R, DAUDI,
HL-60, HUT-78, Jurkat, K-562, NK92, NKL, RAJI, THP-1, U937,
and YT were cultured in RPMI-1640 with 10% FCS, 50 U/ml of
penicillin, and 50 pg/ml of streptomycin (Sigma). NK92 and NKL
cell lines were supplemented with IL-2 (500 U/ml) and 1 mM
sodium pyruvate. Heparinized blood obtained from healthy
donors was collected and centrifuged at 400 X g for 20 min over
Ficoll-Paque (Sigma, St. Louis, MO, USA). PBMC were collected
at the interface, washed twice with DMEM, and analyzed imme-
diately, without culture. To promote growth as spheroids, 24-well
plates were coated with 1% agarose in PBS. The wells were then
washed twice in full media prior to the addition of these cells.

Inhibition and Activation Treatments
The following inhibitors or activators were used for signaling
studies: 1-5 mM EDTA, 10 uM PP2, 1 uM colchicine (Sigma),
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6 mM acrylamide (National Diagnostics, Atlanta, GA, USA),
1 uM AG82 FAK/Src inhibitor, 3 uM manumycin (Calbiochem,
San Diego, CA, USA), 500nM PF 573228 (R&D Systems, MN,
USA), and 5 uM LPA (Enzo Life Sciences).

Transfection

Cells were transfected with FAK, FAKY397F, FRNK (gifts from
C. Chen, University of Pennsylvania), shFAK (GATCCCC
GAAGTTGGGTTGT CTAGAATTCAAGAGATTCTA GACAA
CCCAACTTCTTTTTA), and shScramble in pSIREN (Clontech)
using the lipofectamine transfection system per the manufac-
turer’s manual (Invitrogen, Carlsbad, CA, USA).

CFSE Labeling

A total of 1 X 10° cells were pelleted, and 10 uM CESE staining
solution was added directly to the cells, which were gently resus-
pended and incubated at 37°C for 20 min. Complete medium was
then added to stop the reaction. Finally, cells were washed twice
with PBS.

Flow Cytometry

For the analysis of NKG2D ligand expression, cells were washed
twice and incubated with 5mM EDTA in PBS for 5 min to
detach the cells. Spheroids were also treated with 5mM EDTA
and manually disrupted to achieve a single cell suspension.
Cells were then resuspended in PBS supplemented with 0.03%
azide with 5% BSA for blocking. Staining was performed in the
same buffer using monoclonal antibodies against MICA (2C10,
Santa Cruz, Santa Cruz, CA, USA), MICB (mAb 1599, R&D
System, Minneapolis), ULBP1 (mAB 170818, R&D System,
Minneapolis), ULBP2 (MAB1298, R&D System, Minneapolis),
ULBP3 (Clone 166510, R&D System, Minneapolis), HLA-A, B,
C (W6/32, Thermo Fisher, UK), or IgG1, isotype control mono-
clonal antibodies (eBiosciences, San Diego, CA, USA). Cells were
then washed twice and labeled with FITC-labeled polyclonal
rabbit anti-mouse IgG (STAR9B, Serotec, Raleigh, NC, USA)
or goat anti-mouse IgG Cy5 conjugated (AP124S, Chemicon).
Propidium iodide (Sigma) was added at a concentration of
50 pg/ml to identify viable cells. Flow cytometry was performed
using a BD®FACSCanto machine and FACSDiva Software (BD
Biosciences, San Jose, CA, USA) and analyzed using Flow]o
software (Tree Star).

Chromium-Based Killing Assay

A total of 1 X 10° target cells were dissociated from plates,
washed twice in RPMI, resuspended in 100 ul of a 7.4 MBq
NaZICrO , solution (GE Healthcare Life Sciences, Piscataway, NJ,
USA), diluted in growth media, and then incubated for 1 h in
a humidified 5% CO, atmosphere at 37°C. After washing three
times with RPMI, the labeled cells were resuspended in their
growth media and seeded in 96-well plates at 5 X 10* cells per
well in quadruplicate. Effector cells were added at the specified
effector to target cell ratios (E:T) and were incubated for 4 h at
37°C, 5% CO,. The supernatant was removed, added to Optiphase
Supermix (PerkinElmer), and radioactivity measured with a
beta counter (MicroBeta TriLux, PerkinElmer, Waltham, MA,
USA). The degree of cytotoxicity was determined according to

the formula: % cytotoxicity = [(sample release) — (spontane-
ous release)]/[(maximum release) — (spontaneous release)].
Spontaneous release was determined by incubating target cells
in medium alone. Maximum release of target cells was measured
following treatment with 10% detergent Triton X-100 (Sigma).
Error bars represent the SD error of the acquired values. To test
for significance, a Student’s t-test was performed with the degree
of cytotoxicity values of each ratio against the other conditions.
*p < 0.05, **p < 0.01.

Semiquantitative PCR

Total RNA was extracted using TRIzol Plus kit (Invitrogen).
One microgram of RNA was reverse transcribed into cDNA
using OligodT (Invitrogen), and BioScript reverse transcriptase
(Bioline). Twenty nanograms of cDNA were subject to semi-
quantitative PCR reaction using BioTaq polymerase (Bioline)
for 28 cycles for MICA and 22 cycles for GAPDH. The PCR
primers are MICA forward TCTTCCTGCTTCTGGCTGGCAT;
MICA reverse GGGTCATCCTGAGGTCCTTTCCG; GAPDH
forward TCCATGACAACTTTGGTATCGTGG; and GAPDH
reverse CACCACCCTGTTGCTGTAGCC. PCR reactions were
separated by 1% agarose gel and quantified by densitometry using
Image] software (NTH).

Light Microscopy

Cells were plated in a 12-well plate and treated for 48 h with
increasing concentrations of EDTA. Cells were then imaged with
a Nikon Eclipse TE2000U fluorescence inverted microscope
using a 20X objective and Hamamatsu B&W C4742-95 Orca hi-
sensitivity CCD camera using IPLab imaging software.

Western Blotting

Cells were homogenized in lysis buffer (50 mM Tris-HCl pH
7.5, 120 mM NaCl, 1% NP-40, 40 mM f-glycerophosphate,
1 mM benzamidine, 1 mM phenylmethylsulfonyl fluoride, 1 mM
sodium orthovanadate, 25 mM NaF, and 2 pM microcystin-LR).
After centrifugation at 15,000 X g for 15 min at 4°C, supernatants
were collected and soluble protein concentrations were deter-
mined using the Bradford assay (Bio-Rad, Hercules, CA, USA).
Fifty micrograms of protein extracts were separated on 8-12%
SDS-PAGE and transferred onto PVDF membrane (Millipore,
Bedford, MA, USA) by electroblotting. Membranes were blocked
with 5% BSA in TBST (50 mM Tris-HCI pH 7.5, 150 mM NaCl,
0.1% Tween 20) and incubated overnight with (1:100 v:v dilu-
tion) primary antibody against MICA (2C10), total FAK (C-20),
Tyr397 p-FAK, and Tyr 861FAK and beta-actin (Santa Cruz, CA,
USA). Subsequently, membranes were incubated with appropri-
ate HRP-linked secondary antibody (1:2,000 v:v dilution) in
PBST (anti-mouse HRP, GE Healthcare, and anti-goat HRP,
Santa Cruz) for 1 h at room temperature. Blots were analyzed by
enhanced chemiluminescence reagents. Quantification of west-
ern blots was done through densitometry using Image] (NIH)
software.

Immunohistochemistry
IHC was performed using a rabbit polyclonal antibody against
MICA (ab62540, Abcam, UK) at 1:30 dilution. For detection,
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deparaffinized and rehydrated slides were pretreated in 10 mM
citrate buffer, pH 6.0, at 98°C for 60 min for renaturation.
The detection ABC method was used per the manufacturer’s
instructions. MICA specific signals were recorded from slides of
xenografts of SW620 cell lines injected in the flank of Hsd nude
mice using an automated instrument reagent system (Discovery
XT, Ventana Medical System, Inc.) per the user manual. Images
of sections were captured (Nikon, YTHM) and analyzed using
Image Access Enterprise 7 and Image] software. SW620 xenograft
slide was a kind gift from Dr. Lei Zhang in Dr. Brian A. Hemmings
lab with help from Sandrine Bichet from the Friedrich Miescher
Institute for Biomedical Research, Basel, Switzerland. Tissue sam-
ples were processed as described previously (37) with the recom-
mendations of the Ethical Committee of the University Hospital
of Basel. The protocol was approved by the Ethical Committee of
the University Hospital of Basel.

Statistical Analysis

As shown on each figure, n indicates the number of experiments
using cells from independent experiments. Where three or more
experiments were conducted a two-tailed Student’s t-test with
two samples unequal variance type was conducted. Means were
considered significantly different when *p < 0.05, **p < 0.01.
Error bars represent the SD of the mean.
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Natural killer (NK) cells, the prototypic member of innate lymphoid cells, are important
effectors of anticancer immune response. These cells can survey and control tumor
initiation due to their capability to recognize and kill malignant cells and to regulate the
adaptive immune response via cytokines and chemokines release. However, several
studies have shown that tumor-infiltrating NK cells associated with advanced disease can
have profound functional defects and display protumor activity. This evidence indicates
that NK cell behavior undergoes crucial alterations during cancer progression. Moreover,
a further level of complexity is due to the extensive heterogeneity and plasticity of these
lymphocytes, implying that different NK cell subsets, endowed with specific phenotypic
and functional features, may be involved and play distinct roles in the tumor context.
Accordingly, many studies reported the enrichment of selective NK cell subsets within
tumor tissue, whereas the underlying mechanisms are not fully elucidated. A malignant
microenvironment can significantly impact NK cell activity, by recruiting specific sub-
populations and/or influencing their developmental programming or the acquisition of a
mature phenotype; in particular, neoplastic, stroma and immune cells, or tumor-derived
factors take part in these processes. In this review, we will summarize and discuss the
recently acquired knowledge on the possible contribution of distinct NK cell subsets in
the control and/or progression of solid and hematological malignancies. Moreover, we
will address emerging evidence regarding the role of different components of tumor
microenvironment on shaping NK cell response.

Keywords: natural killer cell subset, tumor microenvironment, natural killer cells, hematological malignancies,
solid tumors

INTRODUCTION

Natural killer (NK) cells are innate lymphoid cells (ILCs) (1) with a crucial role in immunosurveil-
lance. They display cytotoxic activities against transformed or viral infected cells but are also an
important source of chemokines and cytokines highly impacting on adaptive immune responses
(2,3).

Natural killer cell activity is dependent on activating and inhibitory signals transmitted by a
large repertoire of surface receptors. Inhibitory receptors prevent NK cells from killing healthy cells
and include KIRs, CD94/NKG2A, and ILT2/CD85. The activating receptors recognize self-proteins
mainly expressed on stressed target cells and include NCRs (NKp46, NKp30, NKp44), NKG2D, and
DNAMI, among others (4).
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Natural killer cells develop in the bone marrow (BM) from
lineage restricted progenitors, although maturation can also
occur in the periphery (5-7). Fully mature NK cells circulate in
the peripheral blood (PB), where they represent 5-20% of total
lymphocytes, but they are also found in several lymphoid and
non-lymphoid organs (8, 9).

Phenotypically, NK cells are defined by the expression of CD56
and the lack of CD3-TCR complex. Moreover, based on CD16
and CD56 expression levels, they are classically distinguished
in two subsets: CD56"#'CD16* and CD56°*CD16"¢". The
CD56""CD16"e" NK cell subset expresses high levels of KIRs, the
maturation marker CD57, and mediates natural and antibody-
dependent cellular cytotoxicity, exhibiting high levels of perforin
and enhanced killing; CD56""CD16* NK cells are characterized
by NKG2A, low levels of perforin, and are primarily specialized
for cytokine production. It is still debated whether these subsets
are functionally distinct NK cells or different stages of maturation.
A linear differentiation relationship between CD56"&" CD16*
NK cells and CD56°*CD16"¢" NK cells has been proposed (10, 11),
but it is not supported by observations on human NK cell deficien-
cies (12, 13); moreover, the possibility that tissue-resident NK cells
develop locally is also considered (14).

Besides CD56"#'CD16* and CD56°"CD16"#", additional
NK cell subpopulations have been identified under normal
and pathological conditions, based on their receptor repertoire
(15-17). Thus, human NK cells emerge as a highly heterogene-
ous and plastic population including subtypes with different and
specific functions.

Natural killer cell subsets also differ in tissue distribution that
is related to distinct homing properties and/or in situ maturation.
Tissue-resident NK cells express a different pattern of chemokine
and adhesion receptors and also differ from their blood-circu-
lating counterpart (18, 19). PB CD56"#'CD16* NK cells express
CD62L, CCR7, CXCR4, and CXCR3 that allow their preferential
recruitment to secondary lymphoid organs, tumor, and inflamed
tissues (8, 20, 21). Conversely, resident CD56"e" NK cells lack
CD62L but express other adhesion molecules, including the o
integrin subunit CD49a and CD103 (22). The CD56°*CD16"e"
NK cell subset expresses low level of CD62L and lacks CCR7,
but it is characterized by CXCR4, CX;CR1, CXCR2, and CXCR3
chemokine receptors responsible for their migration into the
inflamed sites.

Natural killer cells play a major role in tumor immunosurveil-
lance. They can control tumor initiation but are often inefficacious
in advanced disease. More recently, strong NK cell infiltration in
established cancers also suggested a role in disease progression
(23, 24). Tumor-infiltrating NK cells (TINKSs) share phenotypic
and functional properties with decidual NK cells (dNKs), well
known for their regulatory, pro-angiogenic, and low cytotoxic
activities (23, 25, 26).

In tumor microenvironment, several cellular and soluble fac-
tors affect NK cell phenotype and function and promote tumor
cell evasion from NK cell-mediated recognition and killing (27).

Because the capability of distinct NK cell subsets to exert
specific functions, it is extremely important to understand which
subpopulations mediate the antitumor response and which envi-
ronmental factors modulate their activity. Here, we review the

role of distinct NK cell subsets in human solid and hematological
cancers and the impact of tumor microenvironment on their
phenotypic and functional features.

NK CELL SUBSETS IN SOLID TUMORS

Neoplastic transformation was shown to significantly alter
NK cell subset localization (Table 1), though the exact role of the
TINKSs subsets remains poorly characterized (28, 29).

The study of TINKs in solid tumors is rather complex as
phenotypic alterations can occur following isolation and a com-
parison with the healthy tissue counterpart is difficult to perform.

Like tissue-resident NK cells thatare generally CD56"$"CD 16"
and more specialized for cytokine production, a prevalence of
CD56"¢" NK cells can infiltrate solid malignancies, although
they can exhibit features and/or functions other than those
of their circulating and/or healthy counterpart tissue. Thus, a
significantly higher frequency of CD56"¢"perforin NK cells
was observed in breast and lung cancers, with respect to normal
tissues. CD56"¢" NK cells were poorly cytotoxic, but cytokine
producers, and were mainly localized within the stromal com-
partment. CD56M&"perforin'” accumulation was not attributed to
major tumor microenvironment-driven NK cell developmental
alterations, but rather to a peculiar chemokine milieu. Indeed,
downregulation of CXCL2 that specifically attracts CD56""
NK cells and upregulation of CXCL9 and CXCL10 that specifi-
cally support CD56"" NK cells homing were observed (20, 45).

In breast cancer patients, five different circulating NK sub-
sets were also identified (46): CD56°*CD16*, CD56"*CD167,
CD56M"s"CD16-, CD56"¢"CD16%, and CD56-CD16*. A higher
percentage of CD56°*CD16~ and CD56"¢"CD16~ subsets were
observed both in PB and in advanced invasive mammary tumors.
Furthermore, by phenotypicand functional analysis, both subpop-
ulations emerged as more immature (CD1174¢"CD27"¢hCD57%v)
and less functional (low levels of activating receptors, perforin,
and granzyme B and degranulation capability). Collectively, these
observations suggest that breast tumor microenvironment blocks
or reverses NK cell maturation, favoring the emergence of non-
cytotoxic NK cells.

Changes in the expression patterns of activating and inhibi-
tory receptors have been also described in tumor-associated
CD56"¢" NK cells and have been implicated in their functional
deficits. CD56"¢" NK cells, displaying an immature and activated
phenotype associated with low or null degranulation potential,
were found in prostate tumor and area selected out of the tumor
site (30). However, in prostate cancer, lower expression of some
activating receptors (NKp46, NKp30, NKG2D, DNAM-1, CD16)
and higher expression of the inhibitory receptor ILT2 were
observed, with more pronounced effects in NK cells infiltrating
metastatic than localized tumors; these latter data indicate that
tumor microenvironment can impair NK cytotoxic functions by
altering the balance between NK activating and inhibitory recep-
tors. The analysis of NK cell subsets in the lymph nodes of cancer
patients revealed comparable numbers of CD56"¢" NK cells in
the regional metastatic lymph nodes from stage III melanoma
patients (M-LN) and mediastinal lymph nodes from healthy
donors (HD). However, 40-60% of CD56"#" NK cells in M-LN also
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TABLE 1 | Phenotype of NK cell subsets in tumors.

Natural killer (NK) cell subset Tumor Phenotype Function Reference
Cytokine Cytotoxicity
production
Solid tumors ~ CD56"e"perforin®”  Lung and breast cancer NKG2A*CD27+KIR+ CD62L ND ND (20)
downregulation
CD56""CD 16 Breast, melanoma, and colon  CD9*, CXCR3* VEGF ND (25)
cancer
CD56""CD16~ Non-small cell lung cancer KIR*CD69+*HLA-DR* NKp44 upregulation  High production ~ No cytotoxicity (26)
of VEGF, PLGF,
IL-8
CD56"an Prostate NKp46, NKG2D, NKp30, DNAM1, CD16 ND No cytotoxicity (30)
downregulation ILT2 upregulation
CD56"e"CD16* Metastatic lymph nodes NKp46+, NKG2D*, NKp30+, CD158 (a, b ND Low cytotoxicity (31)
adjacent to metastatic and e)*
melanoma
CD56° Metastatic lymph nodes from  KIR*CD57+CD69*CCR7+ ND High cytotoxicity (82, 33)
melanoma patients
CD56° Non-small cell lung cancer NKp46+, NKp80, CD16, NKG2D, and No IFN-y No cytotoxicity (34)
DNAM-1 downregulation production
CD56hight Intestinal stromal cancer CD16-KIR"NKp30c* Reduced Reduced (35)
production of cytotoxicity
TNF-o IFN-y
production
Hematologic = CD56NCR! AML CD16*KIR* ND No cytotoxicity (36)
tumors
CD56NCRian AML ND ND No cytotoxicity (36)
CD56NKp46° AML/B-ALL NKG2A upregulation No IFN-y No cytotoxicity 37)
production
CD56°*CD16" B-ALL/T-ALL ND No IFN-y No cytotoxicity (38)
production
CD56* Myelodysplastic syndromes NKG2D (PB/BM) DNAM1 (BM) ND No cytotoxicity (39)
(MDS) downregulation
CD56° Multiple myeloma (MM) DNAM1, CD16, 2B4 downregulation ND No cytotoxicity (40, 41)
CD56 MM CD161 downregulation and CD158a ND No cytotoxicity (40)
upregulation
CD56° AML KIR*CD57+ ND ND (42)
CD56° AML CD16/CD57"an ND ND (43)
CD56ow MDS KIR-NKG2A- ND ND (44)

up/downregulation, reduction are determined with respect to NK cells from healthy individuals; ND, not determined.

expressed CD16. CD56"8"CD16* NK cells displayed an activated
phenotype, and their ex vivo degranulating capacity inversely cor-
related with the percentage of malignant cells, suggesting a local
tumor-induced suppression of NK cell activation. The prevalence
of CD56"$"CD16" NK cells in M-LNs was attributed to the matu-
ration and activation of tumor resident CD56"¢*CD16~ NK cells
and/or to the migration of PB CD56*CD62L* NK cells to M-LNs,
where CD16 expression could be upregulated (31).

