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atural killer (NK) cells are usually defined as CD56⫹ CD3⫺
cells and represent 5 to 20% of peripheral blood mononuclear cells (1). NK cells are lymphocytes of the innate immune
system and are able to kill their target by molecules such as perforin or granzyme B or by death receptor-mediated apoptosis. In
addition, NK cells influence other arms of the host immune response through chemokines and cytokines, which enhance the
activity of professional phagocytes, dendritic cells (DCs), and T
cells (2). Historically, the term of NK cells came from their natural
ability to kill tumor cells in vitro, for example Ewing sarcoma or
rhabdomyosarcoma (3). Importantly, these data are supported by
clinical observations such as an association of low NK cell activity
and an increased risk of cancer (1). NK cells also exhibit cytotoxicity against virus-infected cells, and data provide evidence of NK
cell activity against bacteria such as Staphylococcus aureus and
against various parasites (4, 5, 6). Regarding the antifungal activity
of NK cells, the majority of in vitro data and animal studies were
published in the 1980s and 1990s. However, the significant improvement of experimental methods and the exciting expansion
in the understanding of the immune system have given new impetus for revisiting the role of NK cells in the host response to
fungi. This minireview will focus on the available data concerning
the interaction of NK cells and fungi and will highlight the specific
research gaps that must be addressed in order to improve our
understanding of the pathogenesis of invasive fungal infections.

N

NK CELLS DAMAGE A VARIETY OF FUNGI IN VITRO

The majority of studies demonstrate that both murine and human
NK cells exhibit in vitro activity against various fungi, such as
Aspergillus fumigatus, Candida albicans, Cryptococcus neoformans,
Paracoccidioides brasiliensis, or Rhizopus oryzae (7–18). However,
at the same time, one has to recognize that the reported results are
inhomogeneous and sometimes seemingly contradictory. For example, Ma et al. reported that unstimulated primary NK cells constitutively express anticryptococcal activity at an effector-to-target
cell (E:T) ratio of 25:1 to 500:1 (12), whereas no fungicidal activity
against Cryptococcus neoformans was observed when isolated NK
cells prestimulated with interleukin-12 (IL-12) and IL-18 were
used at an E:T ratio of 1,000:1 (19, 20). In this respect, it is noteworthy that IL-12 predominantly stimulates CD56bright CD16⫺
NK cells, a subpopulation of NK cells classically designated immunoregulatory, which produce significantly lower levels of perforin
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and granulysin and display less cytotoxicity than CD56dim CD16⫹
NK cells (21–24). These findings corroborate the observation that
IL-12 and IL-18 synergistically induce fungicidal activity of murine peritoneal exudate cells against C. neoformans through the
production of gamma interferon (IFN-␥) by NK cells (25). On the
other hand, an early study reported that the addition of exogenous
IL-12 to highly purified NK cells of HIV-infected patients restores
the impaired anticryptococcal activity of the NK cells in vitro (26).
In addition, IL-12 in combination with IL-2 as well as IL-2 alone
induce both production of perforin and granzyme and an increased expression of natural cytotoxicity receptors (NCR) in
freshly isolated human NK cells, which results in an enhanced
antitumor and antifungal activity (13, 17, 18, 27, 28). Therefore,
further studies have to evaluate which cytokines, alone or in combination, result in a large and long-lasting antifungal effect of NK
cells in vivo, as it was recently demonstrated for the antitumor
effect of NK cells prestimulated with different cytokines such as
IL-12, IL-15, and IL-18 (29). In addition to the different dosages,
schedules, and combinations of cytokines for prestimulation,
other reasons may account for differences in study results. Thus,
the NK cell populations investigated differ significantly across the
studies, not only regarding their origin (human versus mouse) but
also in purity. In the more recent studies, NK cells were isolated
using antibodies, which results in highly homogeneous cell fractions (e.g., percentage of NK cells ⬎90), whereas many early studies used NK cell-enriched cell populations that were obtained by a
passage through a nylon-wool column. This procedure results in
cell populations that consist not only of NK cells but also of a
considerable number of CD4⫹ and CD8⫹ T cells, as well as antigen-presenting cells (30).
In addition to the experimental differences on the effector side,
namely, the NK cells, differences in the fungal target might have
had an important impact on the reported results. For example, the
use of different strains of the same fungal species resulted in differences in the gene expression of perforin or in differences in
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As a result of improved experimental methodologies and a better understanding of the immune system, there is increasing insight into the antifungal activity of natural killer (NK) cells. Murine and human NK cells are able to damage fungi of different
genera and species in vitro, and they exert both direct and indirect antifungal activity through cytotoxic molecules such as perforin and through cytokines and interferons, respectively. On the other hand, recent data suggest that fungi exhibit immunosuppressive effects on NK cells. Whereas clear in vivo data are lacking in humans, the importance of NK cells in the host response
against fungi has been demonstrated in animal models. Further knowledge of the interaction of NK cells with fungi might help
to better understand the pathogenesis of invasive fungal infections and to improve treatment strategies.

