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Introduction
The obligate intracellular parasite Toxoplasma gondii (T. gondii), found in ~30% of humans
worldwide, is a significant health risk for people with HIV/AIDS, people undergoing chemo-
therapy treatment or organ transplantation, and for developing fetuses as a result of congenital
infection [1]. Infection can cause death, blindness, spontaneous abortion, or mental retardation
and is correlated with behavior and neurocognitive changes [2]. No therapies exist to prevent
or clear parasite infection, which is lifelong. CD8 T cell interferon (IFN)γ is the major mecha-
nism of protection [3,4]; however, many immune factors contribute to successful parasite con-
trol. One is the natural killer cell (NK cell) [5]. NK cells are considered group 1 innate
lymphoid cells (ILCs) and provide defense against tumors and intracellular pathogens (viruses,
bacteria, and parasites) [6]. They use surface receptors (activating, inhibitory, and cytokine) to
survey host cells and tissues for damage or infection. Receptor engagement stimulates killing of
diseased target cells (cytotoxicity) and initiating IFNγ production. Activating receptors recog-
nize specific ligands expressed on target cell surfaces and activate via cytoplasmic immunore-
ceptor tyrosine-based activation motifs (ITAM) or associated adapter molecules DAP10 and
DAP12 [7]. Inhibitory receptors inhibit by assessing self through MHC Class I (MHCI) recog-
nition and, when triggered, recruit ITAM-antagonizing phosphatases SHIP1 and SHP1 via
cytoplasmic immunoreceptor tyrosine-based inhibitory motifs (ITIM) [8]. Inflammatory cyto-
kines IFNα/β, Interleukin (IL)-2, IL-12, IL-15, and IL-18 synergize with activating receptor sig-
nals or stimulate NK cell activation alone [7]. Other functional surface proteins include FcγRs,
Fas, and tumor necrosis factor-related apoptosis-inducing ligand (TRAIL). Ultimately, these
surface proteins regulate NK cell function depending upon the stimulatory environment. Stud-
ies of NK cell responses to T. gondii have broadly impacted parasite immunology and NK cell
fields. Thus, T. gondii is an excellent and relevant model to investigate NK cell biology. This
model will be important in future studies, given newly emerging NK cell adaptive immune and
regulatory roles and their therapeutic potential.

Protective Role of NK Cells in Primary T. gondii Infection
Early T. gondii studies added to the understanding of NK cells in immunity because they
showed that a parasite, in addition to tumor cells and viral infection, could stimulate NK cell
activity. NK cells were originally identified as naturally cytotoxic cells that kill tumor cells [9].
Acute and chronic T. gondii infection stimulates NK cell cytotoxicity regardless of mouse strain
[10,11]. T. gondii soluble and particulate component injections stimulate cytotoxic NK cell
responses in mouse and human cells [12,13]. Using NK cell-depleting antibodies, NK cells
were shown to be essential for early parasite control [5]. Just prior, NK cells were shown to
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produce IFNγ, but it was unclear how IFNγ contributed to the immune response. Subsequent
studies showed that NK cell IFNγ was a dominant, early protective mechanism (Fig 1, Step 1)
[5,14].

Although T. gondii infection stimulates NK cell cytotoxicity, its importance for control is
unclear [10]. Perforin-deficient mice, which globally lack cytotoxicity, survive avirulent para-
site infection, likely because of intact IFNγ production [15]. However, long-term survival is
impaired. Parasite-induced NK cell responses cross-protect against H5N1 influenza infection
and established B16F10 melanoma [16,17]. Thus, the parasite does induce effective cytotoxic
NK cells. Currently, testing NK cell cytotoxicity for parasite control is difficult because of a lack
of experimental tools. NK cells in T. gondii infection produce IL-17. T. gondiiNK cell immu-
nity may involve IL-17 production, stimulated by IL-6 (Fig 1, Step 1) [18]. Whether IL-17 is
protective or contributes to immune pathology is unknown.

NK cell help to T cells was not realized until a T. gondii study demonstrated they helped
CD8 T cells in absence of CD4 T cells [19]. NK cell–dendritic cell (DC) interactions are known
to stimulate development of dendritic cell type 1 (DC1). T. gondii-stimulated NK cell IFNγ
drives inflammatory DC differentiation in initial parasite infection to boost DC activation of T
cells [20]. Thus, NK cell IFNγ directly controls T. gondii and augments T cell responses.