A relevant property of CD56"¢"CD16~ NK cells within differ-
ent solid tumors, such as breast, melanoma, colon cancer (25),
non-small lung cancer (26) is their pro-angiogenic phenotype
possibly responsible for their tumor-promoting role. Indeed,
unlike circulating CD56"$"CD16~ but similar to dNK cells,

CD56"¢"CD16~ TINK cells express high levels of CD9, CXCR3,
produce VEGE, and have a lower cytotoxic potential, suggesting
that similar maturation/polarization mechanisms occur in the
decidua and tumor microenvironment of PB NK cells (47-49).
Although substantial evidence indicates CD56"¢"CD16¥
NK cells as the major TINK, there are also reports on tumor infil-
tration by CD56"" NK cells (32, 33, 46). Enrichment in the tumor
infiltrated lymph nodes (TILN) and concomitant reduction of
CD56"" NK cells in PB were observed in melanoma patients.
These CD56"" (CD57*CD69+*CCR7+KIR*) NK cells were highly
cytotoxic against autologous melanoma cells, and, in accordance
with their homing into TILN, they expressed CCR7. The reduced
proportion of CD56"* NK cells in the PB supports the possibility
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of a selective recruitment of this subset in TILN. However, in situ
maturation of CD56"¢" NK into more cytotoxic CD56"* NK cells
was also suggested because the different chemokine milieu domi-
nated by CXCL8 and CCL2, which may recruit both CD56"&" and
CD56%m CXCR2+/CCR2* PB NK cells into the TILN (32).

The emerging concept of tissue-specific functions of NK cells
together with the selective enrichment of specific subsets in
neoplastic tissues indicate that the outcome of antitumor NK cell
effector functions is not always predictable and largely depends
on the particular tumor microenvironment.

NK CELL SUBSETS IN HEMATOLOGICAL
MALIGNANCIES

Alarge body of evidence indicates that NK cells play a preferential
role in the control of the onset and progression of hematological
tumors. Moreover, unlike solid cancers where monitoring of
PB NK cells could not provide correct information on their
tumor-infiltrating counterpart, evaluation of circulating NK cell
status can be highly relevant in the context of hematological
malignancies.

Abnormal NK cell cytolytic function was observed in acute and
chronic leukemia (AML-ALL and CLL-CML), myelodysplastic
syndromes (MDS), and multiple myeloma (MM). Yet, most of
the studies are focused on PB, but not BM, and poorly address
NK cell phenotypic and functional heterogeneity.

The main receptors involved in NK cell recognition and killing
of leukemic blasts are NCRs, NKG2D, and DNAM1. According
to NCR surface density, unlike NK cells from HD that are mainly
NCR"&" (50), a NCRYCD16*KIR* NK cell subset that failed to
recognize and kill autologous and allogeneic blasts was described
in AML patients (36). A smaller cohort of AML patients was also
characterized by the presence of the NCR"¢" NK cell subset that
showed impaired cytotoxic activity, probably due to NCR ligand
down-modulation on leukemic cells. In addition, significant
reduction of NKp46 together with increased NKG2A expres-
sion was associated with functionally impaired PB NK cells
from AML patients with respect to HD (37). Similar to AML,
the frequency of PB NCR* and in particular NKp46* NK cells
from B-ALL patients was lower. Moreover, they also displayed
increased NKG2A expression. These phenotypic abnormalities
were associated with impaired NK cell killer ability and IFN-y
production in response to autologous blasts (51). As regards to
other activating NK receptors, a lower frequency of NKG2D*
and DNAM-1* NK cells was observed in the context of MDS,
AML, and MM (39, 52); moreover, NK cells from MM patients
also displayed reduced levels of CD244, CD16, and CD161 (40,
41, 53, 54).

A different scenario was observed with CLL and CML CD56""
NK cells which exhibited the same profile of activating and
inhibitory receptors of HD but reduced NK cytotoxic ability (55).

Recently, we reported an increased frequency of a newly
identified NK cell subset characterized by low levels of CD56
and CD16 (CD56"*CD16"") and NKG2A* in both BM and PB
of pediatric B-ALL and T-ALL. In HD, this subset was endowed
with both higher cytotoxic activity and IFN-y producing ability,
but it resulted functionally impaired in leukemic patients (38).

Similarly, a higher frequency of non-cytotoxic CD56°*CD16""
NK cells was found in advanced breast cancer (46), suggesting
both a preferential homing and functional alterations of this
subset in tumor-microenvironment.

Overall, these findings suggest that several mechanisms,
including downregulation of activating receptors and/or upregu-
lation of inhibitory receptors on NK cells or modulation of their
ligands on cancer cells are responsible for tumor escape from
NK cell recognition in hematological malignancies.

In the context of hematological cancers where tumor cells are
present in the BM that represents the main site of NK cell differen-
tiation, an important question to address is whether tumor growth
also affects NK cell development. Most of the studies, however,
addressed this issue examining PB and not BM NK cells. In this
regard, Chretien et al. (42) compared the presence of five different
stages of NK cell development (CD56"¢", CD56""/KIR~/CD57-,
CD56""/KIR*/CD57-, CD56""/KIR~/CD57*, and CD56""/KIR*/
CD57%) in the PB of AML patients and found that one-third of
the patients exhibited a significant increase in the proportion of
the more mature CD56"/KIR*/CD57* NK cells at the expenses
of more immature CD56"¢" NK cell subset. In addition, a recent
study on NK cells from the BM of AML patients showed a reduced
frequency of the more mature CD56"*CD16/57"&" NK cell subset
that did not correlate with a good prognosis (43). Collectively,
these findings, although suggestive of a possible influence of AML
cells on NK cell development, are still incomplete, as BM and PB
NK cell subsets from the same patient have not been examined,
and the possibility that the observed phenotype is due to a prefer-
ential migration of more mature CD56""/KIR*/CD57* NK cells
from BM to PB is still open (56).

Moreover, it is increasingly understood the impact of hema-
tological tumors on BM stromal cells, which are crucial for an
optimal NK cell differentiation. In this regard, evidences on
altered chemokine and cytokine production by BM stromal cells
were provided (44), suggesting that effects on NK cell differentia-
tion can be due to the lack of a proper stromal support for NK cell
progenitors and/or an altered NK cell subset trafficking.

NK CELL SUBSETS AND TUMOR
MICROENVIRONMENT

Several studies indicate that tumor-induced impairment of
NK cell functions correlates with alterations of NK cell subset
distribution. On the other hand, different immunosuppressive
mechanisms can be also responsible for functional NK cell
impairment in solid and hematologic malignancies.
Tumor-related soluble factors may be responsible for
phenotypic and functional alterations of NK cells, moreover
different tumor-resident immune cells, such as M2-polarized
macrophages, MDSC, DC, and Treg, may affect NK cell activity,
by releasing soluble factors (e.g., IL-10, IDO, PGE,) or by direct
contact-dependent mechanisms (57-59) (Figure 1). Although
higher amount of TGF-p1, PGE2, IL-10, and IDO were detected
in supernatants of solid and hematological tumors, the impact of
these soluble factors on NK cell subset distribution was suggested
onlybased onin vitro observations (30, 51). Differently, Mamessier
et al. performed in vivo correlation studies demonstrating that in
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breast cancer patients decreased expression of activating NK cell
receptors (NKp30, NKp46, NKG2D, DNAM-1) or cytotoxic
molecules (GZMB) and increased levels of the inhibitory receptor
NKG2A on NK cells were associated with high amount of TGF-
f1 and PGE2 in tumor supernatants. In particular, TGF-p1 and
PGE2 were shown to negatively correlate with molecules related
to NK cell cytoxicity and positively correlate with NKG2A recep-
tor expression (60), thus suggesting that these molecules play a
role in these regulatory mechanisms.

Among these factors, particular attention has been given
to TGF-P1, which has been shown to exert several effects on
NK cells, including inhibition of proliferation and in vitro NK cell
development and differentiation. In this regard, this cytokine
was found to reduce the number of NK cells developing from
human CD34* progenitor cells and to promote the conversion
of PB CD56""CD16* NK cells into a dNK-like CD56""CD16~
phenotype (61, 62). Thus, also at tumor site, TGF-p1 may take
into account of the pro-angiogenic dNK-like phenotype of
tumor-infiltrating NK cells. A number of studies suggest that
tumor-derived TGF-f1 also impacts NK development in the
context of hematological malignancies. In particular, TGF-f1
overexpression in the BM tumor-microenvironment (MDS, CML,
and MM) may be responsible for the suppressive effect of cancer
cells on BM stromal cells, thus compromising their supportive
role on NK cell maturation (44, 63, 64). Finally, this cytokine

may also interfere with intra-tumoral NK cell infiltration via
modulation of their chemokine receptors (65). In this regard, a
peculiar chemokine milieu has been proposed to be important for
the recruitment of specific NK cell subpopulations in a number
of solid tumors; moreover, altered chemokine expression patterns
may also affect NK cell trafficking in hematological malignancies
(32, 44, 45). However, higher concentration of chemokines does
not always correlate with the presence of these lymphocytes in
tumor microenvironment, thus suggesting that other and more
complex mechanisms can affect their recruitment (66).

TUMOR ESCAPE FROM NK CELL-
MEDIATED RECOGNITION AND KILLING

Elusion of NK cell recognition is a major mechanism of tumor
immune evasion. NK cell-activating ligands are expressed on
malignant cells, but they can be also released in a soluble form
through metalloproteinase-mediated cleavage, exosome secre-
tion, or alternative splicing. Indeed, soluble forms of these ligands
are present in the serum or peritoneal fluids of various cancer
patients, and their levels positively correlate with tumor stage,
metastasis, and poor prognosis (67-69). Reduction of activating
ligand expression on cancer cells leads to a less efficient recogni-
tion and killing by cytotoxic lymphocytes. Concomitantly, soluble
ligands can engage their receptors and cause their internalization
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in NK cells; accordingly, a negative correlation between soluble
ligands and NKG2D expression on NK cells was largely docu-
mented in both solid and hematological tumors (70, 71). However,
conflicting results have described either inhibition or promotion
of NK cell activation following NKG2D endocytosis (72). An
additional escape strategy used by cancer cells is based on the
dominance of NK cell inhibitory signals. In several cancer cells,
expression of MHC class I molecules binding to inhibitory KIR
receptors (KIR2DL2/3,KIR3DL1, and KIR2DL1) results in switch
oft NK cell effector functions (37, 73-75). Moreover, high levels
of non-classical antigens HLA-G (ligand of ILT-2 and KIRDL-4)
and HLA-E (ligand of NKG2A/CD94) were found in tumor and
serum of cancer patients and were considered independent mark-
ers of poor prognosis in various malignancies (76-79). Finally,
tumor cell overexpression of other ligands triggering inhibitory
signals on NK cells, such as PDL-1/2, contributes to inhibit their
susceptibility to NK cell-mediated killing (80, 81).

CONCLUSION

Accumulating evidence indicates that, far from the simple
and first distinction in two subsets, NK cells are a very highly
heterogeneous population, and different marker combinations
can be used to identify distinct subpopulations endowed with
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Vienna, Austria

Natural killer (NK)-cells are major players in the fight against viral infections and trans-
formed cells, but there is increasing evidence attributing a disease-promoting role to
NK-cells. Cytokines present in the tumor microenvironment shape NK-cell maturation,
function, and effector responses. Many cytokines signal via the Janus kinase (JAK)—
signal transducer and activator of transcription (STAT) pathway that is also frequently
altered and constitutively active in a broad range of tumor cells. As a consequence,
there are currently major efforts to develop therapeutic strategies to target this pathway.
Therefore, it is of utmost importance to understand the role and contributions of JAK-
STAT molecules in NK-cell biology —only this knowledge will allow us to predict effects of
JAK-STAT inhibition for NK-cell functions and to successfully apply precision medicine.
We will review the current knowledge on the role of JAK-STAT signaling for NK-cell
functions and discuss conditions involved in the switch from NK-cell tumor surveillance
to disease promotion.

Keywords: JAK-STAT, tumor surveillance, cytotoxicity, immunologic, mouse models, NK cells, VEGF-A, tumor
promotion

INTRODUCTION

Natural killer (NK) cells are major players of the innate immune system and immediate effector cells
against viral infections, pathogens, and malignant cells. In humans, NK-cells compromise 5-15%
of circulating blood lymphocytes and are further sub-divided based on the expression of the cell
adhesion molecule CD56 and the low affinity Fc-receptor CD16 into CD3-CD56™"CD16~ and
CD3-CD56%"CD16* NK-cells. CD56#" NK-cells are mainly found in lymph nodes, produce
cytokines upon activation, and possess only minor cytotoxic potential. Upon maturation to CD56™
cells—the majority of circulating NK-cells in healthy humans representing approximately 90%
of NK-cells—gain significant cytotoxic potential (1, 2). There is ample evidence for the ability of
NK-cells to recognize and lyse a broad variety of tumor cells (3-5). The ability of NK-cell-mediated
immune surveillance extends to the prevention of metastatic spread (6-8), which is currently one of
the dominating clinical problems in cancer therapy.

Initially described to function without prior sensitization, accumulating evidence demonstrates
that NK-cell effector function is a complex and tightly regulated process (9-12). This ensures rapid
effector reactions while preventing autoimmunity (13). During development, NK-cells undergo a
licensing process that shapes their responsive steady state. NK-cells lacking inhibitory receptors or
unable to recognize cognate MHC molecules maintain a hyporesponsive state (13, 14). Even if fully
developed and equipped to act against target cells, NK-cells require a costimulatory signal to pull
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the final trigger. Cytokines provided by the microenvironment
or the ligation of activating receptors serve as promoting signals
(15, 16). NK-cell activation is thus also controlled by the avail-
ability of cytokines including type I interferons (IFNs) from TLR*
cells. IFNAR signaling in dendritic cells leads to the subsequent
production of IL-15 that is trans-presented to activate NK-cells
(17). Besides IL-15, also IL-2 produced by CD4* T cells stimulates
NK-cell activation while regulatory T cells (T.g) inhibit NK-cell
responses in a TGF-f-dependent manner. Moreover, T express-
ing the high affinity IL-2 receptor alpha chain CD25 limit the
availability of IL-2 for NK-cells (18, 19).

Another layer of complexity is added by the escape mecha-
nisms of tumor cells. Tumor cells evade NK-cell recognition by
several mechanisms including changes in expression of MHC
class I or secretion of cytokines and mediators impeding NK-cell
responses (20). Immunosuppressive cytokines such as TGF-f or
adenosine in the tumor microenvironment block NK-cell matu-
ration and their cytotoxic potential or act indirectly by recruiting
suppressor cells (21, 22). Cytokines have thus both abilities; they
may activate or block NK-cells.

Most cytokines influencing NK-cell functions signal via Janus
kinase (JAK)-signal transducer and activator of transcription
(STAT) pathway, a conserved pathway transmitting extracellular
signals from the cell surface to the nucleus (23). The JAK-STAT
pathway is frequently altered and constitutively active in a broad
range of tumors. There are major efforts to develop therapeutic
strategies to target components of this pathway (24-26). It is
thus critical to comprehend the role of JAK-STAT molecules in
NK-cell biology. This knowledge will enable to predict effects of
JAK-STAT inhibition for NK-cells, a prerequisite for precision
medicine.

JAK-STAT

Cytokine binding to a respective receptor on the cell surface
leads to the activation of receptor-associated tyrosine kinases,
the JAKs. Once activated, JAKs trans-phosphorylate each other,
thereby creating docking sites for signal transducer and activator
of transcription (STAT) molecules. Subsequent to binding, STATS
become activated by JAK-mediated tyrosine phosphorylation
and form homo- or heterodimers, translocate to the nucleus
where they regulate transcription (27, 28). Four distinct JAK
kinases (JAKI, 2, 3, and TYK2) as well as seven different STAT
proteins exist (STAT1, 2, 3, 4, 5A, 5B, and 6). One cytokine may
activate more than one member of the JAK and/or STAT family
(29). Table 1 summarizes our current knowledge on JAK-STAT
signaling in NK-cells.

JAKs: THE DRIVER OF THE STATs

One cytokine may activate more than one JAK and each JAK
targets more than one STAT protein. This multilayered and
complex activation pattern creates sometimes elaborate phe-
notypes upon deletion or inhibition of single components (46).
The distinct roles of JAK kinases for NK-cell biology are on the
edge of being unraveled, currently only limited information is
available.

Treatment with the JAK1/JAK2 inhibitor ruxolitinib reduces
NK-cell numbers, impairs their proliferation, maturation, and
cytolytic capacity. Application of ruxolitinib in a murine breast
cancer model enhanced metastatic spread by interfering with
NK-cell functions (7, 47). The fact that ruxolitinib efficiently
inhibits JAK1 and JAK2 but also with low affinity JAK3, makes
it difficult to assign specific roles to distinct members of the JAK
family. NK-cells fail to develop in Jak3~~ mice—a phenotype that
is mirrored in patients harboring Jak3 mutations. These patients
suffer from a SCID phenotype lacking T and NK-cells (48-50).
The contribution of JAK1 and JAK2 on NK-cell development and
function needs to be further explored. While JAK3 is predomi-
nantly expressed in the hematopoietic compartment, JAK1 and
JAK2 are ubiquitously expressed and Jakl and Jak2 knockouts
are perinatal/embryonic lethal (51, 52). JAK1 has been reported
to be crucial for lymphopoiesis, and both JAKI and JAK3 are
important upstream kinases mediating IL-15-dependent signal-
ing and subsequent STAT5 activation (52-54). It is attractive
to speculate that loss of JAK1 would as well induce the loss of
peripheral NK-cells.