Minireview

MECHANISMS OF DIRECT FUNGAL DAMAGE BY NK CELLS

Although NK cells are able to kill their target by a variety of different mechanisms, NK cells primarily exhibit cytotoxicity
through release of their granule content, including perforin, granzymes, and granulysin, proteins which are constitutively expressed (12, 35). Perforin forms pores in the target cell membrane,
which results in the loss of intracellular compounds and in massive influx of water, thus leading to the lysis of the target cell (36,
37). As a granzyme, granzyme B triggers apoptosis in the target
cell, but it is not essential for cytotoxicity, as cells lacking granzymes may still be cytotoxic. Similar to perforin, granulysin can
perforate the cell membrane independently of any receptor, but it
also acts as a chemoattractant (36, 38–41). An early study demonstrated the importance of granules in the antifungal activity of NK
cells against Cryptococcus neoformans (11). In this study, enriched
human NK cell populations inhibited growth of C. neoformans,
and this effect was partially abrogated by the use of monensin,
which is an inhibitor of granule secretion. Interestingly, the anticryptococcal effect seems to be mediated by perforin rather than
granulysin, since inhibition of perforin by concanamycin A or by
small interfering RNA decreased antifungal activity of NK cells,
whereas inhibition of granulysin did not (12). Corroborating the
findings in the NK cell-mediated antifungal activity against Cryptococcus (12), the importance of perforin for NK cell-mediated
antifungal activity was also demonstrated for A. fumigatus and
Rhizopus oryzae (17, 18). For both fungi, inhibition of perforin by
concanamycin A resulted in a significant decrease of fungal damage, although this effect is not specific for perforin and was not
abrogated. These facts indicate that other molecules and/or mechanisms might be involved in the NK cell-mediated antifungal activity.
In striking contrast to the studies mentioned above, one study
suggested that the antifungal activity of NK cells against Aspergillus fumigatus is not mediated through degranulation of their cytotoxic proteins but only via an alternative mechanism involving
IFN-␥ (7). Although it is well-known that IFN-␥ increases the host
response against fungal pathogens (e.g., by increasing the antifungal activity of professional phagocytes), this is the first report of a
direct antifungal activity by IFN-␥. The authors propose that
IFN-␥ might cooperate with fungal ribotoxins secreted by A. fumigatus and transform them into suicide molecules for the fungus.
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However, further studies are needed to prove this interesting hypothesis.
To date, it is not clear whether direct contact of NK cells
with the fungal target is necessary for damaging the pathogen.
The Epstein-Barr virus (EBV)-positive, IL-2-independent human NK cell line YT exhibits anticryptococcal activity only in
direct contact with the fungus (12), and rearming the perforin
stores of NK cells requires direct contact of NK cells and Cryptococcus neoformans (13). In contrast, recent work suggested
that direct contact of NK cells with Aspergillus fumigatus and
Rhizopus oryzae is not mandatory for fungal damage, since cellfree supernatant exhibited antifungal activity (7, 17, 18). It
remains unclear whether this difference is due to the pathogens
investigated (e.g., Cryptococcus versus Aspergillus) or due to
differences in the experimental settings (e.g., NK cell line versus prestimulated isolated human NK cells).
In addition to NK cell cytotoxicity mediated by the release of
granule proteins, NK cells are able to induce death receptor-mediated apoptosis in many targets via the Fas ligand or tumor necrosis factor (TNF) family ligands. Although yeast cells are capable
of apoptosis, this process is little understood in other fungal
pathogens, and to date, no components of the apoptotic pathway,
including death receptors and their ligands, have been found on
fungal cells (42). Therefore, it remains unclear whether NK cellinduced apoptosis plays a role in fungal damage.
An early study demonstrated that NK cell cytotoxicity against
C. neoformans was enhanced by the presence of specific antibodies, which bind to the activating NK cell receptor CD16 (43). Unfortunately, the importance of this pathway, which has also been
reported for NK cell antitumor activity (44), is unclear for other
fungal pathogens, but it may help to better define the role of antibodies in the host response to fungi.
ROLE OF NK CELLS IN THE COMPLEX WEB OF ANTIFUNGAL
HOST RESPONSE

Although NK cells have the ability to directly damage their
targets, they also interact directly (e.g., via cell surface receptors) or indirectly (via cytokines and interferons) with a variety
of cells of the innate and adaptive immunity systems (Fig. 1),
thus modulating the immune response. For example, NK cells
produce GM-CSF (granulocyte-macrophage colony-stimulating factor) and RANTES (regulated upon activation, normal
T-cell expressed, and secreted; chemokine ligand 5), which
augment the immune response by phagocytes and T cells, respectively (45, 46, 47). Gamma interferon (IFN-␥), which is
constitutively produced by NK cells, plays a central role in the
cross talk between NK cell and other immune cells, since it
stimulates migration, adherence, phagocytosis, and oxidative
killing by neutrophils and macrophages and enhances maturation of dendritic cells (DCs) (48, 49). The importance of DCs in
orchestrating the antifungal host response has been recognized
over the last decade. DCs are able to kill fungal pathogens directly (50), to directly upregulate tumor necrosis factor alpha
(TNF-␣) and IFN-␥ production of NK cells via triggering the
natural cytotoxicity receptor NKp30 on NK cells (51), and
more importantly, to shape the antifungal T cell response via
priming and expansion of different specific T cell subsets (52).
Notably, in Aspergillus-infected neutropenic mice, depletion of
DCs resulted in impaired clearance of the fungus (53), and the
number of DCs in lungs correlated with survival (54). The
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fungal damage (10, 13, 15). Additionally, human NK cells may
respond differently to distinct stages of hyphae developing fungi,
as demonstrated in Aspergillus fumigatus. Whereas hyphae and
germlings are damaged by both freshly isolated and IL-2-prestimulated NK cells, conidia of A. fumigatus are not affected by NK
cell populations (7, 17, 18). This might be due, at least in part, to
the fact that the conidia of fungi are often protected by capsule
formations, melanin pigments, and hydrophobic layers, also
known to prevent recognition by immune cells (31–34). In this
respect, C. neoformans strain CAP67, which lacks a capsule, induces higher perforin expression by NK cells than the encapsulated strain B3501 does (13).
In conclusion, despite considerable differences in the experimental settings, in vitro data indicate that NK cells are able to
damage fungi. However, studies using similar experimental conditions (e.g., isolation of NK cells, E:T ratio, and prestimulation)
would allow a better insight in NK cell activity against fungi of
different strains, species, and genera.