Mechanisms of NK Cell Activation during T. gondii Infection
T. gondii studies have been instrumental for understanding NK cell activation mechanisms.
One mechanism is IL-12 induction of IFNγ and the importance of this axis for NK cell function
[21]. T. gondii-controlling NK cell IFNγ is IL-12–dependent (Fig 1, Step 1). T. gondii studies

Fig 1. Multiple roles for NK cells during T. gondii infection.Natural killer (NK) cells function in different
phases of immunity in response to parasite infection. Step 1: Innate. During the innate response, T. gondii
infection stimulated production of inflammatory cytokines IL-1β, IFNα/β, IL-6, IL-12, IL-15, and IL-18, driving
NK cell production of IFNγ. This results in early control of parasite infection by targeting intracellular
parasites. IL-6 can stimulate NK cell IL-17 production. The importance of NK cell IL-17 is not well understood.
Cytotoxic (CTL) response by NK cells is also induced; however, the importance of this function for control of
acute parasite infection is not well known. Other factors important for NK cell responses include CD28,
STAT4, Tbet, and NfκB family members (cRel, p50). Eomesodermin (Eomes) role is unclear. Step 2:
Regulation. NK cells produce IL-10 and regulate innate responses by down-regulating IL-12 and possibly
other cytokines. This is aryl hydrocarbon receptor (AHR)-dependent. Whether NK cell IL-10 can impact CD4
and CD8 T cell responses is not known. Step 3: Adaptive. NK cells can participate in adaptive immunity as
memory-like cells. NK cells may be important for (2°) secondary T. gondii infections. Whether NK cells that
experience T. gondii infection early live long-term or develop memory-like features and the mechanisms
behind these cell-intrinsic fates are unknown.

doi:10.1371/journal.ppat.1005396.g001
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identified additional factors important for NK cell activation. These include cytokines IFNα/β,
IL-1β, IL-2, IL-7, IL-18, and tumor necrosis factor (TNF)-α [14,21–24], which synergize with or
substitute for IL-12. IL-1β is required for IL-12–induced NK cell IFNγ, and IL-2 and IL-18 over-
come IL-12–dependent NK cell activation in STAT4-deficient mice [23,25]. IL-15 is important
for NK cell development, peripheral maintenance, and function. However, T. gondii infection
was the first model to show intact NK cell IFNγ in IL-15–deficient mice (Fig 1, Step 1) [26].
Costimulatory molecules and transcription factors also impact T. gondii-induced NK cell
responses. CD28 on NK cells synergizes with signals from IL-15 [27]. NFκB family members
c-Rel and p50 can regulate NK cell proliferation and IFNγ production [28]. T-box transcription
factor T-bet, paramount for T cell IFNγ production, is not required for parasite-induced local
NK cell IFNγ [29]. Whether Eomes is important and how T-bet and Eomes interplay works will
be interesting to address.

A major question is whether dominant, protective, T. gondii-specific NK cell subpopula-
tions exist. These subpopulations are defined by expressed surface receptors that tune respon-
siveness via differing signaling mechanisms (Fig 2C). Are there (1) specific NK cell receptors
and signaling pathways required for activation; (2) parasite-derived ligands or infected, host
stress-induced molecules required; and (3) specific protective NK cell populations? Published
data suggests licensed NK cells (activating and inhibitory receptor-expressing cells) produce
IFNγ during parasite infection (Fig 2) [30]. Other studies implicate NKG2D ligands Rae1 and

Fig 2. Possible activating receptor and NK cell subpopulation involvement in recognition of T. gondii-
infected cells. The subpopulation of NK cells important for IFNγ-dependent protection, defined by specific
activating (immunoreceptor tyrosine-based activating motif [ITAM]) receptors, is unknown.A. Infection of a
target cell by T. gondii could induce stress, resulting in expression of ULBPs (Rae1, Mult1, or others), or alter
self (MICA/B), Ly49-specific ligands, and/or NCR1 ligands (NCR1L, possible molecules vimentin or heparan
sulfate glycoproteins [HSGP]).B. ULBPs or altered self-molecules would be recognized by NKG2D.
Parasite-produced Ly49 ligands would be recognized by Ly49H or Ly49D. Host-derived NCR1 ligands would
be recognized by NKp46 (NCR1). MHC Class I (MHCI) could be recognized by immunoreceptor tyrosine-
based inhibitory motif (ITIM) receptors and SHP1/SHIP1 could impact signaling. C. NK cell-activating ligands
that are recognized would activate the NK cell to produce cytokines (IFNγ), be cytotoxic, proliferate, and
promote survival via signaling from either NKG2D-associated DAP10 or DAP12-dependent activation of
Vav2/3/Sos1/PI3K or Syk/ZAP70/PI3K-dependent pathways, respectively, Ly49-associated
DAP12-dependent activation of Syk/ZAP70/PI3K or NKp46-associated FcγR, and CD3ζ chain-dependent
activation of Syk/ZAP70/PI3K signaling. Additional receptors not shown in figure include CD94/NKG2C, 2B4,
FcRγIII, TRAIL, and IL-12R.