Experiments using Jak2~ conditional knockout mice uncov-
ered a critical role for JAK2 in NK-cell maturation (7). Breast
cancer metastasis related to impaired NK-cell function was
enhanced in mice treated with the JAK2-specific inhibitor
BSK805. Simultaneous treatment with IL-15 prevented the
enhanced metastasis provoked by JAK2 inhibition. This indicates
that BSK805-mediated JAK2 inhibition does not affect IL-15-
mediated responses in NK-cells presumably acting via JAK1 and
JAK3 (7). Only the generation and analysis of NK cell-specific
conditional knockout mice will allow us to characterize the
individual effects of JAKs on NK-cell development and effector
function.

In contrast to other JAKs, Tyk2~ NK-cells are present at nor-
mal numbers but show impaired IL-12/IL-18-mediated signaling
with reduced STAT4 activation. Consequently, Tyk2~~ NK-cells
possess a severely impaired cytolytic activity, do not efficiently
clear certain infections, and display an impaired tumor immune
surveillance (55-58). In line, patients with autosomal recessive
Tyk2 mutations suffer from recurrent bacterial and viral infec-
tions and display impaired NK-cell responses (59).

THE GOOD: STAT1: IT TURNS THE
KILLING ON

STAT1 and STAT?2 are well studied transcription factors and
important for signals in response to IFNs (60). Our knowledge
on STAT2-regulated NK-cell functions is limited; it is known
that STAT2 controls viral load during LCMV infections (61). In
contrast, STAT1 effects have been characterized in more detail.
STAT1 is a crucial regulator of IFN-y production and NK-cell
cytotoxicity (60-62). Statl-deficient mice are highly susceptible
to bacterial and viral infections. StatI™~ mice show reduced
expression of MHC class I molecules, which is thought to lead
to hyporesponsive, unlicensed NK-cells (63, 64). It is currently
unclearwhethertheimpaired cytotoxicityissolelythe consequence
of the impaired licensing or whether STAT1 fulfills other major
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TABLE 1 | Janus kinase (JAK)/signal transducer and activator of transcription (STAT) signaling in natural killer (NK)-cells (27, 30-45).

Cytokine Receptor-associated Activated STATs Function Effect induced by
JAKs
IL-2 JAK1, JAK3 STAT1, STAT3, STATS Proliferation STATS
JAK2 STAT4 Activation STAT1/4/5; STAT3?

IL-7 JAK1, JAK3 STATS Survival of CD56"" NK-cells, upregulation of FasL STATS
Development of distinct NK-cell subsets

IL-12 JAK2, TYK2 STAT1, STAT3, STAT4 Activation STAT1/4
Induction of Vegf-A expression STAT3?

IL-15 JAK1, JAK3 STATS Survival, maturation, proliferation STATS

STAT3 Activation STAT5, STAT3?

IL-10 JAK1 STAT3 Activation STAT3
Induction of Vegf-A expression STAT3?

IL-21 JAKT, JAK3 STAT1, STAT3 Antiproliferative (mouse NK-cells), proliferation (human NK-cells) STAT3?
Maturation, activation STAT1?
Induction of Vegf-A expression STAT3?

IL-27 JAK1 STAT1, STAT3, STATS Activation Unknown
Increased ADCC STAT5?
Increased IL-10 production STAT3?
Increased viability STAT5?
Decreased proliferation STAT3?

Interferon-o/p JAKT, TYK2 STAT1, STAT3 Maturation STAT1; STAT4?
Activation STAT1/3/4
Induction of Vegf-A expression STAT3?

functions. The complexity of STAT1 signaling in innate immunity
is further highlighted by the existence of a non-canonical STAT1
pathway. STAT1Y7°'F mutant proteins that cannot be activated by
JAKs in the canonical manner partially rescue impaired cytolytic
responses of StatI”~ NK-cells. One potential explanation for
this unexpected phenomenon is the finding that STAT1 locates
to the immunological synapse when NK-cells conjugate target
cells. In line, STAT1 has been shown to bind proteins involved
in cell junction formation at the immunological synapse during
tumor cell recognition (65). Moreover, ex vivo derived NK-cells
show a constitutive phosphorylation of the STAT1-S727 residue
restraining NK-cell cytotoxicity. This phosphorylation is present
without any stimulus and prior to tyrosine phosphorylation,
thus deviating from the canonical STAT activation (6, 28). These
observations point at a complex and multilayered function of
STAT1 in NK-cells and suggest STAT1 as a central node integrat-
ing several processes.

Many effects described in Stat1-deficient mice are mirrored in
patients. STAT1 deficiency in humans is an autosomal recessive
immune disorder; null mutations are associated with recurrent
bacterial and viral infections indicating impaired NK-cell activi-
ties although no detailed information is available so far (66-70).

THE UGLY: STAT3: AVOIDING
AUTOIMMUNITY OR THE TARGET FOR
NK-CELL THERAPY?

While cytokines such as IL-12, IL-15, IL-21, and type I IFNs
induce STAT3 tyrosine phosphorylation in NK-cells, the most
potent activation is achieved by treatment with the immunosup-
pressive and anti-inflammatory cytokine IL-10 (71). Many tumors
harbor constitutively active STAT3 that triggers the release of
immunosuppressive cytokines such as IL-10 or TGF-f. These

tumor-derived cytokines further induce a pronounced STAT3
phosphorylation in infiltrating immune cells. There, induced
STATS3 activation is considered to impair tumor immune surveil-
lance and allows the tumor to escape immune control (72, 73).
High levels of STAT3 phosphorylation in the tumor stroma often
correlate with loss of intact tumor immune surveillance (74). This
effect is of therapeutic interest as STAT3 inhibitors are currently
developed to treat patients suffering from cancer of various origin
(75, 76). There is dual hope in these STAT3-directed therapies; on
the one side, they are expected to block STAT3-mediated growth
promoting and pro-survival signals in the tumor cells themselves.
On the other hand, STAT3 inhibitors directly act on the infiltrat-
ing immune cells and might boost their cytotoxic behavior.
There is first evidence that this concept holds true for NK-cells.
Studies in mouse models uncovered that STAT3 activation in
NK-cells indeed suppresses cytotoxicity. The deletion of STAT3 in
NK-cells enhanced cytotoxicity in melanoma and leukemia mod-
els (71, 77) and resulted in a prolonged survival (71). The absence
of STAT3 was paralleled by an increased expression of perforin
and granzyme B and the activating receptor DNAM-1. There is
conflicting evidence if and how STAT3 also regulates the expres-
sion of the activating NKG2D receptor in NK-cells. In human,
NK-cells stimulation with IL-10 and IL-21 induces NKG2D
expression in a STAT3-dependent manner. Similar results were
obtained in a mouse study showing enhanced NKG2D-mediated
antitumor responses upon IL-21 treatment (78, 79). Against the
expectations, Stat3~~ NK-cells isolated from Stat3"'Ncr1-Cre™
mice, where deletion of STAT3 is restricted to NKp46™ cells, show
no changes in NKG2D expression (71). In contrast, NK-cells
analyzed from Stat3""VavCre mice showed reduced NKG2D
expression (79). The controversy is further heated by a study
showing that IL-21 stimulation inhibits NKG2D expression of
IL-2-cultured primary human NK-cells (80). Several scenarios
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may explain these conflicting results; one may envision that
STATS3 is involved in epigenetic processes that control NKG2D
expression and that occur prior to NKp46 expression. In such a
scenario, the deletion of STAT3 in a NKp46* population would
be too late in NK-cell development to interfere with NKG2D
expression. Alternatively, the regulation of NKG2D expression in
NK-cells might require cell extrinsic-cues that depend on STAT3
and are lost in Stat3""VavCre mice upon deletion in the entire
hematopoietic system (79).

Of note, STAT3 inhibition in tumors has been shown to
enhance immunogenicity even in tumors that do not depend
on STAT3 for survival and growth. One of the mechanisms
how immunogenicity is increased is the enhanced expression of
NKG2D ligands on tumor cells (81, 82).

Another consequence of STAT3 deletion in NK-cells is an
increased expression level of STAT5 (71). As described below,
STATS5 is a potent stimulator of NK-cell survival and cytotoxicity.
It remains to be determined how any STAT3-directed therapy will
interfere with the delicate balance of STAT3-mediated suppres-
sion and STAT5-mediated activation of NK-cell cytotoxicity. This
is of particular relevance when employing cytokines that act via
both STAT proteins, e.g., IL-15. It is attractive to speculate that
IL-15-induced STAT3 activation may serve to counteract the
IL-15-STAT5-mediated NK-cell cytotoxicity to prevent autoim-
munity. A detailed understanding of the mechanisms governing
the repression of NK-cell overshoots is of utmost therapeutic
importance. Cancer therapies aim at increasing the potential of
killers while avoiding self-destruction.

THE GOOD: STAT4: YOU BETTER HAVE
MORE

STAT4 s a prerequisite for IL-12-mediated cytotoxicity and IFN-y
production in murine and human NK-cells (83, 84). Additionally,
STAT4 has been described to induce T-bet and IL-10 in NK-cells
and to be involved in the generation of memory NK-cells after
MCMYV infection (83, 85, 86). Direct binding of STAT4 to the
perforin promoter has been reported in human NK-cells (87).
Besides its potent activation by IL-12 stimulation, high basal
levels of STAT4 protein expression have been detected in murine
and human NK-cells (61). In contrast to other immune cells, IL-2
treatment activates STAT4 in NK-cells and enhances responses
to IL-12 by upregulating of the IL12R (38, 84). It is attractive to
speculate that the constitutively high expression levels of STAT4
represent a “ready-to-go” repertoire that enables NK-cells to
immediately react on cytokine exposure. This hypothesis is sup-
ported by the fact that NK-cells represent the first line of defense
against pathogens—their rapid and efficient activation being a
prerequisite. In line, tolerogenic NK-cells have been reported in
the context of liver transplantation, where immunosuppression
subsequently decreased STAT4 levels and resulting in hypore-
sponsive NK-cells (88).

Although IL-12 possesses the potential to also activate STAT1
and STAT3, STAT4 appears to be crucial in mediating IL-12-
induced signaling and IFN-y production. The role of IL-12-
induced STAT1 and STAT3 activation for IFN-y production is

currently unclear. It may represent an evolutionary backup to
induce a second wave of IFN-y response. On the other hand,
STAT1 and STAT3 may act as feedback loop and prevent succes-
sive production. In fact, binding of several STAT molecules to the
IEN-y promoter has been reported (71, 89).

THE GOOD: STAT5: TEACHES NK-CELLS
HOW TO DRIVE

STATS transmits signals downstream of IL-2 and IL-15, and
its expression is indispensable for the survival of peripheral
NK-cells (90). STAT5 exists of two homologs, STAT5A and
STATS5B, that share more than 90% sequence identity and arose
by gene duplication (91). There is evidence that the loss of
STATS5B, but not STAT5A reduces NK-cell numbers and impairs
cytolytic responses (92). This is mirrored in patients harboring
Stat5b deficiencies and suffering from NK-cell lymphopenia,
recurrent bacterial and viral infections, several clinical patholo-
gies, and high morbidity (67, 93). While the deletion of STAT5B
only reduces NK-cell numbers to 50%, the targeted deletion of
STAT5A and STAT5B in NK-cells induces apoptosis and leads to
a complete loss of peripheral NK-cells (90). These data indicate
that both STATS5 isoforms are involved in NK-cell maturation
and survival (90). Survival of STAT5-deficient NK-cells can be
rescued by the enhanced expression of the anti-apoptotic gene
Bcl-2 and allows studying the role of STAT5 for other NK-cell
functions. STAT5 is not only regulating NK-cell survival,
proliferation, and cytotoxicity but also drives cell maturation
(94) by driving the expression of transcription factors involved
in NK-cell maturation and survival (94). Besides allowing
NK-cell maturation and cytotoxicity, STAT5 suppresses the
tumor-promoting potential of NK-cells (94). Similar to myeloid
cells, NK-cells have the potential to support tumor growth
by secreting VEGF-A (94, 95). VEGF-A expression and thus
tumor promotion is suppressed by STAT5 with STAT5B being
the relevant isoform (94). There is accumulating evidence for
the existence of VEGF-A secreting tumor infiltrating NK-cells
in patients suffering from small lung cell cancer, breast, and
colon tumors (96, 97). These tumor-promoting NK-cells are
immature (CD56"%"), and their presence has been correlated
to poor disease prognosis in several studies (98-100). Therefore,
it is attractive to speculate that IL-2- and IL-15-mediated STAT5
activation in cancer patients does not only activate NK-cell
cytotoxicity but also reverts pro-angiogenic effects. Decidual
NK-cells have been the first NK-cells reported to produce
VEGEF to promote trophoblast invasion and remodeling of spiral
arteries (101-103). Uterine NK-cells are poorly cytotoxic with
a particular cytokine profile (101). It remains to be elucidated
whether STATS5 is also involved in VEGF-A production in the
decidua. A suppressive cytokine milieu such as TGF-p in the
uterus or hypoxic conditions might dampen STAT5 signaling
andrepresenta prerequisite for VEGF-A transcription. Evolution
brought two types of NK-cells into light: besides being effective
killers NK-cells have acquired to adapt to immunosuppressive
cytokines and to switch to a tolerogenic but pro-angiogenic
behavior.
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THE BAD: STAT6: STILL SOME MISSING
BRICKS

Activation of STAT6 has been reported to drive IL-5 and IL-13
production in cultured NK-cells and to limit cytotoxic responses
(104). In line, studies with Stat6™~ mice showed increased viral
resistance and higher cytolytic activity of NK-cells in the absence
of STAT6 (105). However, a positive correlation of STAT6
expression and IFN-y production was reported after costimulat-
ing murine NK-cells with IL-4 and IL-2 (106). Further studies
need to explore whether a STAT6 blockade would be a potential
therapeutic option to enhance responses in human NK-cells.

CONCLUSION

The JAK-STAT pathway is evolutionary highly conserved; thus,
the human situation nicely matches the findings in experimental
animal models. In that line, many insights that we gained from
murine NK-cells can be translated to human NK-cells. Figure 1
summarizes our current knowledge on the role of STATs in
NK-cell functions. In general, STAT1, STAT4, and STAT5 stimu-
late NK-cell maturation and cytotoxicity, whereas STAT3 and
STAT6 negatively impact on NK-cell activity. It is attractive to
speculate that the suppressive role of STAT3 and STAT6 is impor-
tant to prevent NK-cell overshoots and autoimmunity. STATS5 is
the only STAT family member that is indispensable for NK-cells
since it governs survival and growth in addition to cytotoxicity
and maturation. It may thus be seen as NK-cell master regulator.

As shown for macrophages NK-cells not only inhibit but
also promote tumor formation, e.g., by producing VEGF-A. So
far, STAT5 has been shown to prevent NK-cell-mediated tumor
promotion by suppressing VEGF-A. However, it is unclear if and
how other family members contribute to the switch from tumor
suppression to tumor progression. Another layer of complexity is
added by the fact that STATSs rarely act alone but are embedded
in a network of signaling events depending on the microenvi-
ronment and stimuli present. Signal integration is required to
determine outcomes; at its lowest level integration of activity
arising from various STAT family members is needed as even a
single cytokine can activate multiple STATs (listed in Table 1).
Some cytokines activate STAT family members with opposing
functions such as IL-12 or type I IFNs. Further research will have
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NK cells represent an important first line of defense against viral infection and cancer and
are also involved in tissue homeostasis. Studies of NK cell activation in the last decade
have revealed that they are able to respond to the inflammatory stimuli evoked by tissue
damage and contribute to both progression and resolution of diseases. Exacerbation of
the inflammatory response through interactions between immune effector cells facilitates
the progression of non-alcoholic fatty liver disease (NAFLD) into steatosis, cirrhosis,
and hepatocellular carcinoma (HCC). When hepatic damage is incurred, macrophage
activation is crucial for initiating cross talk with neighboring cells present in the liver,
including hepatocytes and NK cells, and the importance of this interaction in shaping the
immune response in liver disease is increasingly recognized. Inflicted structural damage
can be in part regenerated via the process of self-limiting fibrosis, though persistent
hepatic damage will lead to chronic fibrosis and loss of tissue organization and function.
The cytotoxic activity of NK cells plays an important role in inducing hepatic stellate cell
apoptosis and thus curtailing the progression of fibrosis. Alternatively, in some diseases,
such as HCC, NK cells may become dysregulated, promoting an immunosuppressive
state where tumors are able to escape immune surveillance. This review describes
the current understanding of the contributions of NK cells to tissue inflammation and
metabolic liver diseases and the ongoing effort to develop therapeutics that target the
immunoregulatory function of NK cells.

Keywords: liver, NK cells, fibrosis, immunoregulation, regeneration

INTRODUCTION

The liver plays a critical role in functioning as both a metabolic and immunological site. It receives
a dual blood supply; one-quarter is oxygen-rich blood delivered by the hepatic artery, while the
remaining three-quarters is blood draining from the gastrointestinal tract and spleen via the portal
vein, enriched in dietary- and environmental-antigen (1). Liver sinusoidal endothelial cells (LSECs)
form the walls of hepatic sinusoids and present numerous fenestrations, allowing blood to contact
the underlying hepatocytes. Slow blood flow in hepatic sinusoids allows a better interaction between
circulating lymphocytes, liver sinusoidal endothelium, and hepatocytes to facilitate the clearance of
gut-derived antigens by liver-resident cells (2). To compensate for the high exposure to circulating
antigens, the liver must maintain a tolerant microenvironment in which there is constant low-level
suppression of immune responses. Liver immune cells are educated to permit immunological toler-
ance to self-antigens, environmental, and dietary antigens, during homeostasis, but can initiate both
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innate and adaptive immune responses in the context of infection
(3). In humans and mice, the liver is largely composed of hepato-
cytes (80% of the liver mass), while the remaining 20% is made up
of non-parenchymal cells including lymphocytes, myeloid cells,
Kupfter cells (liver-resident macrophages, KCs), HSCs, and LSECs
(4, 5). NK cells are enriched in the liver, representing 25-30% of
human liver lymphocytes compared to 10-20% of total periph-
eral blood mononuclear cell (PBMC) lymphocytes (6). However,
during chronic hepatitis B and C, NK cell numbers are increased
through recruitment by KC-secreted chemokines (7, 8), and the
survival of NK cells is enhanced by cytokine production from
Kupffer cells, LSECs, and T cells (9). The high immunological
load present during infection, a large proportion of which are
NK cells, results in a unique immune environment.