Minireview

induction of specific antifungal T helper cell responses through
DCs may also be influenced by NK cells, since NK cells provide
antigenic cellular debris, which is internalized by maturing
DCs and presented to T cells in lymph nodes (55). Interestingly, NK cells also have the capability to directly induce CD4⫹
T cell responses by antigen presentation in a class II HLArestricted manner, as was demonstrated for NK cells presenting
tetanus toxoid to tetanus-specific T cell clones (56).

454

cvi.asm.org

FUNGI INFLUENCE NK CELL IMMUNOREGULATION

In order to ensure their survival, fungi are able to manipulate
the regulatory network of the host, for example by the secretion
of mycotoxins such as gliotoxin (57). This toxin is produced by
Aspergillus, and inhibits the phagocytic activity of macrophages, induces apoptosis of monocytes, decreases the activation of NADPH oxidase in neutrophils, and impairs functional
T cell responses (58–62). Similarly, fungi are able to exert a
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FIG 1 role of NK cells in the antifungal host response. NK cells are able to damage fungi directly, e.g., via soluble factors. In addition, NK cells produce
a number of cytokines to influence other cells of the innate and adaptive immunity systems, such as granulocytes, dendritic cells, and T cell subsets.
Conversely, these immune cells produce cytokines, by which they regulate NK cell activity. Fungi activate host immunity by pathogen-associated molecule
patterns, but they are also able to suppress immune cells, e.g., by the secretion of mycotoxins. Brown boxes indicate effects directly induced by or affecting
NK cells, and blue boxes indicate indirect effects induced by NK cells. Abbreviations: GM-CSF, granulocyte-macrophage colony-stimulating factor;
IFN-␣, alpha interferon; IFN-␥, gamma interferon; MHC, major histocompatibility complex; NK, natural killer cell; PAMP, pathogen-associated
molecular pattern; PRR, pattern recognition receptor; TCR, T cell receptor; TLR, Toll-like receptor; RANTES, regulated upon activation, normal T-cell
expressed, and secreted.
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RECOGNITION OF FUNGI BY NK CELLS

Triggering of NK cells is the result of a complex balance between inhibitory and activating signals and requires not only
deficient major histocompatibility complex class I (MHC-I)
expression on target cells but also the expression of inducible
ligands of activating NK cell receptors (for details, see reviews
by Langers et al. [1] and by Lanier [66], respectively). Cells of
the innate immunity system recognize fungi by pattern recognition receptors (PRRs), which sense pathogen-associated molecular patterns (PAMPs) and induce downstream cell-specific
responses (52). The best described PRRs are the mannose receptors, c-type lectin receptors (CLR) including dectin-1 and
DC-SIGN (dendritic cell-specific intercellular adhesion molecule-3-grabbing nonintegrin; CD209), and the Toll-like receptors (TLRs). Among the TLRs, mainly Toll-like receptor 2
(TLR2), TLR4, and TLR9 are associated with the detection of
fungal antigens like zymosan, phospholipomannans, or
O-linked mannans and fungal DNA (52, 67–72). Interestingly,
recent data demonstrate that functional TLR2, TLR4, and
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TLR9 can be detected on the surfaces of NK cells (68, 73, 74,
75), and activation of NK cells via TLR2 has been reported for
Leishmania major lipophosphoglycan and Klebsiella pneumoniae outer membrane protein A (68, 75). Although it seems
plausible that NK cells are triggered, at least in part, by fungi via
the TLRs, the direct involvement of these receptors in NK cell
activation by fungi has not been demonstrated thus far. In
addition, it is unclear whether fungal PAMPs may be recognized by other NK cell-activating receptors; for many of them,
the ligands have not been identified. In conclusion, little is
known on the recognition of fungi by NK cells, which clearly
should be a focus of future research.
ROLE OF NK CELLS IN ANTIFUNGAL HOST DEFENSE