doi:10.1371/journal.ppat.1005396.g002
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Mult1 (Fig 2B) for activation [31]. Natural cytotoxicity triggering receptor (NCR)1 (NKp46) is
required for nonconventional NK cell ILC1 IFNγ production against T. gondii in the gut (Fig
2B) [32]. This could also be true for NK cell IFNγ. Additional activating receptors in mice
include Ly49, CD94/NKG2C, 2B4, FcγRIII, and TRAIL. In sum, mechanistic studies of NK cell
activation with T. gondii have impacted the NK cell field. These include IL-12/IFNγ axis, IL-
15–independent NK cell infection responses, costimulation, and T-bet role in NK cell depen-
dent protection.

Regulatory Role of NK Cells in Acute T. gondii Infection
NK cell immunoregulation has recently come to light [33]. Mechanisms are not defined, but
they are likely important to prevent inflammation-dependent pathology. T. gondii studies have
been important in understanding this process [33]. T. gondii induces robust inflammation that
is driven by high innate cell (DC, macrophage, neutrophil (PMN)-produced IL-12 [1]. Unregu-
lated inflammation results in immunopathology in murine parasite infection. IL-10 is impor-
tant for counterbalancing this inflammatory response [34]. NK cells are a source of IL-10 in
systemic T. gondii infection (Fig 1, Step 2). IL-10 is produced by IFNγ+ NK cells and is depen-
dent upon IL-12 and the aryl hydrocarbon receptor [35]. Importantly, NK IL-10 feedback on
DCs limits IL-12 production, thus regulating inflammation [34]. Long-term consequences of
NK cell IL-10 are unknown and could impact quality and magnitude of adaptive immunity to
this parasite (Fig 1, Step 2). Additional studies show that NK cell IFNγ in bone marrow impacts
mucosal and systemic regulatory monocyte programming [36]. Thus, NK cells control para-
sites and regulate innate immunity to T. gondii.

Emerging NK Cell Roles in Immunity and Relevance to T. gondii
The paradigm that NK cells are only innate immune cells is changing. Evidence supports their
development of memory-like traits. This was first shown in contact hypersensitivity reactions
following chemical hapten exposure in mice lacking T cells or B cells, then after in murine cyto-
megalovirus (MCMV) infection [37]. MCMV infection-induced memory-like NK cells are
dependent upon IL-12. These memory-like features can also be developed after exposure to
inflammatory cytokines IL-12, IL-15, and IL-18. Human studies have identified NKG2C+ NK
cells to have memory-like traits [38]. Human NK cells can be stimulated by CMV and HIV
infections as well as by cytokine cocktail stimulation [37]. In nonviral infections, evidence for
NK cell memory-like characteristics is less clear. In Plasmodium and Listeria secondary chal-
lenges, memory T cell IFNγ is required for secondary NK cell responses [37]. Interestingly,
β2m-deficient mice (CD8 T cell-deficient) develop NK cell-dependent protective immunity
against T. gondii challenge after immunization with temperature-sensitive mutant ts-4 para-
sites [5]. This suggests NK cells participate in adaptive immune responses and may acquire
adaptive immune features. However, whether early-responding NK cells differentiate into
bona fide memory-like cells specific to T. gondii and mechanisms underlying differentiation
are unknown (Fig 1, Step 3). We have preliminary evidence of NK cell-dependent protection
against secondary T. gondii infection and adoptively transferred protection of NK cell-deficient
(RAG2/cγchain-deficient) mice with T. gondii-experienced NK cells. Although much needs
addressing, early evidence suggests T. gondii-induced NK cells may develop features of adap-
tive immune cells.

Conclusions
Importance of NK cell immunity against pathogens is expanding from acute control to regula-
tion and now adaptive memory-like responses. T. gondii represents a unique pathogen model
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to better understand this cell type in immunity. NK cells are required for acute T. gondii con-
trol, regulate inflammation via IL-10, and may contribute to adaptive immune responses.
Thus, NK cells during T. gondii infection have multiple and complex roles at all phases of
immunity to this parasite.
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