NK cells are widely distributed in both lymphoid (bone marrow
and liver) and non-lymphoid organs (peripheral blood, lung, and
uterus) and bridge the gap between innate and adaptive immune
responses. They conduct immunosurveillance by probing cells
via their inhibitory receptors [NKG2A and the Ly-49 family
in mice, and killer-immunoglobulin-like receptor (KIR) and
NKG2A in humans] to determine whether the correct self major
histocompatibility complex (MHC) is expressed and to ensure
tolerance against healthy cells. In humans and mice, NK cells can
detect infected, transformed, or stressed cells with their activat-
ing receptors (NKG2D and NKp46), resulting in their activa-
tion. NK cell activation can be triggered many ways, including
cross-linking of activating receptors (NKG2D and NKp46) with
simultaneous disengagement of inhibitory receptors (NKG2A) or
by various cytokines such as type I IFNs, IL-2, IL-12, IL-15, and
IL-18. Additionally, NK cells can be directly activated through
CD16A signaling that triggers antibody-dependent cell-mediated
cytotoxicity (ADCC) or receive signals through toll-like receptors
(TLRs) expressed on their surface, which recognize pathogen-
associated molecular patterns (PAMPs) expressed by injured cells
(10). Upon activation, NK cells can become cytotoxic and release
lytic granules (perforin, granzymes) or induce death signals
through expression of death receptors (TRAIL/TRAIL-R, FasL/
Fas) (11, 12). While NK cells are able to mediate their functions
in an antigen-independent, innate manner, recent investigations
have suggested thatliver-resident NK cells are capable of acquiring
antigen-specific memory. In studies that utilized murine models,
it was shown that a persistent and transferable NK cell memory
response is generated to haptens and viruses and that the reten-
tion of this memory population requires CXCR6 expression (13).
This antigen-specific NK memory has further been studied in
non-human primates, where it has been maintained up to 5 years
(14). However, the underlying mechanisms for the generation of
NK memory responses still remain to be elucidated.

The interplay between NK cells and their surrounding tissues
and immune cells shapes NK cell maturation and function. In the
liver, cross talk between NK cells and macrophages during various
phases of liver injury-induced inflammation allows NK cells to
regulate both inflammatory and anti-inflammatory macrophages
(Figure 1). Hepatic macrophages play a central role in the patho-
genesis of chronicliver disease (15). They can exert dual responses
depending on their origin, the phase ofliver immune response, the
developmental stage of a disease, or the acute/chronic profile of a

disease. Macrophages can differentiate into a wide range of pro-
inflammatory/classical M1 to immunoregulatory/alternative M2
macrophage profile under inflammatory conditions during liver
injury (16). M1 macrophages are activated by pro-inflammatory
cytokines (IFN-y, IL-12, or TNF-a) and/or microbial products
(LPS) and can phagocytose bacteria and virus, as well as release
pro-inflammatory cytokines and chemokines. M2 macrophages
are induced by IL-4, IL-10, and IL-13 produced by various cell
types (16). There are several subtypes of M2 macrophages whose
functions vary between wound healing (fibrogenic activity and
tissue repair), restorative function (matrix resolution and tis-
sue repair), or pro-inflammatory (“turnoff immune response”)
activity.

Moreover, NK cell function can be shaped by inflammasomes,
which are triggered in response to cell damage. Inflammasome
components are expressed in hepatocytes, KCs, and macrophages
and contribute to the induction of liver inflammation via pyrop-
totic cell death and release of alarmins as well as the cleavage and
secretion of IL-1p and IL-18. The inflammasome sensor NLRP3
responds to extracellular ATP released from dying cells and to
reactive oxygen species triggered by phagosome damage from
engulfment of particulates (17, 18). Mice deficient in NLRP3
are protected in diet-induced and some infection models of
liver injury (19-24). Viral double-stranded DNA can trigger the
inflammasome by binding AIM2 expressed on hepatocytes (25).
In the case of hepatitis C virus (HCV) infection, both hepatocytes
and KC have been shown to release IL-1p and IL-18. Notably, KCs
appear to be responsible for activating NK cells via this mecha-
nism (25-27). While cell death and release of alarmins exacerbate
liver inflammation, IL-18 exerts a protective function to limit liver
injury. This may in part be due to the NK cell-mediated activation
of other immune mediators, including the induction of PD-L1
and FasL, as well as the essential role of cytokine in eliciting NK
memory (28-31). These findings support the pathophysiological
role of inflammasomes in hepatic inflammation and liver injury.

CHARACTERISTICS OF LIVER NK CELLS

Liver NK cells are a unique cell population in terms of frequency,
phenotype, and function (32). Due to its anatomical structure,
blood supply, immune resident cell repertoire, and the constant
exposure to dietary- and gut-derived antigens, the tolerogenic
liver microenvironment may be conducive for the enrichment and
characteristics of liver NK cells (33). While the majority of NK cells
originate in bone marrow from progenitor NK cells (NKPs), some
NK cells evolve in other lymphoid tissues such as the thymus
and lymph nodes (34, 35). Compared to bone marrow-derived
NK cells, NK cells developing from the thymus demonstrate a
higher expression of GATA-3 and CD127 and require IL-7 signals
for their development (34). The earliest committed NKPs in mouse
bone marrow are identified as DX5"CD161~CD122* and are
dependent on the Id2 transcription factor (36). NKPs then acquire
the expression of phenotypic markers NK1.1, NKp46, CD94/
NKG2 receptors, Ly49 receptors, and DX5 to become mature
NK cells. The expression of CD11b and CD27 are used to define
the maturation status of mouse NK cells. NK cell maturation is
categorized into four stages based on the acquisition of CD11b
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FIGURE 1 | In the context of viral infection or fatty liver disease, NK cells can be stimulated via their activating receptors or by toll-like receptors
(TLRs) that recognize pathogen-associated molecular patterns and DAMPs expressed by injured cells. During liver injury-induced inflammation, NK cells
are able to regulate inflammatory (M1) and anti-inflammatory (M2) macrophages depending on the phase of the immune response and stage of disease.
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expression and the loss of CD27. The most immature NK cells are
defined as CD11b~CD27-, and these progress to CD11b-CD27+,
then CD11b*CD27%, and finally become the most mature NK cells
by expressing CD11b*CD27-. Mature CD11b* CD27"NK cells
are predominant in the spleen, and immature CD11b-CD27*
NK cells are more prevalent in the liver (37).

The liver is populated by conventional NK (cNK) cells and
resident NK cells that are distinguished by the mutually exclusive
expression of the integrins DX5 and CD49a, respectively. Mouse
NK cells are usually identified by the cell surface phenotype of
CD3-DX5*. The expression of NK activating receptor, NKp46,
is also used as a phenotypic marker in mice and humans, with
cNK cells defined by the phenotype of CD49a NKp46*DX5*
CD37, and liver-resident NK cells identified by CD49a*NKp46*
DX5-CD3~, with low expression of CD11b and Ly49, and high
expression of TRAIL (38). During homeostasis, cNK cells are
highly migratory, circulating throughout the body and primarily
found in bone marrow, blood, and spleen. Activated cNK cells
produce a large amount of cytokines but display low cytolytic
activity. Recently, liver-resident NK cells have been identified
as members of innate lymphoid cells (ILCs) and constitute the
group 1 ILCs, along with ILC1s (39-42). Both NK cells and ILCl1s
are characterized by their expression of the transcription factor
T-bet, but NK cells are distinctive in their expression of EOMES.
While not in the scope of this review, there are numerous others

that cover ILC biology, nomenclature, and the vast differences in
transcriptional regulation, receptor expression, and localization
that may be helpful (43-45). Liver-resident NK cells have more
cytotoxicity, but less IFN-y production following IL-12/IL-18
stimulation than NK cells in the blood and spleen under homeo-
static conditions (31). In contrast, a recent report demonstrates
that ILCls are able to produce higher levels of cytokines (IFN-y)
than cNK cells following PMA/ionomycin stimulation (46).
Within the liver, CD49a*DX5~ NK cells are found at a signifi-
cantly higher frequency compared to other sites (bone marrow,
spleen, blood) and selectively reside in hepatic sinusoids. Liver
CD49a*DX5™ NK cells express high levels of TRAIL and have
cytotoxic activity against tumor cells. TRAIL* NK cells predomi-
nate in fetal and neonatal mice, and in adulthood are present in the
liver, but not the spleen. Tissue-resident CD49a*DX5~ NK cells
are also found in the uterus and skin (46).

Human NK cells are CD3-CD56* lymphocytes and can be
divided into two subsets based on the level of expression of
CD56 and CD16. CD16*CD56% NK cells represent 90% of
blood and spleen NK cells and demonstrate higher cytotoxic
activity than CD16-CD56™" NK cells by producing high levels
of granzymes and perforin. CD16*CD56%™ NK cells have high
expression of KIR and express intermediate-affinity IL-2 recep-
tor resulting in low expansion capacity under IL-2 stimulation.
Representing only 10% of blood NK cells, CD16-CD56™"
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NK cells are predominant in secondary lymphoid organs such
as lymph nodes. In the liver, both populations are present with
the same frequency. CD16-CD56"" NK cells exhibit less cyto-
lytic activity than CD16*CD56%" NK cells but demonstrate the
same cytotoxicity after prolonged activation. CD16-CD56" s
NK cells express high- and intermediate-affinity IL2-receptor
facilitating their in vivo and in vitro expansion under low doses
of IL-2. Additionally, they are more responsive to stimulation
by pro-inflammatory cytokines. Upon activation, they produce
cytokines (IFN-y, IL-10, GM-CSF, and TNF-a) and chemokines.
A recent study suggested that CD16-CD56™" NK cells might
represent liver-resident NK cells with high expression of CD69, an
activation marker, and expression of CXCR6 and CCR5 to retain
them in the liver (47). The development and the differentiation of
human liver-resident NK cells are still undefined. As an antiviral
effect, NK cells secrete granzyme B and perforin to lyse virally
infected cells and induce their apoptosis and secrete cytokines
such as TNF-a and IFN-y to further the immune response (48).
In particular, NK IFN-y production has direct cytotoxic effects
on virally-infected cells, elicits an antiviral state in the uninfected
cells, and induces chemotaxis to recruit adaptive immune cells (6,
49, 50). HCV patients with chronic infection show poor NK cell
responses compared to patients with resolved HCV infection. The
in vitro studies on co-cultures of NK cells with HCV-conditioned
CD33* PBMCs demonstrated a reduced level of IFN-y produc-
tion but no effect on granzyme B release. This suppression of
NK cell-derived IFN-y production has been shown to be medi-
ated by CD33*CD11b"HLA-DR" myeloid-derived suppressor

cells (MDSCs) via an arginase-1-dependent inhibition of mMTOR
activation (Figure 2) (51). These results identify the induction of
MDSCs in HCV infection as a potent immune evasion strategy
that suppresses antiviral NK cell responses.

ROLE OF NK CELLS IN LIVER DISEASE

As a result of tight regulatory controls, loss of liver tissue can be
regenerated via the process of self-limiting fibrosis (3). Indeed,
the liver can be fully recovered structurally and functionally
even after a loss of 50% of its hepatocytes. While fibrosis can be
beneficial in an acute sense, repeated hepatic damages due to
persistent inflammation or infection can lead to chronic fibrosis,
resulting in a loss of liver tissue organization and function and
eventually, cirrhosis (3). At this stage, if cirrhosis fails to regress
to early stage fibrosis, there is a high risk for developing irrevers-
ible hepatocellular carcinoma (HCC). The most common causes
of fibrosis are chronic viral infections (HBV, HCV), frequent use
of hepatotoxic drugs (acetaminophen, ibuprofen), or metabolic
syndromes [non-alcoholic fatty liver disease (NAFLD)] that trig-
ger chronic inflammation. Fibrosis results in activation of HSCs
and macrophages that produce extracellular matrix (ECM),
forming scar tissue. As a result of liver damage, dying hepatocytes
are cleared by liver macrophages, which trigger an inflamma-
tory response by secreting cytokines and chemokines to recruit
other cells to the wound site and initiate the process of tissue
repair. In an inflamed hepatic microenvironment, HSCs become
activated and differentiate into myofibroblasts that produce

MDSC

HCV infection

liver results in immune evasion by HCV.

Crosstalk between
NK cells and MDSCs

FIGURE 2 | Suppression of NK cell-derived IFN-y production is mediated by CD33*CD11b"°HLA-DR" myeloid-derived suppressor cells (MDSCs)
following a reduction in available arginine via an Arg-1 mechanism. During HCV infection, HCV core protein induces MDSC development. Following the loss
of arginine, the mTOR pathway is unable to efficiently translate IFN-y mRNA, and the subsequent loss of IFN-y protein production and secretion from NK cells in the
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a large amount of fibrous proteins (collagen, elastin, laminin,
fibronectin). The progression of fibrosis depends on the balance
between production of ECM components and their degradation
by metalloproteinase produced by restorative M2 macrophages.
In this review, we will focus on the dual role of NK cells in the
initiation, progression, and resolution of liver fibrosis and how
it is regulated by the cross talk of NK cells with surrounding
macrophages and stellate cells.

Role of NK Cells in Fibrosis

NK cells play a paradoxical role in the development of liver
fibrosis. The cytotoxic activity of NK cells can curtail the develop-
ment of fibrosis by killing HSC-derived myofibroblasts through
engagement of NKG2D receptor with its ligand, RAE-1 (in
mouse) expressed by early activated HSCs (52, 53). In humans,
NK cells preferentially kill senescent-activated HSCs expressing
MICA following recognition by NKG2D receptor on NK cells
(54, 55). In addition, the expression of NKp46 ligand on human
and mouse-activated HSCs can also trigger NK cell-mediated
cytotoxic activity, ameliorating liver fibrosis (56). The ability of
NK cells to kill HSCs seems to be dependent on the activation
stage of HSCs and expression of specific molecules; quiescent
HSCs and activated HSCs that express Timp-1 are resistant to
apoptotic signals (57) (Figure 3). HSCs are the most sensitive to
NK cytotoxicity during early activation and senescence stages.
In humans and mice, IFN-y-producing NK cells have been
demonstrated to negatively regulate fibrosis. In vitro and in vivo

studies in mouse have shown an anti-fibrotic effect of NK cell-
derived IFN-vy, which induces HSC apoptosis and cell cycle arrest.
However, clinical trials with IFN-y proved ineffective; the anti-
fibrotic action of IFN-y might depend on its targeted delivery
to HSCs (58, 59). Additionally, IFN-y-producing DX5*NKp46*
cNK cells are increased during non-alcoholic steatohepatitis
(NASH), a cause of fibrosis, and skew the polarization of acti-
vated KC and liver macrophages toward an M1 profile, rather
than toward a fibrosis-inducing M2 macrophage profile (60).
Furthermore, NK cells release IL-22 upon activation, which can
be anti-fibrogenic (61-63).

While IL-22 plays a beneficial role during acute inflammatory
events, prolonged and excessive production of IL-22 may have
the opposite effect (62). Continuous exposure to proliferative
and antiapoptotic signals may drive cells to change phenotype
and become cancerous as demonstrated in IL-22 transgenic mice
where IL-22 primes the liver to be more susceptible to tumor
development (64). Additionally, in HBV-infected patients and
HBV transgenic mice, IL-22 exacerbates chronic inflammation
and the development of fibrosis by promoting Th17 cell responses
in the liver (65-68). The dual nature of IL-22, and by extension,
NK cells, between protection and inflammation may depend on
the tissue and inflammatory conditions. Due to technical chal-
lenges, it is difficult to evaluate which specific NK cell subset
(i.e., conventional or liver-resident NK cells) has anti-fibrogenic
effects. Most of the in vitro studies use cNK cells from human
blood or mouse spleens and in vivo depletion experiments using

NK cell

RetinoI!

Quiescent HSC

to fibrosis when not restrained. ECM, extracellular matrix.

NK cell

Early activated HSC

FIGURE 3 | The activation stage of HSCs can influence the ability of NK cells to exert cytotoxic activity. While quiescent HSCs are resistant to apoptotic
signals, their activation leads to increased surface expression of TRAIL-R. Following engagement of their activating receptors, NK cells can conduct cytotoxic activity
by releasing lytic granules or by transduction of death signals through death receptor/ligand interactions (i.e., TRAIL/TRAIL-R, FaslL/Fas). Fully activated HSCs
expressing Timp-1 are protected from apoptosis. These HSCs can differentiate into myofibroblasts that produce large amounts of fibrous proteins, which can lead

Fully activated HSC
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antibodies do not efficiently remove all liver-resident NK cells.
Few liver-resident NK cells can be purified from a mouse liver,
significantly prohibiting adoptive transfer.

In contrast to the anti-fibrogenic properties of some NK cells,
other studies have demonstrated that NK cells can enhance liver
injury by killing stressed hepatocytes via engagement of NKG2D,
NKp30, and/or TRAIL. Additionally, they can accomplish this via
IEN-y-induced apoptosis, leading to the development of fibrosis
(69-74). For example, patients with NASH show an increase in
hepatocyte Fas expression and apoptosis, which correlates with
the severity of the disease (75). This pathogenic role of NK cells
hasalso been identified in human autoimmuneliver diseases, such
as primary biliary cirrhosis, where NK cells promote the killing of
biliary epithelial cells via TRAIL and by releasing cytokines that
promote adaptive immunity (76, 77). In parallel, IL-10-producing
NK cells delay primary biliary cirrhosis by annihilating the adap-
tive immune response in killing autologous DCs and T cells (78).

Role of NK Cells in Tissue Regeneration

As many studies have now demonstrated the regulatory role of
NK cells in fibrosis, compelling evidence also points to a role for
NK cells in tissue regeneration (79, 80). Hepatic NK cells can
interact with surrounding parenchymal and non-parenchymal
cells to influence the release of growth hormones, cytokines,
and chemokines within the proliferating hepatic tissues. Hepatic
NK cells promoted liver regeneration after partial hepatectomy
(81). NK cells may have a beneficial effect on liver tissue regen-
eration by secreting TNF-o and IL-22 during inflammation,
which stimulate the proliferation of hepatocytes to replace dying
hepatocytes (64, 82). NK cells might also play a role in liver regen-
eration by cross talk with hepatic macrophages known to regulate
the differentiation of hepatic progenitor cells into hepatocytes
(83). All of the regenerative effects of NK cells are dependent on
optimal NK cell activation, as overactivation actually prevents
liver regeneration (84). Indeed, when strongly activated, NK cells
produce excessive amounts of IFN-y and lose self-tolerance,
compromising liver repair (85). To maintain self-tolerance during
regenerative hyperplasia, hepatocytes upregulate the poliovirus
receptor (PVR/CD155) after partial hepatectomy, which engages
the regulatory molecule T cell Ig and ITIM domain (TIGIT) on
NK cells (84). NK cell effector functions used to resolve inflam-
mation also shape the recruitment and differentiation of stem
cells for tissue regeneration. NK cells enhance the recruitment
of mesenchymal stem cells (MSCs) by producing a variety of
chemokines, such as, NAP-2 (CXCL7), GRO-b (CXCL2), GRO-g
(CXCL3), IL-8, and RANTES (86). MSCs have the capacity to
differentiate into specific lineages that promote tissue repair. The
cross talk between NK cells and MSCs has been demonstrated
in several studies, in particular, during bone repair where
NK cells mediate the recruitment of MSCs. Taken together, the
dual role of NK cells on fibrosis and tissue regeneration could
be explained by their differentiation from actively cytotoxic cells
to regulatory cells that produce cytokines supportive of tissue
repair. Regulatory NK cells might be induced as a result of NK cell
interactions with surrounding cells such as immune cells (KC and
liver macrophages), effector cells of connective tissue (fibroblasts,
HSCs), or stem cells.