(i) Animal studies. Similar to the in vitro data, in vivo studies
demonstrate that NK cells interact with fungi. For example, an
early study shows that NK cells proliferate in mice experimentally
infected with Aspergillus niger, which was associated with an inhibition of the fungal growth (76). The importance of NK cells in the
antifungal host response was also demonstrated in mice inoculated with C. neoformans (77). Depletion of NK cells by antibodies
resulted in a significant higher fungal burden in the lungs compared to untreated controls, although this did not result in a difference in survival. In contrast, the adoptive transfer of NK cellenriched cell populations to cyclophosphamide-pretreated mice
suffering from cryptococcosis led to an enhanced clearance of the
fungus compared to controls receiving NK cell-depleted grafts
(78, 79). Similarly, studies in NK cell-depleted mice revealed the
pivotal role of NK cells in the host response against A. fumigatus,
C. albicans, and Histoplasma capsulatum (80–83). Interestingly, in
the lungs of neutropenic mice with invasive aspergillosis, NK cells
were the major population of cells capable of generating IFN-␥
(84). Depletion of NK cells reduced lung IFN-␥ levels and subsequently increased the fungal load, whereas the transfer of activated
NK cells from wild-type, but not from IFN-␥-deficient, mice resulted in greater pathogen clearance from the lungs. These data
corroborate the findings that in mice with systemic Candida infection, NK cells were the main inducers of phagocytic activity of
splenic macrophages and mediated protection by secretion of
IFN-␥ (80). On the other hand, it was demonstrated that deficiency of perforin increased fungal burden and mortality in mice
with Histoplasma capsulatum infection, although the authors of
this study did not address the question whether NK cells were the
source of perforin (85). Future studies will need to clarify to what
extent the antifungal activity of NK cells in vivo is due to the secretion of cytotoxic molecules (e.g., perforin) or to the modulation of the host response (e.g., by IFN-␥). In addition, in vivo
studies have to better clarify whether other populations of immune cells are necessary for a significant antifungal effect of NK
cells, as recently demonstrated for the role of CD4⫹ T cells in the
antitumor effect of NK cells (29). To this end, the preliminary data
suggesting a benefit of transferring NK cells to animals with invasive fungal infection definitely needs to be explored in more detail
(e.g., safety data, efficacy of different approaches such as prophylaxis or treatment), which might help to better define the role of
NK cells as an immunotherapeutic tool in the antifungal armamentarium.
(ii) Clinical data. The abundance of in vitro and animal data is
in sharp contrast to the lack of clinical evidence that NK cells are
important in the antifungal host defense in humans. However, the
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negative effect on the immunoregulatory function of NK cells
(17, 18, 63, 64). For example, C. neoformans downregulates the
production of GM-CSF and TNF-␣ of unstimulated human
NK cells, as assessed by gene expression and supernatant protein levels (64). Similarly, A. fumigatus hyphae and C. albicans
germ tubes downregulate the levels of IFN-␥, measured in the
supernatant of IL-2-prestimulated NK cells (17, 63). Additionally, R. oryzae decreases the production of RANTES, which
plays an important role in adaptive immunity (18). Interestingly, the effects of A. fumigatus and R. oryzae on NK cells were
seen only for hyphae, but not for conidia, which corroborates
the findings on NK cell-mediated fungal damage.
In contrast to the aforementioned studies which demonstrated
an immunosuppressive effect of fungi on NK cells, one study reported upregulation of GM-CSF, IFN-␥, and TNF-␣ gene expression when coincubating Candida albicans germ tubes and IL-2prestimulated NK cells (65). This difference, however, may be due
to the different periods of coincubation: whereas in the study by
Arancia et al. the upregulation of TNF-␣ and GM-CSF mRNA
levels was observed after 2 h (65), Murphy et al. found decreased
mRNA levels of TNF-␣ and GM-CSF after 6 and 18 h, respectively
(64). This is supported by time course experiments demonstrating
that the gene expression of TNF-␣ by NK cells increases after 3 and
6 h, before it decreases after 12 h of coincubation with A. fumigatus
(64).
Taken together, current data suggest that the interaction of
fungi and NK cells results in an impairment of the immunoregulatory activity of NK cells. However, future experiments have to
address several points: first, since data have suggested differences
in the immunosuppressive effect of R. oryzae compared to A. fumigatus, the effects of different fungal strains and species on NK
cells have to be analyzed. In this regard, it has to be noted that the
specific effects of different mycotoxins on NK cell activity have not
been addressed at all thus far. Second, and more importantly, in
vivo experiments have to clarify whether and to what extent the
immunosuppressive effect of fungi on NK cells may have a clinical
relevance. This might be the basis for further research investigating which interleukins or cytokines are able to restore the antifungal activity of NK cells, which ultimately could result in a better
outcome of invasive fungal infection.

Minireview

CONCLUSIONS AND PERSPECTIVES

Although there is no clear clinical evidence in humans, in vitro and
animal data demonstrate that NK cells play an important role in
the antifungal host response. The antifungal activity is mediated
via direct damage of fungi and via immunomodulation by cytokines and interferons. Despite the fact that NK cells are active
against various clinically important fungi such as Aspergillus spp.,
Candida spp., and mucormycetes, at this time, it remains unclear
how NK cells recognize fungal pathogens. In addition, further
studies have to evaluate how and to what extent fungi exert an
immunosuppressive effect on NK cells. Should animal studies
demonstrate a benefit of adoptively transferring NK cells into an
immunocompromised host suffering from invasive fungal disease, NK cells may become an interesting tool in adoptive immunotherapeutic strategies, in particular in hematopoietic stem cell
transplant recipients.
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complexity and redundancy of the different arms of the immune
system make it difficult to define the role of NK cells in protection
against fungal pathogens in the clinical setting. For example, one
case report described a patient, who received corticosteroids for
therapy of systemic lupus erythematosus (SLE) (86). This patient
developed Trichophyton rubrum infection, which did not resolve
after cessation of immunosuppressive therapy. Since further examination revealed that this patient had both reduced NK cell
numbers and NK cell activity, the authors speculated that the impaired host defense by NK cells increased the risk for developing
fungal infection. On the other hand, reduced NK cell numbers and
NK cell activity have also been demonstrated in patients with SLE
who did not develop fungal infection (87). Similarly, another case
report described a patient with invasive aspergillosis, who was
found to have significantly reduced NK cell activity (88). However, as discussed above in detail, infections due to Aspergillus may
decrease NK cell activity, and therefore, it remains unclear
whether the observed NK cell impairment was a risk factor for or
an effect of invasive aspergillosis. The rare cases of isolated NK cell
deficiencies described have not been associated with increased
susceptibility to fungi (89, 90), but again, the complexity of the
immune system does not allow a firm conclusion to be drawn at
the moment.
Due to the cytotoxic activities of NK cells against a variety of
tumors, there is increasing interest in using NK cells as adoptive
immunotherapy in hematopoietic stem cell transplant recipients.
In this regard, it was recently reported that transplants from NK
cell-alloreactive donors were associated with a significantly lower
relapse rate and better event-free survival (91). Although there are
no data available regarding infectious complications of this approach, adoptively transferred NK cells could be an attractive
strategy in the prophylaxis or treatment of invasive fungal infections in allogeneic hematopoietic stem cell transplant recipients.
However, as outlined above in the section on animal studies, the
safety and efficacy of this approach have to be thoroughly evaluated in the animal model before clinical studies can be performed.

Minireview

April 2013 Volume 20 Number 4

41.
42.
43.
44.

45.
46.

47.
48.
49.
50.

51.

52.
53.

54.
55.
56.
57.

58.
59.
60.

61.
62.
63.

Hanson DA, Kluck RM, Hitoshi Y, Johnson DE, Froelich CJ, Thompson CB, Newmeyer DD, Anel A, Clayberger C, Krensky AM. 2001. A
distinct pathway of cell-mediated apoptosis initiated by granulysin. J. Immunol. 167:350 –356.
Krensky AM, Clayberger C. 2009. Biology and clinical relevance of
granulysin. Tissue Antigens 73:193–198.
Frohlich KU, Fussi H, Ruckenstuhl C. 2007. Yeast apoptosis–from genes
to pathways. Semin. Cancer Biol. 17:112–121.
Nabavi N, Murphy JW. 1986. Antibody-dependent natural killer cellmediated growth inhibition of Cryptococcus neoformans. Infect. Immun.
51:556 –562.
Koehn TA, Trimble LL, Alderson KL, Erbe AK, McDowell KA,
Grzywacz B, Hank JA, Sondel PM. 2012. Increasing the clinical efficacy
of NK and antibody-mediated cancer immunotherapy: potential predictors of successful clinical outcome based on observations in high-risk neuroblastoma. Front. Pharmacol. 3:91. doi:10.3389/fphar.2012.00091.
Richardson MD, Brownlie CE, Shankland GS. 1992. Enhanced phagocytosis and intracellular killing of Candida albicans by GM-CSF-activated
human neutrophils. J. Med. Vet. Mycol. 30:433– 441.
Marodi L, Schreiber S, Anderson DC, MacDermott RP, Korchak HM,
Johnston RB, Jr. 1993. Enhancement of macrophage candidacidal activity
by interferon-gamma. Increased phagocytosis, killing, and calcium signal
mediated by a decreased number of mannose receptors. J. Clin. Invest.
91:2596 –2601.
Homey B, Muller A, Zlotnik A. 2002. Chemokines: agents for the immunotherapy of cancer? Nat. Rev. Immunol. 2:175–184.
Boehm U, Klamp T, Groot M, Howard JC. 1997. Cellular responses to
interferon-gamma. Annu. Rev. Immunol. 15:749 –795.
Romani L. 2004. Immunity to fungal infections. Nat. Rev. Immunol.
4:1–23.
Ramirez-Ortiz ZG, Lee CK, Wang JP, Boon L, Specht CA, Levitz SM.
2011. A nonredundant role for plasmacytoid dendritic cells in host defense
against the human fungal pathogen Aspergillus fumigatus. Cell Host Microbe 9:415– 424.
Vitale M, Della Chiesa M, Carlomagno S, Pende D, Arico M, Moretta L,
Moretta A. 2005. NK-dependent DC maturation is mediated by TNFalpha
and IFNgamma released upon engagement of the NKp30 triggering receptor.
Blood 106:566 –571.
Romani L. 2011. Immunity to fungal infections. Nat. Rev. Immunol.
11:275–288.
Park SJ, Burdick MD, Brix WK, Stoler MH, Askew DS, Strieter RM,
Mehrad B. 2010. Neutropenia enhances lung dendritic cell recruitment in
response to Aspergillus via a cytokine-to-chemokine amplification loop. J.
Immunol. 185:6190 – 6197.
Hartigan AJ, Westwick J, Jarai G, Hogaboam CM. 2009. CCR7 deficiency on dendritic cells enhances fungal clearance in a murine model of
pulmonary invasive aspergillosis. J. Immunol. 183:5171–5179.
Zitvogel L. 2002. Dendritic and natural killer cells cooperate in the control/switch of innate immunity. J. Exp. Med. 195:F9 –F14.
Roncarolo MG, Bigler M, Haanen JB, Yssel H, Bacchetta R, de Vries JE,
Spits H. 1991. Natural killer cell clones can efficiently process and present
protein antigens. J. Immunol. 147:781–787.
Abad A, Fernandez-Molina JV, Bikandi J, Ramirez A, Margareto J,
Sendino J, Hernando FL, Ponton J, Garaizar J, Rementeria A. 2010.
What makes Aspergillus fumigatus a successful pathogen? Genes and molecules involved in invasive aspergillosis. Rev. Iberoam. Micol. 27:155–182.
Eichner RD, Al Salami M, Wood PR, Mullbacher A. 1986. The effect of
gliotoxin upon macrophage function. Int. J. Immunopharmacol. 8:789 –
797.
Mullbacher A, Eichner RD. 1984. Immunosuppression in vitro by a
metabolite of a human pathogenic fungus. Proc. Natl. Acad. Sci. U. S. A.
81:3835–3837.
Stanzani M, Orciuolo E, Lewis R, Kontoyiannis DP, Martins SL, St John
LS, Komanduri KV. 2005. Aspergillus fumigatus suppresses the human
cellular immune response via gliotoxin-mediated apoptosis of monocytes.
Blood 105:2258 –2265.
Tsunawaki S, Yoshida LS, Nishida S, Kobayashi T, Shimoyama T. 2004.
Fungal metabolite gliotoxin inhibits assembly of the human respiratory
burst NADPH oxidase. Infect. Immun. 72:3373–3382.
Yamada A, Kataoka T, Nagai K. 2000. The fungal metabolite gliotoxin:
immunosuppressive activity on CTL-mediated cytotoxicity. Immunol.
Lett. 71:27–32.
Murciano C, Villamon E, O’Connor JE, Gozalbo D, Gil ML. 2006. Killed