Role of NK Cells in HCC

In mouse models of cancer and human cancer patients, NK cells
are often dysfunctional, with reduced cytotoxic activity, impaired
production of cytokines, and an inability to efficiently kill
abnormal cells (87-90). In patients with HCC, there is also a
significant reduction in both the percentage and number of total
liver NK cells, as well as peripheral CD564™CD16F° subsets (91,
92). At all stages of HCC, these CD56"CD16"* NK cells have
a decreased ability to produce cytokine, with IFN-y production
following PMA/ionomycin stimulation decreasing from 50 to
5% between healthy and HCC donors (93). Total NK cells show
reduced production of Granzyme A, Granzyme B, and perforin
once HCC has progressed past stage I (93). NK cells cultured with
cancer-associated fibroblasts from HCC (H-CAFs) downregulate
NKG2D and NKp46 and decrease expression of Granzyme B,
perforin, TNF-a, and INF-y (94). Following PGE2 blockade by
the inhibitor NS398, these NK cells increased TNF-o and IFN-y
production, an effect that was further amplified with the addi-
tion of the indoleamine 2,3-dioxygenase (IDO) inhibitor, 1-MT
(94). Further investigation into the interactions that contribute to
dysregulated NK cells and by extension, the immunosuppressive
state that facilitates HCC progression, is necessary to fully under-
stand the tumor microenvironment and how to target therapies
to these interactions.

THERAPEUTICS TARGETED TO NK CELLS

The immunoregulatory function of NK cells in infection and
inflammatory diseases makes these cells good therapeutic targets
for controlling infection and preventing the development of
chronic inflammatory diseases (88). Several preclinical therapeu-
tic approaches have been used to target NK cells for treating HCC.
Therapies included induction of the activation of NK cells (with
cytokines such as IL-2, IL-12, IL-15, IL-21, IFN-a, and IFN-y) or
performing adoptive transfers of activated NK cells. Type I IFNs
has been shown to have antiviral, anti-fibrotic, and antitumor
effects, likely due to their ability to stimulate NK cytolytic activ-
ity (37). IL-12 and IL-18 are also potent activators of NK cells
that produce IFN-y and TNF-a and have antiviral effects (95).
Activation can also be achieved by blocking NK cell inhibitory
receptors with monoclonal antibodies (mAb) (anti-NKG2A or
anti-KIR), or by activating NK activating receptors to enhance
NK cell ADCC against tumor cells.

Therapeutic approaches have been designed to use specific
mAb to target co-inhibitory molecules (i.e., immune checkpoint
inhibitors) that stop immune responses against tumor cells (96).
Blocking these immune checkpoint inhibitors would release
immune cells, including NK cells, from inhibitory mechanisms
to restore their full immune activity. These immune checkpoint
inhibitors are well described in the context of T cell exhaustion (97,
98). They include cytotoxic T-lymphocyte antigen 4 (CTLA-4),
programmed death 1 (PD-1), lymphocyte activation gene-3
(LAG-3), T-cell immunoglobulin and mucin-domain-contain-
ing-3 (TIM-3), and B and T lymphocyte attenuator (BTLA). The
expression of PD-1 and Tim-3 on liver NK cells from patients with
HBV-related HCC is increased and also associated with immune
cell exhaustion (99, 100). The promising results from clinical trials
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using mAb against immune checkpoint inhibitors might also
prove to be alikely therapeutic strategy for liver disease, especially
in combination with drugs enhancing NK cell activation. Recent
studies have shown that the expression of Tim-3 on peripheral
CD56" NK cells correlates with expression of serological markers
of liver fibrosis in patients with advanced schistosomiasis (101).
Blocking PD-1, CTLA-4, or Tim-3 pathway with mAbs could
protect patients from fibrosis, cirrhosis, and HCC by restoring
NK cell function. Several mAbs against PD-1 (ipilimumab, pem-
brolizumab, nivolumab), PD-L1 (atezolizumab, durvalumab), or
CTLA-4 (tremelimumab/CP-675,206) are currently being tested
in clinical trials against HCC.

NK cell activation can also be achieved through blocking
NK inhibitory receptors such as KIR, NKG2A/CD%4, or TIGIT.
Cancer cells or virus-infected cells upregulate the expression of
MHC class I molecules (HLA in humans) as an immune escape
mechanism in order to evade killing by NK and T cells. MHC I
molecules in mice, and HLA molecules in humans, engage NK
inhibitory receptors like Ly49 and NKG2A and KIR, respectively,
to prevent NK cell activation. Anti-NKG2A antibodies are
already under investigation in several clinical trials alone, or in
combination with other anticancer drugs (ibrutninb), mAb-like
anti-EGFR (cetuximab), or anti-PD-L1 (duvalumab). New clini-
cal studies are in progress to test the antitumor effect of anti-KIR
monoclonal antibody in combination with other drugs.

Taken together, the combination of NK cell-based therapy
with conventional therapies might become an efficient approach
to cure or lessen the burden of liver cancers. More clinical trials
are needed to evaluate the safety and efficiency of these combined
approaches. In addition, NK cells play different roles depending
on the developmental stage of a specific disease, emphasizing the
importance of investigating the spatiotemporal role of NK cells in
cancer and fibrosis. It is worth noting that most NK cell studies
are done with peripheral and splenic NK cells, not with tissue-
resident NK cells. More investigations are required to determine
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Allogeneic hematopoietic cell transplantation (HCT) is a well-established therapeutic
modality effective for a variety of hematological malignancies but, unfortunately, is
associated with significant morbidity and mortality related to cancer relapse as well as
to transplant-related complications including graft-versus-host-disease (GvHD). Natural
killer (NK) cells are the first donor-derived lymphocyte subset to recover after HCT, and
their crucial role in protection against cancer relapse and infections is well established.
Conversely, the role played by NK cells in GvHD is still controversial. Early studies sug-
gested a participation of NK cells in GvHD induction or exacerbation. Subsequently,
experimental evidence obtained in mice as well observational studies performed in
humans led to a model in which NK cells play a regulatory role in GvHD by repressing
alloreactive T cell responses. This widely accepted model has been recently challenged
by clinical evidence indicating that NK cells can in some cases promote GvHD. In this
review, we summarize available knowledge about the role of NK cells in GVHD patho-
genesis. We review studies uncovering cellular mechanisms through which NK cells
interact with other immune cell subsets during GvHD leading to a model in which
NK cells naturally suppress GvHD through their cytotoxic ability to inhibit T cell activation
unless exogenous hyperactivation lead them to produce proinflammatory cytokines that
can conversely sustain T cell-mediated GvHD induction.

Keywords: natural killer cells, graft-versus-host-disease, bone marrow transplantation, HSCT, tolerance

INTRODUCTION

Natural killer (NK) cells are the first donor-derived lymphocyte subsets to recover after hematopoietic
cell transplantation (HCT), preceding by several months the reconstitution of adaptive T and B
lymphocytes. NK cells have been the focus of significant attention in the HCT field over the last four
decades. Studies of the role of NK cells in bone marrow engraftment demonstrated that host NK cells
persisting after conditioning can contribute to graft rejection (1) while donor NK cells can promote
hematopoietic engraftment (2). At the same time, several preclinical and clinical studies focusing on
NK cell alloreactivity in anticancer responses identified donor NK cells as crucial players in prevent-
ing cancer relapse after HCT for hematologic malignancies (3, 4). Less well established, however, is
the role of NK cells in graft-versus-host-disease (GvHD), a major complication of HCT. While the
classical model of GVHD pathogenesis includes, together with donor-derived T cells, donor-derived
NK cells in the immune-pathological activation leading to GvHD (5), evidence from preclinical
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models as well as from studies in human HCT recipients led to
a more complex picture where NK cells could either promote or
prevent GvHD.

In this review, we summarize the available knowledge about
the role of NK cells in GvHD pathogenesis. After reviewing
preclinical and clinical studies uncovering cellular mechanisms
through which NK cells interact with other immune cell subsets
during GvHD, we propose a new model in which distinct effec-
tor mechanisms determine the pathogenic or regulatory role of
NK cells in promotion or control of GvHD, respectively. Finally,
we discuss the impact that GvHD can in turn have on NK cell
biology and the potential consequences in the context of HCT.

EARLY STUDIES

The first study suggesting a relationship between NK cells and
GvHD development was reported by Lopez and coworkers from
the Sloan Kettering Cancer Center showing a significant asso-
ciation between GvHD development and pre-transplant levels of
NK cell activity, as measured by cytotoxic assays performed using
herpes simplex virus type 1-infected fibroblast as target cells,
in peripheral blood of a small and heterogeneous cohort of 13
patients undergoing different protocols of HCT (6). Importantly,
most of the patients included in the series underwent HCT after
myeloablative conditioning, and no information was provided
about NK cell activity after transplantation. Shortly thereafter,
Livnat et al. (7) and Dokhelar et al. (8) addressed the same issue
assessing NK cell activity against the K562 leukemic cell line both
before and after HCT and obtained contradictory results finding
either no relationship (7) or a positive association (8) between
early posttransplant NK cell activity and GvHD development.
Despite the contradictory conclusions obtained and the limita-
tions of the studies including the heterogeneity of the patients
cohorts as well as of the analytical methods employed, these early
studies opened the way to numerous studies addressing the role
of NK cells in GvHD.

A first approach has been to investigate the presence of
NK cells in GvHD target organs. In the mouse parent-into-F1
(P > F1) model of GvHD, increased NK cell activity measured
against YAC lymphoma target cells was detected in spleen (9-11),
lymph nodes (9, 10), thymus (9, 12), and intestinal intraepithelial
lymphocytes (10) from mice with active GvHD. Similarly, in
murine minor mismatch HCT models, large granular lympho-
cytes displaying an immunophenotype characteristic of NK cells
infiltrated the skin (13), liver, and intestine (14) from animals with
acute GVHD. Importantly, the use of congenic markers demon-
strated that these cells were of donor origin (14). Accordingly,
the study of biopsies obtained from skin (15-17), liver (18, 19),
and intestinal (20) of patients with acute GvHD showed the
presence of NK cells among the lymphoid population infiltrating
these GVHD target tissues. The study of biopsies obtained from
female patients transplanted with male donor grafts confirmed in
humans the donor origin of the NK cells infiltrating tissues dur-
ing GVHD (16). The target tissues infiltration by NK cells during
GVHD, both in mice and humans, supported a model in which
NK cells mayinduce, or atleast contribute to, GYHD development.
Attempts were, therefore, made to obtain experimental evidence

supporting this hypothesis, first by using NK cell depleting
antibodies directed against the cell surface glycolipid asialo GM1
or to the cell surface NKR-P1 family receptor NK1.1. However,
results from reports employing this approach were inconsistent,
few studies suggested a reduction of GvHD upon treatment of
recipients (21-23) while most studies employing antibody deple-
tion on donor cells showed only minimal if any impact on GVHD
development (23-27). This discrepancy suggested that depleting
antibodies exerted their effect through the depletion of an effec-
tor cell population appearing after HCT rather then by depleting
NK cells contained in the graft. Further, the epitopes recognized
by anti-asialo GM1 and anti-NKI.1 antibodies are expressed
by several immune cell subsets other than NK cells, including
activated T cells involved in GVHD development (28-30), making
it impossible to distinguish between an NK and a T cell directed
effect. Ghayur et al. used a complimentary approach employ-
ing beige mice carrying a homozygous bg mutation that leads
to severe deficiency in NK cell function. Adoptive transfer of
bg/bg splenocytes failed to induce GvHD in a P > F1 model, while
transfer of heterozygous +/bg induced hepatic GvHD, suggesting
that donor NK cells were responsible for GvHD induction (31).
However, even in this model, a functional deficit in adaptive
T cells from beige mice complicates the interpretation of the
results (32, 33).

NK CELL CYTOTOXIC FUNCTIONS
AND GvHD PREVENTION

While murine models based on antibody depletion or genetic
alteration of NK cells failed to provide consistent evidence for a
role of NK cells in GvHD pathogenesis, the adoptive transfer of
NK cells offered unexpected insights. In an attempt to promote
bone marrow engraftment in a major mismatch murine model,
Murphy and coworkers adoptively transferred NK cells purified
from C.B-17 severe combined immunodeficiency (SCID) (H-29)
mice into lethally irradiated C57BL/6] (H-2") mice together with
non-T-cell depleted bone marrow cells from BALB/c] (H-29)
mice with or without splenocytes (2). In mice not receiving
splenocytes, transferred NK cells did not induce GvHD, thus
questioning the NK GvHD-inducing potential suggested by
antibody depletion studies. More interestingly, in mice receiving
splenocytes, activated NK cells prevented the development of
GvHD that invariably lead to death of mice injected with BM cells
and splenocytes alone. This unexpected result revealed not only
that NK cells can be adoptively transferred safely in this major
mismatch model without inducing GvHD but also that they
can prevent T cell-mediated GvHD development. The results of
this first study were confirmed during the years by several other
reports (3, 34-39) and numerous studies in humans suggested
that higher numbers of NK cells (40-47) and the presence of
NK cell alloreactivity (3, 4, 48-50) reduce GvHD development.
In particular, NK cell alloreactivity has been found to be
crucial for NK cell-mediated protection from GvHD. Ruggeri
et al. showed in a major mismatch HCT murine model that
alloreactive Ly49 ligand-mismatched NK cell infusion pre-
vented T cell-induced GvHD, while administration of even large
numbers of non-alloreactive Ly49 ligand-matched NK cells
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provided no protection (3). These results were subsequently
confirmed by Lundqvist et al. who further extended this obser-
vation showing that, although inefficient in preventing GvHD,
Ly49 ligand-matched NK cells displayed an antitumor activity
similar to Ly49 ligand-mismatched NK cells (35). The need of
Ly49 ligand-mismatch for GvHD control by NK cells prompted
some investigators to silence Ly49C to induce alloreactivity
with promising results (51). Alloreactive NK cells were shown
to indirectly inhibit T cell proliferation and GvHD induction
by depleting antigen-presenting cells (APCs) (3, 38) through
their cytolytic activity, the c-Kit"CD27-CD11b* NK cells being
the most potent in this effect (38). In particular, the expression
of the activating receptor KIR2DS1, which binds to HLA-C2,
seems to contribute to the APCs’ killing and it was even able
to override the inhibition mediated by the expression of the
inhibitory receptor NKG2A, which binds to HLA-E in humans
or Qa-1b in mouse (50). Similarly, proportions of donor-derived
NK cells expressing the activating receptor CD94/NKG2C,
which recognize as well HLA-E/Qa-1b, were lower in HLA-
matched and HLA-mismatched HCT recipients with acute or
chronic GvHD compared with patients without GvHD (52).
Accordingly, patients with acute or chronic GvHD displayed
a lower ratio of CD94/NKG2C to CD94/NKG2A on NK cells
suggesting a competition for the same ligands between NKG2C
and NKG2A that would result in NK cell activation or suppres-
sion, respectively (52). Finally, Ghadially et al. suggested that
NK cell-mediated killing of APC during GvHD is mediated by
the stimulation of NKp46 receptor by still unknown ligand(s)
expressed by dendritic cells (DCs) as the absence of NKp46 on
donor NK cells leads to increased stimulation of donor T cells by
DCs (53), resulting in increased tissue damage (54).

In addition to this indirect, APC-killing mechanism, others
and we have shown that NK cells can suppress GVHD by directly
lysing activated T cells. In vitro evidence obtained in murine (55)
and human (56, 57) cells showed that T cells during activation
upregulate stress molecules acting as ligands for the NK activat-
ing receptor NKG2D, thus becoming targets of NK cell-mediated
killing. In a major mismatch HCT model, we showed that allo-
geneic T cells upregulate the NKG2D ligand Raely and perhaps
other molecules during GvHD and thus become susceptible to
NK cell-mediated killing through a NKG2D-dependent cell lysis
(37). Noval Rivas and coworkers obtained very similar results in
a minor mismatch model of chronic GvHD induced by adoptive
transfer of monoclonal anti-male CD4 T cells into lymphopenic
male mice (58). Interestingly, we observed in our system an
increased ratio of splenic donor regulatory T cells (Treg) to total
donor conventional CD4* and CD8* T cells (Tcon) in the pres-
ence of NK cells, suggesting a differential susceptibility of Treg
and Tcon to NK cell-mediated cell lysis leading to an immune-
regulatory environment that eventually contributes to GvHD
suppression (37). Direct T cell killing by NK cells can, therefore,
be considered as a complimentary mechanism of GvHD sup-
pression, in addition to the aforementioned modulation by
APC-killing, which can be particularly important at GvHD
tissues sites. Accordingly, we have shown that, after transplanta-
tion, NK cells traffic to GvHD target organs following a spatial
and temporal distribution very similar to T cells (59) offering

them the opportunity to target activated T cell at the effector
site. However, in contrast to T cells, NK cells have a more limited
persistence, which may in part explain their reduced capacity
for GVHD induction. Interestingly, GVHD prevention by T cell
killing at tissue sites can be exerted as well by residual tissue
resident recipient NK cells eventually persisting after condition-
ing depending on conditioning intensity as it has been recently
shown in a minor mismatch murine model (60). T cell killing by
NK cells appears to be dependent on both perforin production
(37, 60) and FAS-mediated induction of apoptosis (37, 58, 61).
Collectively, these models demonstrated that NK cells can sup-
press GVHD development through their cytotoxic function either
directly, by depleting activated alloreactive T cells, or indirectly,
by depleting APC and preventing T cell stimulation (Figure 1,
left panel).

NK CELL CYTOKINE PRODUCTION
AND GvHD INDUCTION

In addition to their cytolytic potential, NK cell can modulate
immune responses through cytokine production. Whether this
mechanism can participate in GvHD prevention by NK cells
is unclear. One of the early studies showed that administration
of anti-TGFp monoclonal antibody significantly limited the
NK cell suppressive effect on GvHD (34). However, no evidence
was provided that NK cells were indeed the source of TGFp and
administration of exogenous TGFp failed to prevent GvHD
development, indicating that TGFf contribution to GvHD
suppression is only partial and through a mechanism still to be
completely uncovered.