cvi.asm.org 457

Downloaded from http://cvi.asm.org/ on May 23, 2019 by guest

21. Naume B, Gately MK, Desai BB, Sundan A, Espevik T. 1993. Synergistic
effects of interleukin 4 and interleukin 12 on NK cell proliferation. Cytokine 5:38 – 46.
22. Naume B, Johnsen AC, Espevik T, Sundan A. 1993. Gene expression and
secretion of cytokines and cytokine receptors from highly purified CD56⫹
natural killer cells stimulated with interleukin-2, interleukin-7 and interleukin-12. Eur. J. Immunol. 23:1831–1838.
23. Cooper MA, Fehniger TA, Caligiuri MA. 2001. The biology of human
natural killer-cell subsets. Trends Immunol. 22:633– 640.
24. Kunikata T, Torigoe K, Ushio S, Okura T, Ushio C, Yamauchi H, Ikeda
M, Ikegami H, Kurimoto M. 1998. Constitutive and induced IL-18 receptor expression by various peripheral blood cell subsets as determined
by anti-hIL-18R monoclonal antibody. Cell. Immunol. 189:135–143.
25. Zhang T, Kawakami K, Qureshi MH, Okamura H, Kurimoto M, Saito
A. 1997. Interleukin-12 (IL-12) and IL-18 synergistically induce the fungicidal activity of murine peritoneal exudate cells against Cryptococcus
neoformans through production of gamma interferon by natural killer
cells. Infect. Immun. 65:3594 –3599.
26. Horn CA, Washburn RG. 1995. Anticryptococcal activity of NK cellenriched peripheral blood lymphocytes from human immunodeficiency
virus-infected subjects: responses to interleukin-2, interferon-gamma,
and interleukin-12. J. Infect. Dis. 172:1023–1027.
27. Huenecke S, Zimmermann SY, Kloess S, Esser R, Brinkmann A, Tramsen L, Koenig M, Erben S, Seidl C, Tonn T, Eggert A, Schramm A,
Bader P, Klingebiel T, Lehrnbecher T, Passweg JR, Soerensen J,
Schwabe D, Koehl U. 2010. IL-2-driven regulation of NK cell receptors
with regard to the distribution of CD16⫹ and CD16⫺ subpopulations
and in vivo influence after haploidentical NK cell infusion. J. Immunother. 33:200 –210.
28. DeBlaker-Hohe DF, Yamauchi A, Yu CR, Horvath-Arcidiacono JA,
Bloom ET. 1995. IL-12 synergizes with IL-2 to induce lymphokineactivated cytotoxicity and perforin and granzyme gene expression in fresh
human NK cells. Cell. Immunol. 165:33– 43.
29. Ni J, Miller M, Stojanovic A, Garbi N, Cerwenka A. 2012. Sustained
effector function of IL-12/15/18-preactivated NK cells against established
tumors. J. Exp. Med. 209:2351–2365.
30. Gunzer M, Weishaupt C, Planelles L, Grabbe S. 2001. Two-step negative
enrichment of CD4⫹ and CD8⫹ T cells from murine spleen via nylon
wool adherence and an optimized antibody cocktail. J. Immunol. Methods 258:55– 63.
31. Aimanianda V, Bayry J, Bozza S, Kniemeyer O, Perruccio K, Elluru SR,
Clavaud C, Paris S, Brakhage AA, Kaveri SV, Romani L, Latge JP. 2009.
Surface hydrophobin prevents immune recognition of airborne fungal
spores. Nature 460:1117–1121.
32. Chai LY, Netea MG, Sugui J, Vonk AG, van de Sande WW, Warris A,
Kwon-Chung KJ, Kullberg BJ. 2010. Aspergillus fumigatus conidial melanin modulates host cytokine response. Immunobiology 215:915–920.
33. Kozel TR, Gotschlich EC. 1982. The capsule of Cryptococcus neoformans
passively inhibits phagocytosis of the yeast by macrophages. J. Immunol.
129:1675–1680.
34. Rappleye CA, Eissenberg LG, Goldman WE. 2007. Histoplasma capsulatum alpha-(1,3)-glucan blocks innate immune recognition by the betaglucan receptor. Proc. Natl. Acad. Sci. U. S. A. 104:1366 –1370.
35. Obata-Onai A, Hashimoto S, Onai N, Kurachi M, Nagai S, Shizuno K,
Nagahata T, Matsushima K. 2002. Comprehensive gene expression analysis of human NK cells and CD8(⫹) T lymphocytes. Int. Immunol. 14:
1085–1098.
36. Duke RC, Persechini PM, Chang S, Liu CC, Cohen JJ, Young JD. 1989.
Purified perforin induces target cell lysis but not DNA fragmentation. J.
Exp. Med. 170:1451–1456.
37. Law RH, Lukoyanova N, Voskoboinik I, Caradoc-Davies TT, Baran K,
Dunstone MA, D’Angelo ME, Orlova EV, Coulibaly F, Verschoor S,