Although it is unclear if NK cells production of immune-
suppressive cytokines can prevent GvHD, it is established
that pro-inflammatory cytokine production by NK cells can
contribute to GvHD development. In a xenogeneic model, Xun
et al. showed that in vitro interleukin-2 (IL-2)-activated human
NK cells producing interferon-y (IFN-y) and tumor necrosis
factor-a (TNF-a) were able to induce acute GVHD upon transfer
into SCID mice (62, 63). Interestingly, NK cells were found in
GvHD target tissues in juxtaposition to damaged cells and pro-
duced in situ IFN-y and TNF-a (62). Although the limitations of
the xenogeneic model should be taken into account, the results
from the aforementioned experiments suggest that, when pre-
activated to produce the pro-inflammatory cytokines IFN-y
and TNF-a, NK cells can indeed promote rather than prevent
GvHD development. In accordance, while NK depletion by
NK1.1 antibodies had no effect on GvHD when employed on
steady-state donor splenocytes (25), it significantly prevented
GvHD when employed on splenocytes obtained from donor
mice previously treated with the toll-like receptor 3 stimulator
polyinosinic:polycytidylic acid (poly I:C) (64, 65) by reducing
IEN-y production (65). Further, higher proportions of IFN-y-
producing NK cells after HCT have been shown to be associated
in humans with an increased incidence of acute GvHD (66).
Collectively, these studies provide evidence for a promoting role
of NK cells in GVvHD, opposite from the suppressive role exerted
by cytolysis, through the production of pro-inflammatory
cytokines that mayactdirectly toinduce cell damage or indirectly
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FIGURE 1 | NK cells contribution to graft-versus-host-disease (GvHD) protection or induction. Immunological interactions leading to GvHD protective
(left panel) or promoting (right panel) effect of NK cells. Donor immune cells are depicted in blue while host target cells are depicted in orange. NK, natural killer;
T, T lymphocyte; APC, antigen-presenting cell; IFN-y, interferon-y; TNF-a, tumor necrosis factor-a.

by increasing T cell-mediated tissue damage through their
well-known property to increase MHC expression (Figure 1,
right panel). This model can be useful in the interpretation of
the otherwise surprising results recently reported by Shah and
coworkers (67). Most studies involving adoptive transfer of
NK cells into HCT recipients failed to observe GvHD induction
after infusion (68-70) (Table 1). Similarly, studies assessing the
potential of adoptively transferred allogeneic haploidentical
NK cells into lymphodepleted patients in non-allogeneic HCT
settings did not observe any cases of acute GvHD (71-75)
(Table 1). Few studies reporting the development of acute GYHD
after allogeneic NK cell adoptive transfer (76-78) were unable to
establish a causative relationship between the NK cell infusion
and GvHD development because of other potential contributing
factors including immune-suppression discontinuation (76) or

residual T cell contamination of the administered cell product
(77). Conversely, the report by Shah and coworkers provide
some evidence for an NK cell involvement in GvHD development.
The authors reported the development of GVHD in five out of
nine recipients of HLA-matched, T-cell-depleted peripheral
blood HCT upon adoptive transfer of donor-derived IL-15/4-
1BBL-activated NK cells (67). The direct involvement of donor
NK cells in GvHD was suggested by their presence in the
lymphoid infiltrate found in biopsies of GVHD involved tissues
(67). However, despite the fact that grafts contained very low
numbers of T cells as a result of T cell depletion by CD34 positive
selection, several issues suggested that the NK-cell-promoting
role on GvHD could have been mediated by an indirect effect on
T cells. First, a higher proportion of patients developing GvHD
received grafts from unrelated donors, therefore, were provided
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with a higher alloreactive potential, compared to patients not
developing GvHD (67). Second, patients developing GvHD
displayed more rapid T-cell engraftment, as revealed by day 14
and day 28 CD3-chimerism, compared with patients not devel-
oping GvHD (67). Moreover, it should be noted that patients
were free of T-cell directed immune-suppressive treatment at
the time of adoptive transfer. Importantly, the timing of the
administration of the NK cells could have been another factor
pushing the balance toward GvHD induction. Patients from the
aforementioned report (67) received the pre-activated NK cells
around the time of engraftment. Murine studies have demon-
strated the importance of the timing of NK cell administration
on GvHD prevention, showing no benefit of delayed treatment
(37) and even a potential for GvHD exacerbation when NK cells
were administered at later time points (34), although in these
latter experiments IL-2 was administered at the same time as
the NK cells and could have contributed to the phenomenon.
This opposing effect can be related with the production of
IFN-y that has been shown to inhibit GVHD when provided
early after HCT and to exacerbate GVHD when acting at a later
time (79). Considering all of these factors, it can be speculated
that the administration of highly pre-activated NK cells can
enhance clinically undetectable T-cell alloreactivity through
the production of pro-inflammatory cytokines (Figure 1, right
panel) and that this functional aspect can, therefore, prevail on
their GVHD-protective cytotoxic activity (Figure 1, left panel),
thus promoting GvHD development.

GvHD MODULATION OF NK CELLS

While NK cells may positively or negatively participate in GVHD
development, the GVHD process can in turn affect NK cell biol-
ogy. Pattengale and coworkers were the first to demonstrate in
murine models that acute but not chronic GvHD induce a marked
decreasein NK cell activity associated withanimpaired production
of IFN-v (80). NK cell reconstitution appears to be significantly
delayed by acute GvHD in mice (81) and by acute and chronic
GvHD in humans (42, 82-85). Recent evidence from a murine
model of GVHD suggest that activated T cells could limit NK cell
access to IL-15 through direct competition for this cytokine nec-
essary for NK cell development and homeostasis, administration
of exogenous IL-15 being able to restore NK cell reconstitution
(81). In addition to its quantitative effect, GVHD induces qualita-
tive defects on NK cells ultimately leading to impaired function.
Bunting and coworkers recently showed in mice that, during
GvHD, donor NK cells display a hyperactivated phenotype
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Our understanding of development and function of natural killer (NK) cells has progressed
significantly in recent years. However, exactly how uterine NK (uUNK) cells develop and
function is still unclear. To help investigators that are beginning to study tissue NK cells,
we summarize in this review our current knowledge of the development and function of
UNK cells, and what is yet to be elucidated. We compare and contrast the biology of
human and mouse UNK cells in the broader context of the biology of innate lymphoid cells
and with reference to peripheral NK cells. We also review how uNK cells may regulate tro-
phoblast invasion and uterine spiral arterial remodeling in human and murine pregnancy.

Keywords: uterine natural killer cells, uterine innate lymphoid cells, placenta, pregnancy, arterial remodeling,
trophoblast

INTRODUCTION

CD56swpetrieht yterine natural killer (uNK) cells are present in human endometrium prior to the
initiation of pregnancy, and markedly expand and become progressively more granulated during
the progesterone-dominated secretory phase after ovulation and throughout the first trimester
(1-3). uNK cells within the decidua have a distinct phenotype compared to peripheral blood
NK (pbNK) cells and share features of both CD56"8" and CD56%™ pbNK subsets (Table 1). Similarly
to CD56" pbNK cells, uNK preferentially produce cytokines and are poorly cytotoxic, despite
their abundant intracellular granules containing granzymes, granulysin, and perforin (4-9).
Killer-cell immunoglobulin-like receptors (KIR) and natural killer group 2 (NKG2)A/C/E recep-
tors, which recognize trophoblast MHC class I human leukocyte antigen (HLA)-C and HLA-E,
respectively, are expressed at higher levels among uNK than their pbNK cell counterparts, and are
skewed toward recognition of their respective ligands (8, 10, 11). All human decidual uNK cells
are CD49a*, also known as very late antigen-1 (VLA-1) or integrin o, and express CD69 (2, 12).
uNK cells peak in frequency during the first trimester, before becoming progressively less granular
and beginning to diminish in numbers midway through gestation, so that only small numbers are
present at term (13, 14).

In comparison to humans, two functionally disparate populations of uNK cells have been
identified in mice, which are distinguished in most studies to date by their reactivity to Dolichos
biflorus agglutinin (DBA). Gene expression studies show that DBA* uNK cells predominantly
express transcripts for angiogenic factors, whereas interferon (IFN)-y transcripts dominate in
the DBA™ subset (27). Murine uNK do not begin to mature into large, granulated lymphocytes

Abbreviations: cNK, conventional natural killer cells; NKR, natural killer receptor; pbNK, peripheral blood natural killer cells;
pNK, peripheral natural killer cells; trNK, tissue-resident natural killer cells; uNK, uterine natural killer cells.
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TABLE 1 | Characterization of human natural killer (NK) cells in peripheral
blood and decidua.

Uterine
NK (uNK) cells

Characteristic Peripheral blood

NK (pbNK) cells

CD56brighl CD56dim CD565uperbright
CD16- CD16* CD16-
% of total ~ 5-30% circulating >70% leukocytes
lymphocytes (15) in first trimester (2)
% of total NK cells 10% (16) 90% (16) 80% (2)
CD94 CD94erient (17)  50% CD949m (18) CD94priant (18)
Natural killer group 2 +(8) +(8) ++ (8, 11)
(NKG2)A/C/E
NKG2D +(19) +(19) ++ (20)
Killer-cell - (21) +(21) ++ (8, 22)
immunoglobulin-like
receptors (KIR)
NKp46 +(23) +(29) + (4)
CD9 - (8 - (8 +(8)
CD49a -(12) -(12) +(12)
CD57 — (24) 60%-+ (24) -2
CD69 - (25) - (25) 40%+ (2)
Cytokine production +++ (26) + (26) +++ (4, 5)
Cytotoxicity — (21, 24) +++ (21, 24) - (6)

until blastocyst implantation, and they acquire reactivity to
DBA after g.d. 5 alongside their increase in granularity (28,
29). As in humans, murine uNK cells are poorly cytotoxic
despite containing granules encasing perforin and granzymes
(30-32). At the mesometrial pole of the implantation site and
adjacent to the decidua basalis, a lymphocyte-rich accretion of
leukocytes composed largely of uNK cells, macrophages, and
dendritic cells develops (29, 33, 34). This mesometrial lymphoid
aggregate of pregnancy (MLAp) is a feature of pregnancy unique
to rodents, which is established by g.d. 8. Mature uNK cells
are most abundant throughout the decidua basalis and MLAp
approximately halfway through gestation (Figure 1) (28, 29,
35). uNK undergoing apoptosis begin to appear from mid-
gestation onwards and are highly prevalent by g.d. 12 (28,
35). Expression of lectin-like Ly49 receptors, which recognize
MHC class I, is higher among uNK than peripheral (pNK) cells
and, as in humans, some receptors are mildly skewed toward
recognition of trophoblast MHC ligands (36, 37). uNK in mice
also express killer-cell lectin-like receptor G1 (KLRG1) more
highly than their pNK cell counterparts, indicating a more
mature phenotype (36, 38). The features of murine uNK cells
are summarized in Table 2.

The relatively recent designation of CD49a as a marker of
tissue residency and its inclusion in the cytometric analysis
of uterine lymphocytes alongside common NK cell markers
such as CD49b (DX5) has enabled the redefinition of murine
uNK subsets (33, 48). uNK cells in mice can now be classified
as CD49a*™ DX5%~ uterine tissue-resident NK (trNK) cells and
CD49a~ DX5* uterine conventional NK (cNK) cell populations
(33, 48, 58, 59), which will be described in greater depth later in
this review. DBA reactivity is strongest on uterine CD49a* trNK,
and is weak on DX5* uterine cNK (40, 58). As in DBA* uNK,
decidual CD49a* DX5*~ trNK cells produce less total IFN-y
at mid-gestation than CD49a~ DX5* c¢NK cells, which further

supports the correlation between CD49a and DBA reactivity
(27, 58, 59). Although the correlation between CD49a and DBA
co-expression is not sufficiently clear-cut to consider DBA as a
specific marker of uterine trNK cells, it does enable some recon-
sideration of historical histological studies.

Despite numerous anatomical and physiological differences
between murine and human pregnancies, the functions and
regulation of uNK cells are reasonably comparable between these
species. In both species, uNK contribute to fundamental physi-
ological processes of pregnancy within the decidua, but there are
key differences in how these effects are mediated (Figure 2).
Human uNK assist in the initial stages of decidua-associated vas-
cular remodeling and control the depth of invasion of extravillous
trophoblast (EVT), which are responsible for the majority of arte-
rial transformation in human pregnancy. Comparatively, murine
uNK are composed of two subsets, with largely differing roles.
uNK-derived IFN-y is essential for remodeling of the decidual
vasculature in mice, whereas the contribution of trophoblast is
relatively insignificant and, indeed, rodent uNK predominantly
suppress trophoblast invasion. In both species, uNK produce
angiogenic factors, but in mice this is predominantly mediated by
the DBA* subset. As such, considering the broader themes of the
decidual adaptations to pregnancy, mice provide a useful animal
model in which to study reproductive immunology.

INNATE LYMPHOID CELLS

Natural killer cells are the most abundant and well-characterized
subset of innate lymphoid cells (ILCs), which comprise lympho-
cytes belonging to the innate arm of the immune system exhibit-
ing features of both innate and adaptive immunity (60, 61). ILCs
are an important component in the immune response to a wide
range of pathogens, particularly at epithelial barrier surfaces.
They also contribute to tissue and metabolic homeostasis and
have been implicated in the pathogenesis of cancer and inflam-
matory diseases. Features common to all ILCs are the absence of
recombination activating gene (RAG)-dependentantigen-specific
receptors, absence of myeloid lineage markers, and a lymphoid
cellular morphology. Based upon this classification, ILCs can be
broadly categorized into three major groups according to their
development, cell surface markers, and functions (62, 63).

Our understanding of the origins and functions of ILCs is
rapidly evolving, and the identities of disparate ILC populations
are becoming increasingly apparent (64-67). While the pathways
of ILC development in mice have been well defined, ILC dif-
ferentiation in humans has yet to be determined. There is also a
degree of phenotypic plasticity among ILCs, indicating that ILCs
are capable of adapting their identities and functions in vivo in
response to other immune cells and secreted factors in the local
environment.

Functional comparisons have been made between ILCs and
T cells, as the stimuli and cytokine profiles of ILC1s, ILC2s, and
ILC3s are analogous to those of the Ty cell subsets Tu1, T2, and
Tul7, respectively. Group 1 ILCs comprise bona fide helper-like
ILC1s and NK cells. NK cells can be further subdivided into
cNK and trNK subsets that differ in their phenotype, function,
and development. ¢cNK cells are the only ILC population to
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FIGURE 1 | Dual immunohistochemical staining of Dolichos biflorus agglutinin (DBA)* uterine natural killer (uNK) cells and trophoblast in a mouse
implantation site at mid-gestation. Trophoblast (shown in pink) migrate centrally into the decidua to form an ectoplacental cone, which is surrounded by a layer
of moderately invasive trophoblast giant cells expressing MHC class I. Mature uNK are abundant throughout the decidua basalis, and in a lymphocyte-rich accretion
at the uppermost pole of the implantation site, known as the mesometrial lymphoid aggregate of pregnancy. Interactions between uNK Ly49 receptors and
trophoblast MHC class | can modulate the activity of DBA* uNK (shown in brown) and DBA- uNK cells, and impact on their production of angiogenic factors and
interferon (IFN)-y respectively. Reproduced from Moffett and Colucci (39) with permission.

exhibit cytotoxicity mediated by exocytosis of cytotoxic granules
containing perforin and granzymes, similarly to CD8* cytotoxic
T-lymphocytes (60).

UTERINE ILCs

Since the amalgamation of diverse innate lymphocyte popula-
tions into the ILC family, there has been considerable focus on
determining the distribution and biological significance of these
cells in vivo (68). Other than uNK cells, first defined in 1991,

ILC1s and ILC3s have also been identified in human decidua
(2, 33, 69, 70). Uterine ILC3s (uILC3s) were initially classified
as stage 3 uNK cell progenitors based upon their CD34- CD117*
CD94~ CD56" KIR™ phenotype. These cells produced interleukin
(IL)-22 and expressed RORC and LTA, encoding the transcription
factor RORy and lymphotoxin (LT)-a, respectively, which makes
them indistinguishable from uILC3s (62, 69). The presence of
human uILC3s and lymphoid tissue inducer (LTi)-like uILC3s
has since been confirmed in accordance with currently accepted
ILC definitions (33, 70). However, it has since been proposed
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TABLE 2 | Characterization of murine natural killer (NK) cells in spleen
and decidua.

Characteristic Peripheral NK Uterine natural killer

(pNK) cells  (uNK) cells
% of total lymphocytes ~2% ~ 30% at mid-gestation (40)
CD94 + (41) No published evidence
NKG2A/C/E + (41, 42) No published evidence
NKG2D + (43) + (44)
Ly49s + (45) ++ (36)
NKp46 + (46) + Dolichos biflorus agglutinin

(DBA)-, ++ DBA* (47)

CD49a —(48) ~ 75% CD49a* CD49b+~ (33)
CD49b + (49) ~ 25% CD49a- CD49b+ (33)
CD69 - (50) ++ (38, 51)
Killer-cell lectin-like receptor G1 + (52) ++ (36)
Cytokine production + (53) + (54, 55)
Cytotoxicity + (56) —(57)

that a population of CD34* CD122* CD309~ lymphoid-like cells
in human decidua represent NK-committed decidual hemat-
opoietic progenitor cells (HPCs) (71). If these cells can be more
definitively characterized as such, through detection of multiple
co-expressed cell surface markers and transcription factors,
it is likely that the population described by Male et al. were a
heterogeneous mix of stage 3 uNK cell precursors and uILC3s. A
proportion of uILC3s have been shown to differentiate to stage
3-like CD117* CD56% CD94" uNK cells upon in vitro culture with
IL-15 (70). A similar report indicates that uILCs can differentiate
into stage 4 CD117- CD56* CD94* uNK cells in vitro, further
suggesting that uNK cell precursors were present (69). In view of
the recent finding that tonsillar ILC3s can differentiate to stage 4
CD94" CD56™#" NK cells upon aryl hydrocarbon receptor (AhR)
silencing in vitro, it would also be interesting to ascertain whether
AhR is expressed by ulLC3s and whether its manipulation is simi-
larly able to induce differentiation to an NK cell phenotype (72).