Browne KA, Ciccone A, Kuiper MJ, Bird PI, Trapani JA, Saibil HR,
Whisstock JC. 2010. The structural basis for membrane binding and pore
formation by lymphocyte perforin. Nature 468:447– 451.
38. Ernst WA, Thoma-Uszynski S, Teitelbaum R, Ko C, Hanson DA,
Clayberger C, Krensky AM, Leippe M, Bloom BR, Ganz T, Modlin RL.
2000. Granulysin, a T cell product, kills bacteria by altering membrane
permeability. J. Immunol. 165:7102–7108.
39. Gamen S, Hanson DA, Kaspar A, Naval J, Krensky AM, Anel A. 1998.
Granulysin-induced apoptosis. I. Involvement of at least two distinct
pathways. J. Immunol. 161:1758 –1764.
40. Kaspar AA, Okada S, Kumar J, Poulain FR, Drouvalakis KA, Kelekar A,

Minireview

64.

65.

66.
67.

68.

70.

71.

72.
73.
74.

75.

76.

458

cvi.asm.org

77.
78.

79.
80.

81.
82.
83.
84.
85.
86.
87.

88.
89.
90.
91.

leukin-2 and increased natural killer activity in mice experimentally infected with Aspergillus niger. Microbiologica 11:339 –345.
Lipscomb MF, Alvarellos T, Toews GB, Tompkins R, Evans Z, Koo G,
Kumar V. 1987. Role of natural killer cells in resistance to Cryptococcus
neoformans infections in mice. Am. J. Pathol. 128:354 –361.
Hidore MR, Murphy JW. 1986. Correlation of natural killer cell activity
and clearance of Cryptococcus neoformans from mice after adoptive
transfer of splenic nylon wool-nonadherent cells. Infect. Immun. 51:547–
555.
Hidore MR, Murphy JW. 1986. Natural cellular resistance of beige mice
against Cryptococcus neoformans. J. Immunol. 137:3624 –3631.
Algarra I, Ortega E, Serrano MJ, Alvarez de Cienfuegos G, Gaforio JJ.
2002. Suppression of splenic macrophage Candida albicans phagocytosis
following in vivo depletion of natural killer cells in immunocompetent
BALB/c mice and T-cell-deficient nude mice. FEMS Immunol. Med. Microbiol. 33:159 –163.
Balish E, Warner T, Pierson CJ, Bock DM, Wagner RD. 2001.
Oroesophageal candidiasis is lethal for transgenic mice with combined
natural killer and T-cell defects. Med. Mycol. 39:261–268.
Morrison BE, Park SJ, Mooney JM, Mehrad B. 2003. Chemokinemediated recruitment of NK cells is a critical host defense mechanism in
invasive aspergillosis. J. Clin. Invest. 112:1862–1870.
Tewari RP, Von Behren LA. 2000. Immune responses in histoplasmosis,
a prototype of respiratory mycoses. Indian J. Chest Dis. Allied Sci. 42:265–
269.
Park SJ, Hughes MA, Burdick M, Strieter RM, Mehrad B. 2009. Early
NK cell-derived IFN-gamma is essential to host defense in neutropenic
invasive aspergillosis. J. Immunol. 182:4306 – 4312.
Zhou P, Freidag BL, Caldwell CC, Seder RA. 2001. Perforin is required
for primary immunity to Histoplasma capsulatum. J. Immunol. 166:
1968 –1974.
Akiba H, Motoki Y, Satoh M, Iwatsuki K, Kaneko F. 2001. Recalcitrant
trichophytic granuloma associated with NK-cell deficiency in a SLE patient treated with corticosteroid. Eur. J. Dermatol. 11:58 – 62.
Green MR, Kennell AS, Larche MJ, Seifert MH, Isenberg DA, Salaman
MR. 2005. Natural killer cell activity in families of patients with systemic
lupus erythematosus: demonstration of a killing defect in patients. Clin.
Exp. Immunol. 141:165–173.
Krishnaraj R, Svanborg A. 1993. Low natural killer cell function in disseminated aspergillosis. Scand. J. Infect. Dis. 25:537–541.
Orange JS. 2002. Human natural killer cell deficiencies and susceptibility
to infection. Microbes Infect. 4:1545–1558.
Orange JS, Ballas ZK. 2006. Natural killer cells in human health and
disease. Clin. Immunol. 118:1–10.
Ruggeri L, Mancusi A, Capanni M, Urbani E, Carotti A, Aloisi T, Stern
M, Pende D, Perruccio K, Burchielli E, Topini F, Bianchi E, Aversa F,
Martelli MF, Velardi A. 2007. Donor natural killer cell allorecognition of
missing self in haploidentical hematopoietic transplantation for acute myeloid leukemia: challenging its predictive value. Blood 110:433– 440.