All groups of ILCs are present in the uteri of virgin and preg-
nant mice (33). Uterine trNK cells were initially considered to
develop independently of the transcription factors nuclear factor,
interleukin-3 regulated (Nfil3) and T-box transcription factor
Tbx21 (T-bet), but their dependency on Eomesodermin (Eomes)
was not ascertained. As such, it was not possible to deduce their
identity as belonging to an NK cell or bona fide ILCI lineage (48).
Similarly to those in the salivary gland, trNK cells in the uterus do
express Eomes and, together with uterine cNK cells and Eomes~
ulLCls, they are found throughout the decidua and myometrium
during pregnancy. uILCls can produce tumor necrosis factor
(TNF)-a and IFN-y but, owing to the fact that uILC1-sufficient
Nfil37/= females exhibit poor decidual vascular remodeling, the
contribution of uILC1-derived IFN-y to vascular modification is
seemingly negligible (33, 58, 59). uILC2s, ulLC3s, and LTi-like
ulLC3s are found only in the myometrium and in the MLAp (33).
The MLAp is of unknown function but, since it is traversed by
branches of the uterine artery, it is possible that it exerts some
effect on the perfusion of individual implantation sites through
leukocyte-mediated modification of vessels proximal to the
spiral arteries (73, 74). Unlike lymph nodes, MLAp formation
does not depend on LTa and LTp-receptor signaling, making a

Trophoblast giant cell
Spiral artery —

yee® . ®
(o] o ®

uNK cell VEGF, PLGF

Endovascular trophoblast —
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FIGURE 2 | Physiological processes of pregnancy within the decidua
in human and mice. In both humans and mice, uterine natural killer (uUNK)
cells are thought to contribute to spiral arterial remodeling (purple),
angiogenesis (red), and control of trophoblast invasion (green). Interactions
between uNK receptors and trophoblast MHC class | antigens may modulate
UNK cell activity (blue). In humans, uNK cells may contribute directly to
decidua-associated vascular remodeling through secretion of matrix
metalloproteinases (MMPs). Human uNK may also influence trophoblast-
mediated vascular remodeling through secreting factors which enhance
extravillous trophoblast (EVT) invasion [XCL1, CCL1, granulocyte-
macrophage colony-stimulating factor (GM-CSF)] or suppress EVT migration
[transforming growth factor (TGF)-B]. uNK cells in humans also secrete
several angiogenic factors including vascular endothelial growth factor
(VEGF), placental growth factor (PLGF), Ang1, and Ang2. Their activity may
be modulated by killer-cell immunoglobulin-like receptors (KIR) and natural
killer group 2 (NKG2) receptors, which recognize human leukocyte antigen
class | ligands expressed by EVT. In mice, IFN-y secreted by Dolichos biflorus
agglutinin (DBA)~ uNK cells is essential for decidual vascular remodeling.
DBA* uNK cells are predominantly responsible for producing angiogenic
factors, including VEGF and PLGF. Evidence from studies in rats and mice
suggests that uNK cells primarily suppress trophoblast motility, but the
mechanisms for this are not currently understood. Murine uNK cell function
can be modulated by Ly49 receptors, which recognize MHC class |
expressed by trophoblast giant cells.

role for LTi-like ulLC3s in MLAp development unlikely (35, 75).
Whether uILC2s and uILC3s and their derived cytokines, IL-5,
IL-13, IL-17, and IL-22 participate in local immune regulation or
tissue remodeling is currently unknown (33).

NK CELL DEVELOPMENT

Murine ¢NK cells arise from NK progenitors (NKP), which
represent the first of six defined stages of murine NK cell
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development (76-78). In contrast to helper-like ILCs, cNK cells
develop independently of IL-7 and become CD127- CD122*
(IL-2Rp; IL-15Rp) at the NKP stage. IL-15 signaling is essential
for the differentiation of NKPs to immature NK (iNK) cells
(79-81). Subsequently, iNK cells acquire functionally modula-
tory receptors such as NK1.1, NKp46, Ly49, and NKG2 receptors.
Expression of the integrin CD49b (DX5) denotes the transition
of iNK cells to a mature phenotype, which correlates with the
development of functional competence such as IFN-y produc-
tion and cytolytic potential (82, 83). Three further stages of
maturation can be defined by the differential expression of CD27
and CD11b, which culminate in the development of terminally
mature NK cells expressing KLRG1 and CD43 (52, 84).

However, NK cell development can occur via alternative
pathways. NK cells of thymic origin have been identified,
which depend upon the GATA-binding protein-3 (GATA-3)
transcription factor and IL-7 signaling. These cells appear
phenotypically immature compared to cNK cells, but are
more effective cytokine producers (85). More recently, Nfil3-
independent NK cells have been described in skin, uterus,
and salivary glands, which all express the integrin CD49a as
a marker of tissue residency but which differ in their depend-
ency on T-bet (33, 48, 86-88). However, since the population
originally classified as CD49a* DX5" hepatic trNK cells does
not express the transcription factor Eomes, it is more appropri-
ate to consider these as hepatic ILCls. These exhibit a broader
cytokine profile than ¢cNK and highly express TNF-related
apoptosis-inducing ligands (TRAIL), which confer potential
to induce apoptosis (48, 89, 90).

Ontogenesis of human NK cells is broadly analogous to that
in mice, but there are notable differences in the sequence and
anatomical sites of each developmental stage. Human NK cells
arise from bone marrow (BM)-derived CD34* HPCs. Although
elusive until recently, NK lineage-restricted progenitors have
been identified in adult and fetal bone marrow, fetal liver, and
adult tonsils (91). Evidence suggests that CD34™ pro-NK cells
are exported from BM comparatively early and home to sec-
ondary lymphoid tissues where they continue to differentiate
(92). Five continuous stages of human NK cell development
have been characterized in lymph node and tonsil. IL-15 acts
on stage two pre-NK cells to support their transition to stage
three. Human NK cells do not begin to express receptors for
class I HLA antigens, including KIR and CD94/NKG2 dimers,
until they reach a mature CD56" phenotype (17). At this
stage, human NK cells are competent cytokine producers,
which either remain in situ or terminally differentiate in
peripheral blood to acquire cytotoxic potential as CD56%™
CD16% NK cells (21, 26, 93).

The transcriptional control of human NK cell develop-
ment has not been delineated clearly, but GATA-3 transcripts
are abundant in stage 3 NK cells, and T-bet and Eomes are
highly expressed in stage four and stage five NK cells (17, 94).
However, as in mouse, subpopulations of CD49a* trNK cells
have been identified in uterine endometrium and liver (59, 95).
A subpopulation of CD127~ CD56" Eomes* tonsillar and intes-
tinal intraepithelial ILC1s are phenotypically and functionally
resemblant of NK cells, but their murine counterparts develop

independently of IL-15 (96). As such, it is possible that these,
and perhaps other ILCls, arise from pre-NK cells, and are more
closely developmentally linked to NK cells than we currently
appreciate.

ORIGIN OF uNK CELLS

Uterine natural killer cells account for over 70% of decidual
leukocytes in the first trimester of human pregnancy and for
approximately 30% of lymphocytes in murine decidua at mid-
gestation (2, 40). The origin of these distinct and specialized
NK cells has been a subject of investigation for over 30 years, but
it is becoming increasingly accepted that uNK cells are likely to be
a heterogeneous population arising from in situ progenitors and
from homing of NKPs and/or pNK cells (97).

When mice were lethally irradiated in the presence of a pro-
tective lead shield covering one uterine horn, and subsequently
rat BM cells were adoptively transferred, only uNK cells of rat
origin could be identified in the irradiated uterine tissue, indicat-
ing that peripherally derived NKPs contribute to the generation
of uNK cells (98). This is supported by observations that uteri
from NK-sufficient mice are devoid of uNK cells when engrafted
into NK-deficient hosts (99). Leukocytes of donor origin
can be found in both murine and human decidua, following
experimental transgenic labeling of BM cells and hematopoietic
stem cell transplantation (HSCT) respectively, which suggests
that decidual leukocytes are derived, at least in part, from BM
HPCs in vivo (100, 101). A very small population of stage 3 NK
precursors in peripheral blood, which are capable of maturing
to stage 4 cells in the presence of IL-15, also raises the possibil-
ity that NK precursors home to the uterus and differentiate to
mature uNK cells in situ (69). As pbNK cells can be induced to
acquire phenotypic and functional attributes of uNK cells under
the influence of hypoxia, transforming growth factor (TGF)-p,
and demethylating agents, it is also possible that some uNK cells
develop as a result of pbNK cell recruitment (102).

However, in the study by Peel and Stewart, no uNK cells could
be detected in the irradiated uterine horn in half of the mice
which had retained functional BM as a result of lead shielding
of their legs during irradiation. This suggests that uNK cell
precursors present in uterine tissue prior to irradiation were
either destroyed or rendered incapable of proliferation, and
that recruitment of circulating NKPs was insufficient to restore
the uNK cell population (98). The proposed NK-committed
decidual HPCs identified by Vacca et al. can differentiate to
mature uNK cells in the presence of IL-15, which is expressed
abundantly in first trimester decidua and placenta (71, 103).
The presence of in situ HPCs would also account for the CD56*
NK cells detected in human endometrial tissue which had been
xenografted into hormone-treated immunodeficient mice (104).
NK cell development from resident hematopoietic progeni-
tors has also been documented in mice (105). Taken together,
it seems probable that uNK cells arise from proliferation of
peripherally derived HPCs and/or NK precursors which have
homed to the pregravid uterus, but a potential contribution by
pbNK cells which undergo phenotypic adaptation in situ cannot
be discounted.
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EFFECTOR FUNCTIONS OF NK CELLS

Soluble factors secreted by other leukocytes can stimulate
cytokine production by NK cells, which provides a means by
which these immune cells can indirectly interact with each
other and reciprocally induce effector functions. NK cells are
responsive to a number of cytokines released by monocytes,
including IL-1, IL-10, IL-12, IL-15, and IL-18, and Tu lympho-
cytes, including IL-2 and IL-21. These induce production of
key NK cell-mediated cytokines such as IFN-y, granulocyte-
macrophage colony stimulating factor (GM-CSF), TNF-a, and
macrophage inflammatory protein (MIP)-1 (106). Of these,
IEN-y has the most diverse immunomodulatory roles and
promotes Tyl cell differentiation, activation of macrophages
and enhancement of antigen presentation via upregulation of
class I and class I MHC molecules; all of which cumulatively
contribute to antimicrobial, antiviral, and anti-tumor immu-
nity (107).

All mature murine cNK cells have the capacity to produce
cytokines and mediate perforin-dependent cytotoxicity. Distinct
tissue-specific NK cell subpopulations display variation in func-
tionality, such that salivary gland trNK cells only induce TRAIL-
dependent cytolysis and uNK cells are weakly cytotoxic under
physiological conditions (57, 87). In humans, CD56% CD16*
NK cells contain lytic granules, and are less effective cytokine
producers and express KIR at far higher frequencies than their
CD56"i" CD16~ counterparts (21, 26). That the CD56%™ CD16*
subset accounts for 90% of circulating NK cells emphasizes the
importance of HLA class I recognition as a means of immuno-
surveillance by pNK cells. Indeed, the absence of NK cells in vivo
enhances susceptibility to viral infections and metastatic progres-
sion of malignant tumors (108-110).

Natural killer cells express a broad repertoire of modulatory
receptors, of which many are common to both human and mouse.
Among these are the activating receptors NKp46, which recog-
nizes viral hemagglutinins, NKG2D which binds cellular stress-
induced ligands, and CD16, which mediates antibody-dependent
cellular cytotoxicity (ADCC) in response to immunoglobulin G
(IgG) (111, 112). The induction of cytotoxic effector responses
is tightly regulated and, with the exception of CD16, requires
the synergistic input of signaling via two activating receptors,
reduced inhibition and/or the presence of stimulatory cytokines
(113). As many inhibitory NK cell receptors recognize MHC class
Iligands, reduced inhibition predominantly occurs in the context
of downregulation of MHC class I molecules by virally infected
and malignant cells.

The probable roles of uNK in both human and mouse are the
production of cytokines, chemokines and angiogenic factors,
which may mediate the key physiological processes required
for successful pregnancy, discussed in greater depth later in this
review (Figure 2). Comprehensive gene expression analyzes have
demonstrated the extent to which human NK cells in the uterus
functionally and phenotypically differ from those in peripheral
blood (4, 8). Although uNK cells are phenotypically and func-
tionally distinct from pNK cells, their activity can be similarly
modulated through interactions with soluble factors and cell-
bound ligands, including MHC class 1.

NK CELL RECOGNITION OF MHC
MOLECULES

Recognition of class I MHC is mediated by KIR in humans, Ly49
receptors in mice, and by CD94/NKG2 heterodimers in both
species (114). KIRs are highly polymorphic receptors encoded
within the leukocyte receptor complex (LRC) on chromosome
19, which bind to HLA class I molecules (115). Sixteen KIR genes
have been identified and, for each, between 18 and 112 alleles
are currently known (116, 117). Fourteen of these genes encode
functional receptors for classical HLA, of which six are inhibitory
and eight are activating.

KIR genes can be grouped into two main haplotypes, termed
A and B. With the exception of KIR2DS4, which is most com-
monly truncated, haplotype A encodes only inhibitory receptors
whereas haplotype B contains genes for both inhibitory and
activating KIR. The majority of KIR2D receptors exhibit binding
specificity for one of two epitopes of all HLA-C allotypes, C1
and C2, which differ due to diallelic polymorphism at positions
77 and 80 of the al chain (116, 118). Binding affinities between
KIR2DL and HLA-C molecules also influence functional res-
ponses, such that weak interactions induce less inhibition. KIR
A haplotypes are typified by KIR2DL1, which binds C2 epitopes
with high avidity, and KIR2DL3, which weakly binds C1 epitopes.
Comparatively, KIR B haplotypes are characterized by an allo-
type of KIR2DL1 which binds C2 epitopes with low affinity,
and KIR2DL2, which binds more strongly than KIR2DL3 to C1
epitopes (119).

The functionally analogous receptors for classical MHC
class I molecules in the mouse are polymorphic lectin-like Ly49
receptors. These are encoded within the natural killer complex
(NKC) on chromosome 6 and bind classical H-2 antigens. Ly49
gene content varies considerably between strains, ranging from
eight in BALB/c mice to 22 in non-obese diabetic (NOD) mice
(120, 121). Ly49 receptors use the same signaling pathways as
KIR, including intracytoplasmic immunoreceptor tyrosine-based
inhibition motifs (ITIM) for inhibitory receptors and signaling
through DAP12 for activating receptors (122-124). Nomenclature
of Ly49 genes, which are synonymous with killer cell lectin-like
receptor subfamily A (Kira) genes, is non-descriptive and each
receptor is designated a letter between A and X (125). The major
Ly49 receptors in C57BL/6 (H-2°) and BALB/c (H-29) strains and
their respective ligands are summarized in Table 3. Of particular

TABLE 3 | Ly49 receptors and their respective ligands in C57BL/6 and
BALB/c mice.

Ly49 Ligands Notes
receptor
Ly49A H-2D¢, H-2D°, H2-M3 (128-130)

Ly49C H-2Kb, H-2DP, H-2Kd, H-2D¢ (128, 129)

Ly49D H-2D¢ (131) Absent in BALB/c

Ly49G2 H-2D9 (128, 129)

Ly49H Murine cytomegalovirus m157 Absent in BALB/c
glycoprotein (127)

Ly49l H-2Kb, H-2K® (128, 129) Pseudogene in BALB/c

Inhibitory receptors denoted in red, and activating receptors denoted in blue.
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functional significance is the activating Ly49H receptor, which
recognizes the murine cytomegalovirus (MCMV) m157 glyco-
protein. BALB/c mice notably lack this receptor and, as such, are
highly susceptible to MCMYV, with high viral titers and increased
mortality following infection (126, 127).

In both humans and mice, recognition of non-classical MHC
class I molecules is predominantly mediated by CD94/NKG2
heterodimers. Inhibitory CD94/NKG2A dimers signal via an
ITIM-dependent pathway, whereas activating CD94/NKG2C and
CD94/NKG2E associate with DAP12 (132-136). CD94/NKG2
dimers recognize HLA-E in humans and Qa-1° in mice, which
are expressed in complex with peptides derived from leader
sequences of other MHC class I molecules (41, 42, 137, 138).
As such, HLA-E and Qa-1° provide an additional means by which
aberrant MHC class I expression in diseased cells can be detected
by NK cells. There are potentially some species-related differences
in the expression profiles of these receptors, as human CD94/
NKG2E exists only in an intracellular form, and cell surface
expression of neither CD94/NKG2C nor CD94/NKG2E has been
definitively detected in mice (41, 42, 134).

It has long been considered that acquisition of individual
KIR and Ly49 receptors occurs stochastically, such that the co-
expression frequencies of individual receptors do not deviate
markedly from the product rule (139). This generates subsets of
NK cells expressing anywhere between zero and the full comple-
ment of NK cell receptors for MHC class I herein referred to as
NKRs. However, deviations in the NKR repertoire in accordance
with the MHC environment indicate that there are some selective
influences (140-143). Specific NKRs are downregulated in the
presence of their cognate MHC ligands in a manner that is both
MHC dose-dependent and reflective of receptor-ligand binding
avidity (142, 144, 145). Refinement of the NKR repertoire is
an important aspect of the adaptation of NK cells to their host
environment, and is complementary to a process referred to as
NK cell education, during which interactions with self-MHC
calibrate NK cell responsiveness. Taken together, these processes
may allow for selection of the most biologically useful and least
self-reactive NK cell subsets in vivo.

NK CELL EDUCATION

The concept of NK cell education, or “licensing,” was first proposed
in 2005 when it was observed that cells expressing inhibitory
NKRs for self-MHC are functionally more responsive than those
that do not, both in terms of cytotoxicity and IFN-y production.
This was proposed as a mechanism for NK cell self-tolerance, so
that uneducated cells lacking NKRs for self-MHC respond poorly
to activating stimuli, such as cross-linking of activating receptors
and MHC class I deficient cells. This negates the requirement
for NKR-mediated counter-inhibition and reduces the potential
for autoreactivity (140, 146). However, NK cell education is
by no means an essential requirement for functionality, since
responsiveness can be at least partially restored among unedu-
cated NK cells in the presence of pro-inflammatory cytokines
(140, 146-148).

The outcome of the educative process is that NK cells attain
the capacity to respond to aberrant MHC class I expression. This

occurs through “missing-self” recognition, which may result from
the absence of self-MHC class I or in the presence of allogeneic
MHC class I ligands. The latter effect can be harnessed for thera-
peutic benefit in HSCT, used in the treatment of hematological
malignancies. NK cells from HLA haplotype-mismatched donors
enhance graft tolerance in patients with acute myeloid leukemia
and induce disease remission with protection against relapse
(149). The only physiological situation in which allogeneic class
I MHC is presented to a host is during pregnancy. uNK cells
are a sufficiently distinct subset that their behavior cannot be
effectively modeled on pNK cells, owing to significant phenotypic
and functional differences. However, a wealth of evidence from
human genetic association studies and mouse models suggests
that uNK cell activity can be modulated through interactions with
class T MHC from both parents, and that this has the potential to
significantly impact on reproductive outcome (150).

REGULATION OF SPIRAL ARTERIAL
REMODELING BY uNK CELLS

The placenta was originally thought to provide the means of “ana-
tomical separation of fetus from mother,” enabling development
of the semi-allogeneic fetus without maternal immune rejection
(151). A modern view of immunogenetics of pregnancy proposes
that in fact maternal NK cells regulate placentation and vascular
remodeling through direct interactions with fetal trophoblast
cells (150). Despite numerous anatomical and physiological
differences between human and murine pregnancy, mice can
provide a useful model in which to study trophoblast differentia-
tion and immune regulation of placental development because
both species exhibit hemochorial placentation, where placental
trophoblast cells invade the maternal decidua and come into
direct contact with maternal blood (152-154). Key features of
human and murine pregnancy are summarized in Table 4.
Remodeling of the maternal spiral arteries is an essential local
vascular adaptation to pregnancy, which transforms the arteries
supplying the feto-placental unit to large bore, high conduct-
ance vessels with non-turbulent flow (158). The initial stages of

TABLE 4 | Features of pregnancy in humans and mice (154-157).