Clinical and Vaccine Immunology

Downloaded from http://cvi.asm.org/ on May 23, 2019 by guest

69.

Candida albicans yeasts and hyphae inhibit gamma interferon release by
murine natural killer cells. Infect. Immun. 74:1403–1406.
Murphy JW, Zhou A, Wong SC. 1997. Direct interactions of human
natural killer cells with Cryptococcus neoformans inhibit granulocytemacrophage colony-stimulating factor and tumor necrosis factor alpha
production. Infect. Immun. 65:4564 – 4571.
Arancia G, Stringaro A, Crateri P, Torosantucci A, Ramoni C, Urbani
F, Ausiello CM, Cassone A. 1998. Interaction between human interleukin-2-activated natural killer cells and heat-killed germ tube forms of Candida albicans. Cell. Immunol. 186:28 –38.
Lanier LL. 2005. NK cell recognition. Annu. Rev. Immunol. 23:225–274.
Braedel S, Radsak M, Einsele H, Latge JP, Michan A, Loeffler J, Haddad
Z, Grigoleit U, Schild H, Hebart H. 2004. Aspergillus fumigatus antigens
activate innate immune cells via Toll-like receptors 2 and 4. Br. J. Haematol. 125:392–399.
Chalifour A, Jeannin P, Gauchat JF, Blaecke A, Malissard M, N=Guyen
T, Thieblemont N, Delneste Y. 2004. Direct bacterial protein PAMP
recognition by human NK cells involves TLRs and triggers alpha-defensin
production. Blood 104:1778 –1783.
Dostert C, Tschopp J. 2007. DEteCTINg fungal pathogens. Nat. Immunol. 8:17–18.
Netea MG, Gow NA, Munro CA, Bates S, Collins C, Ferwerda G,
Hobson RP, Bertram G, Hughes HB, Jansen T, Jacobs L, Buurman ET,
Gijzen K, Williams DL, Torensma R, McKinnon A, MacCallum DM,
Odds FC, Van der Meer JW, Brown AJ, Kullberg BJ. 2006. Immune
sensing of Candida albicans requires cooperative recognition of mannans
and glucans by lectin and Toll-like receptors. J. Clin. Invest. 116:1642–
1650.
Netea MG, Van der Meer JW, Kullberg BJ. 2006. Role of the dual
interaction of fungal pathogens with pattern recognition receptors in the
activation and modulation of host defence. Clin. Microbiol. Infect. 12:
404 – 409.
van de Veerdonk FL, Kullberg BJ, van der Meer JW, Gow NA, Netea
MG. 2008. Host-microbe interactions: innate pattern recognition of fungal pathogens. Curr. Opin. Microbiol. 11:305–312.
Mian MF, Lauzon NM, Andrews DW, Lichty BD, Ashkar AA. 2010.
FimH can directly activate human and murine natural killer cells via
TLR4. Mol. Ther. 18:1379 –1388.
Sivori S, Falco M, Della Chiesa M, Carlomagno S, Vitale M, Moretta L,
Moretta A. 2004. CpG and double-stranded RNA trigger human NK cells
by Toll-like receptors: induction of cytokine release and cytotoxicity
against tumors and dendritic cells. Proc. Natl. Acad. Sci. U. S. A. 101:
10116 –10121.
Becker I, Salaiza N, Aguirre M, Delgado J, Carrillo-Carrasco N,
Kobeh LG, Ruiz A, Cervantes R, Torres AP, Cabrera N, Gonzalez A,
Maldonado C, Isibasi A. 2003. Leishmania lipophosphoglycan (LPG)
activates NK cells through Toll-like receptor-2. Mol. Biochem. Parasitol. 130:65–74.
Benedetto N, Sabatini P, Sellitto C, Romano Carratelli C. 1988. Inter-