Feature Human Mouse

Decidualization Cyclical (approx. 28 days)

Prior to implantation

Post-implantation

Implantation ~ 6 days post-conception Gestation day (g.d.) 4.5
(p.c.)
Type of placentation Discoid Discoid
Hemochorial Hemochorial
Villous Labyrinthine
Placental First functional at 10 weeks First functional at g.d.
development p.c. 10.5

Growth continues until term
Disproportionate to placental
growth in third trimester

Maximal size at g.d. 16.5
Disproportionate to
placental growth from

Fetal growth

g.d.14.5
Fetal:placental weight ~ Approx. 7.5:1 Approx. 15:1
ratio
Duration of gestation ~ ~ 40 weeks 19-21 days
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vascular transformation in humans occur during the secretory
phase of the menstrual cycle and become more pronounced in
early pregnancy independently of trophoblast invasion (159).
The maternal vessels during these stages are closely apposed
by leukocytes, particularly macrophages and uNK cells, which
may contribute to this decidua-associated remodeling through
secretion of proteolytic matrix metalloproteinases (MMPs).
CD56" cells have been shown histologically to express MMP-7,
MMP-9, MMP-19, and MMP-23 (160-162). However, since
CD56 is also expressed by endovascular EVT, it cannot be
asserted from dual immunohistochemical staining alone that
intramural and endovascular CD56% MMP* cells are uNK cells
(159). Subsequent stages of remodeling in humans are dependent
upon the deep invasion of EVT by interstitial and endovascular
routes. Interstitial EVT migrate through the decidua and are
thought to intravasate into the walls of the maternal spiral arteries
to contribute to disorganization of the vascular smooth muscle
(159, 163). Perivascular trophoblast may intravasate further into
the vascular lumen to account for some of the endovascular
trophoblast which migrates retrogradely along the lumen of the
arteries (164). It is considered that EVT from both interstitial and
endovascular routes become incorporated into the vascular wall
and replace vascular smooth muscle cells (VSMCs) with fibrinoid
material, which maintains the vessel in a dilated state and renders
it incapable of vasoconstriction (165).

The contribution of trophoblast to decidual vascular transfor-
mation in mice is less well defined. Moderately invasive tropho-
blast giant cells (TGCs) associate with decidual vessels in their
more distal segments, and line the arterial canals which supply
the feto-placental unit (166). It seems likely that vascular modifi-
cation in mice is predominantly mediated by other decidual cells,
including uNK cells which become integrated into the vascular
media (167). Indeed, it is well established that IFN-y of uNK cell
origin is essential for spiral arterial remodeling in murine preg-
nancy (54). NK cell-deficient mice consistently have defective
decidual vascular remodeling, characterized by narrow vascular
lumens, thick vascular walls, and retention of vascular smooth
muscle actin (58, 168-170). Through utilizing alymphoid mice
which were engrafted with BM from IFN-y~~ mice or severe
combined immunodeficient (SCID) mice, which lack T- and
B-lymphocytes, it has been elegantly and conclusively demon-
strated that IFN-y of uNK cell origin is essential for murine spiral
arterial remodeling (54). NK cell-deficient mice also exhibit
IFN-y-dependent morphological abnormalities such as decidual
hypocellularity and failure of MLAp formation, which can be
restored through adoptive transfer of BM from C57BL/6 or SCID
mice (54, 169, 171). The mechanisms by which IFN-y mediates
vascular remodeling have not been elucidated. Although murine
ulNK cells have not been reported to produce MMPs, decidual
macrophages do produce MMP-9, and MMP-2 and MMP-9
expression can be observed throughout the decidua basalis and
in close proximity of decidual arteries (172, 173). Since uNK cells
produce IFN-y and MIP-1a, which are key cytokines involved
in macrophage activation, it is possible that uNK cells mediate
vascular remodeling through stimulation of MMP production
by macrophages (36, 107). Indeed, MMP-2 and macrophage-
derived MMP-9 are essential in the pathogenesis of murine

abdominal aortic aneurysms, in which pathological destruction
of the aortic vascular media leads to extensive dilatation and risk
of rupture (174).

More similarly to humans, modification of the spiral arteries
in rats involves initial medial disorganization by uNK cells and
subsequent destruction of the smooth muscle layer by intersti-
tial and endovascular trophoblast, which invade deep into the
decidua and myometrium (175, 176). This demonstrates that,
even among species that exhibit hemochorial placentation, there
is significant variability in the dependence upon trophoblast and
uNK cells for transformation of the spiral arteries supplying the
feto-placental unit.

REGULATION OF TROPHOBLAST
INVASION BY uNK CELLS

Uterine natural killer cells may also contribute to modification
of spiral arteries indirectly, through their influence on EVT. A
recent study shows that human uNK produce the chemokines
XCL1 and CCLI1. The receptor for XCL1, XCR1, is expressed by
several cell types in the placenta, including fetal endothelial cells
and EVT. XCR1 is also expressed by decidual cells, including a
small population of CD14* macrophages. The CCL1 receptor,
CCRS, has been identified on all decidual macrophages and on a
small proportion of uNK (177). It has been determined by intra-
cellular cytometry that uNK secrete GM-CSF, and the chemokines
IL-8 and interferon-inducible protein (IP)-10 have been detected
in supernatants of uNK cells in vitro. All of these factors enhance
motility of primary trophoblast in cell migration and invasion
assays (4, 177-180). Intracellular cytometry has since shown
that macrophages are probably the predominant source of IL-8
among decidual leukocytes, although activated uNK cells were
not assessed in this study (181). IL-8 stimulates production of
MMP-2 and MMP-9 in a first trimester EV'T cell line, which is
suggestive of a mechanism by which leukocyte-derived factors
may promote EVT-induced vascular remodeling (180). However,
uNK also secrete TGF-f, which impairs the invasive properties of
primary trophoblast in vitro (5, 182). As such, human uNK seem-
ingly mediate a balance between enhancing and inhibiting EVT
invasion, and alterations in their function may lead to placental
pathology and associated disorders of pregnancy. Supernatants
from IL-15-activated uNK cell isolates from women with high
uterine artery resistance, which denotes incomplete arterial
remodeling, do not effectively induce motility of a first trimester
EVT cell line and apoptosis of VSMC and endothelial cell lines
in vitro (183). While this likely indicates that uNK cell-derived
factors contribute to vascular remodeling and modulating
trophoblast migration in vivo, uNK cells were harvested in
this study at 9-14 weeks gestation, when transformation of the
decidual sections of the spiral arteries is advanced and uNK cell
function is declining (184). Assessment of uNK function at an
earlier gestational time-point would be more informative for
understanding the relative contribution of uNK cells to these
physiological processes.

Whereas human uNK cells have been demonstrated to both
enhance and inhibit EVT invasion, evidence from studies in rats
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and mice suggests that uNK cells primarily suppress trophoblast
motility. The onset of trophoblast invasion in both rats and
mice was observed to correlate with the demise of uNK cells,
at around g.d. 14 and was accelerated in NK cell-deficient
and IFN-y~~ mice (176). This is seemingly dependent upon a
profound deficit in uNK cell number and/or function, as no
effect on depth of trophoblast invasion could be determined in
a model of more subtle, MHC-dependent uNK inhibition (36).
It has also been suggested that, through contributing to decidual
angiogenesis, uNK cells contribute to increased oxygen tensions
at the maternal-fetal interface, which prevents trophoblast
adopting an invasive phenotype (175). This would most likely
be mediated by murine DBA* uNK cells, which are known
to produce angiogenic factors including vascular endothe-
lial growth factor (VEGF) and placental growth factor (PLGF)
(27, 55, 185).

Human uNK also secrete several angiogenic factors includ-
ing VEGE PLGE, angiopoietin (Ang)l, and Ang2 (4, 5, 179).
Production of all factors mentioned can be modulated through
KIR/HLA interactions and by the activating receptors NKG2D,
NKp30, NKp44, and NKp46 (4, 178, 179). Human trophoblast
express ligands for NKp44, but not for NKG2D (4, 20, 179).
However, since decidual stromal cells express ligands for NKp30
and NKG2D, it is likely that uNK cell function is also modulated
through interactions with maternal tissues (4, 186). There is some
evidence to suggest that ligation of NKp30 also induces produc-
tion of IFN-y, TNF-a, MIP-1a, and MIP-1p, but since uNK cells
were stimulated in the presence of IL-2, the physiological sig-
nificance of these results is questionable (187). Moreover, recent
work suggests that the decidual microenvironment influences the
expression of NKp30 and NKp44 splicing variants that may be
responsible for decreased cytotoxicity and altered cytokine secre-
tion of uNK cells compared to pbNK cells (188).

SEQUELAE OF DEFECTIVE
PLACENTATION

Defective vascular remodeling, characterized by the absence of
intramural EVT and retention of VSMCs, particularly within the
myometrial segments of the spiral arteries, is a common pathologic
feature in cases of pre-eclampsia, early miscarriage, unexplained
stillbirth, and fetal growth restriction (FGR) (189-191). As such,
these conditions may reasonably be considered as a spectrum
of disorders that can arise from a common primary pathology
and, collectively, they are often referred to as the Great Obstetric
Syndromes. Some cases of recurrent miscarriage (RM) may also
be caused by insufficient trophoblast invasion (192).

To date, many of the studies investigating impaired decidual
vascular transformation in mice have focused on the causative
mechanisms and histological features. Defective remodeling of
spiral arteries does not spontaneously induce systemic hyperten-
sion in mice, but is linked to poor fetal growth, indicating that
pre-eclampsia only occurs as a response to placental stress from
underperfusion in humans (36, 193).

Human EVT invasion may also occur excessively when a blas-
tocyst implants in poorly or non-decidualized tissue. Placenta
accreta occurs due to pathological trophoblastic invasion of

the myometrium, which most commonly occurs as a result of
implantation at the site of uterine scar tissue from previous intrau-
terine surgery (194). Similar pathological features are observed in
ectopic pregnancies, in which the thin wall of the Fallopian tube is
commonly entirely infiltrated by EVT in the absence of decidual
tissue (195). Given that trophoblast migration is enhanced in
mice and rats depleted of NK cells, excessive invasion of EVT
in non-decidualized tissue in humans is highly suggestive of a
fundamental role for human uNK cells in regulating trophoblast
invasion (175, 176).

IMMUNOGENETICS OF TROPHOBLAST
AND uNK CELL INTERACTIONS

Uterine natural killer cell activity can be directly modulated through
interactions with decidual stromal cells, uterine leukocytes, and
invasive trophoblast. Of these, the regulation of uNK cell function
by trophoblast has been particularly well explored, owing to the
association between certain KIR/HLA interactions and disorders
of pregnancy. Trophoblast cells express a distinct repertoire of
HLA ligands in comparison to somatic cells. Syncytiotrophoblast,
which directly contacts maternal blood, and villous cytotropho-
blast are HLA negative (196). Invasive EVT express a unique
combination of polymorphic HLA-C and oligomorphic HLA-E
and HLA-G, but not HLA-A, HLA-B, or MHC class II (197).
Each of the EVT HLA class I ligands is able to interact with
uNK cell receptors (uNKRs), as outlined in Table 5. Soluble
HLA-G is reportedly produced by trophoblast, and is suggested
to modulate uNK cell activity (198, 199). However, assessment
of the crystal structure of KIR2DL4 and its potential interaction
with HLA-G has revealed no evidence of direct receptor-ligand
binding (200). In view of this, and in the absence of functional

TABLE 5 | Uterine natural killer (uNK) cell receptors and respective
trophoblast ligands in human and mouse.

uNK cell receptor Trophoblast ligand

Human

KIR2DL1 (A and B haplotypes)
KIR2DL2 (B haplotype)
KIR2DL3 (A haplotype)
KIR2DL4 (A and B haplotypes)
KIR2DS1 (B haplotype)
KIR2DS4 (A haplotype)

Human leukocyte antigen (HLA)-C2 (116, 119)
HLA-C1 (116, 119)

HLA-C1 (116, 119)

HLA-G? (201)

HLA-C2 (116, 119)

HLA-C1, HLA-C2 (202)

LILRB1 HLA-G (197, 203)
CD94:NKG2A HLA-E (197)
CD94:NKG2C; CD94:NKG2E HLA-E (197)

NKp44 Unidentified (4, 179)
NKp46 Unidentified (4, 204)
NKG2D Not expressed (20)
Mouse

Ly49A, Ly49G2 H-2D¢ (BALB/c) (36)
Ly49C, Ly49l H-2K® (C57BL/6) (37)
Ly49D H-2D¢ (BALBY/c) (36)
Ly49H Not expressed
CD94:NKG2A Not expressed (205)
CD94:NKG2C; CD94:NKG2E Not expressed (205)
NKG2D Raet (44)

Inhibitory receptors denoted in red, and activating receptors denoted in blue.
KIR2DL4 can be both inhibitory and activating.
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data using non-preactivated uNK cells, hypotheses regarding the
role of uNK-expressed KIR2DL4 remain unsubstantiated.

As in humans, murine trophoblast cells at the site of physi-
ological exchange are MHC negative, whereas invasive tropho-
blast does express MHC class I antigens (36, 37, 206). Invasive
TGCs from C57BL/6 mice have been shown to express H-2K"
ligands at far greater intensity than H-2D", which is only detect-
able at very low levels (37). Trophoblast expression of transgenic
H-2D¢ epitopes in C57BL/6 mice has also been demonstrated
by immunofluorescence staining (36). uNK cells interact with
trophoblast class I MHC through Ly49 receptors (Table 5), but
since trophoblast do not express Qa-1°, any functional modula-
tion of uNK cells through NKG2A/C/E is most likely mediated
by decidual stromal cells (205, 207).

TROPHOBLAST AND uNK CELL
INTERACTIONS IN DISORDERS
OF PREGNANCY

Immunogenetic associations between maternal KIR/fetal HLA
variants and disorders of pregnancy show that combinations of
a maternal KIR AA genotype and fetal C2 epitopes are present
at significantly higher frequencies in pregnancies complicated
by pre-eclampsia (208). Extension of this work later showed
that this increased risk of developing pre-eclampsia is highest
when trophoblast C2 epitopes are paternally inherited (209). An
increased frequency of maternal KIR AA and paternally derived
C2 epitopes has also been observed in cases of RM (209, 210).
There is an additional weaker correlation, between maternal KIR
AA and FGR (209). Within the KIR A haplotype are two genes for
inhibitory KIR, KIR2DLI and KIR2DL3, which encode receptors
for C2 and CI1 epitopes, respectively (Table 5). It may be reason-
ably considered that KIR2DL1/C2 interactions are particularly
detrimental to uNK cell function, as binding between KIR2DL1
and C2 epitopes is stronger and more specific than that between
KIR2DL3 and C1 epitopes (211). Furthermore, interaction
between KIR2DL1 and its cognate HLA-C ligand significantly
reduces production of chemokines and angiogenic factors by
IL-2-activated uNK cells in vitro (4).

Conversely, the presence of the telomeric region of the KIR B
haplotype (Tel-B) was shown to be protective against RM and pre-
eclampsia, particularly when trophoblast expressed C2 epitopes
(208-210). The Tel-B region contains KIR2DS1, which encodes
an activating KIR that binds C2 epitopes (Table 5). Maternal
KIR2DS1 predisposes to high birth weights, above the 90th
centile, when the fetus expresses paternally derived C2 epitopes
(212). Interaction between uNK cell KIR2DS1 and C2-expressing
target cells in vitro induces GM-CSF production, which enhances
trophoblast migration in a Transwell assay (178). Taken together,
these data strongly indicate that uNK cell activity is modulated
through KIR/HLA interactions and further support the hypoth-
esis that imbalance in uNK cell function, potentially leading to
dysregulation of physiological processes essential to pregnancy,
can lead to undesirable reproductive outcomes in humans.

Most studies investigating murine uNK cell function to
date have assessed the contribution of uNK cell deficiency or

uNK cell-derived factors to reproductive success. Only more
recently have mouse models been used to examine the impact
of more subtle variations in uNK cell activity, such as that
mediated by parental MHC disparity. Allogeneic, paternally
inherited MHC class I is sufficient in isolation to modulate
uNK cell function, and to directly impact on spiral arterial
remodeling and fetal growth (36, 37). BALB/c females mated
with BALB.B males, which express the C57BL/6 H-2® MHC
allotype, exhibit enhanced decidual vascular remodeling and
increased fetal growth (37). However, the underlying mecha-
nisms for this remain unclear. Paternally derived trophoblast
H-2D* has been convincingly demonstrated to inhibit uNK cell
function in C57BL/6 females. Reduced production of IFN-y
by uNK cells was mediated by inhibitory interactions between
H-2D? with Ly49A and Ly49G2, which resulted in incomplete
spiral arterial remodeling and reduced fetal growth. Maternally
expressed H-2D? was also disadvantageous for vascular
transformation and fetal growth, which suggests that murine
uNK cell education does not confer protective benefits during
pregnancy (36).

The relative impact of maternal NKR variability as a deter-
minant of pregnancy outcome in mice has been less well investi-
gated. Ncr1~~ mice, which lack NKp46, exhibit impaired decidual
vascular remodeling and disrupted angiogenesis, which suggests
that NKp46-mediated activation of uNK is important for optimal
reproductive outcome in mice (47). Expression of Ly49 recep-
tors can also influence pregnancy, as Ly49 knockdown (Ly49*P)
mice, in which Ly49s are expressed by only 50% of DX5* and
6% of DBA* uNK, exhibit subfertility, impaired angiogenesis,
reduced vascular remodeling and, unexpectedly, enhanced fetal
growth (213). However, given the incongruence of the fetal
phenotype in this model, it is feasible that extraneous factors
are contributing to the outcomes observed. As the transcription-
ally silenced region in Ly49*P mice spans approximately 10.2
megabase pairs (Mbp), encompassing the ~2 Mbp NKC region,
the potential impact of genes irrelevant to NK and/or leukocyte
function cannot be discounted (214, 215). In keeping with
defective angiogenesis, VEGF expression within the decidua and
MLAp was reduced in Ly49*P females. The total concentration
of IFN-y within these tissues was unaffected but, as uNK func-
tion was not specifically assessed in this study; it is not possible
to determine whether uNK dysregulation is responsible for
the vascular phenotype observed (213). As such, the strongest
data relating to the consequences of NKR-MHC interactions
in murine pregnancy are from studies investigating parental
MHC disparity.

CONCLUDING REMARKS

Results from many studies using mouse models to date have
substantiated data from human genetic association studies,
which strongly suggest that reduced uNK cell activation is dis-
advantageous for reproductive outcome. However, it is apparent
that the success of pregnancy depends upon a highly complex
network of interactions between trophoblast, uNK cells,
decidual stromal cells, and other decidual leukocytes. New tech-
nology, including improved mouse models, high-throughput
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genotyping, mass cytometry, and single-cell RNA sequencing
should help to define the role of immune cells in pregnancy,
including tissue NK cells and other ILCs in human and mouse
uterus.
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