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Alloimmunity traditionally distinguishes short-lived, rapid and nonspecific
innate immune responses from adaptive immune responses that are char-
acterized by a highly specific response initiated in a delayed fashion. Key
players of innate immunity such as natural killer (NK) cells and macro-
phages present the first-line defence of immunity. The concept of unspeci-
fic responses in innate immunity has recently been challenged. The
discovery of pattern recognition receptors (PRRs) has demonstrated that
innate immune cells respond in a semi-specific fashion through the recog-
nition of pathogen-associated molecular patterns (PAMPs) representing
conserved molecular structures shared by large groups of microorganisms.
Although immunological memory has generally been considered as
exclusive to adaptive immunity, recent studies have demonstrated that
innate immune cells have the potential to acquire memory. Here, we
discuss allospecific features of innate immunity and their relevance in
transplantation.

Transplant International 2018; 31: 6-13

Key words
allorecognition, immunobiology, innate immunity

Received: 7 June 2017; Revision requested: 20 July 2017; Accepted: 15 September 2017;
Published online: 20 October 2017

in contrast, is characterized by a highly specific response
initiated in a delayed fashion. As a basis for their speci-

The cascade of responses to injury, pathogens or alloanti-
gens traditionally distinguishes innate and adaptive
immunity. Innate immune responses are based on a vari-
ety of defence mechanisms that include the complement
system and cellular responses executed by macrophages,
neutrophils and NK cells. In general, innate immune cells
have been considered short-lived with the capacity to
respond rapidly and in a nonspecific fashion against
pathogens. Characteristically, innate immune cells can
detect and kill pathogens within minutes or hours as they
do not rely on clonal expansion [1]. Adaptive immunity,
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ficity, adaptive immune cells express a highly diverse
repertoire of receptors that recognize antigens with high
molecular specificity based on a highly diverse and speci-
fic repertoire of immunoglobulins and T-cell receptors
with the rearrangement of variable (V), joining (J); in
some cases diversity (D) gene segments occurring in early
stages of T- and B-cell maturation play an additional role.
During an initial activation of T and B cells, some cells
differentiate into memory B and T cells. Upon interaction
with a previously encountered antigen, these memory
cells mount a more potent and rapid immune response
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characterizes immunological memory of the adaptive
immune system. [2].

Natural killer cells are bone marrow-derived large gran-
ular cytotoxic lymphocytes with the ability to kill
tumour cells in addition to virus-infected cells without
the need of prior immunization or activation [3]. NK
cells are known to differentiate and mature in the bone
marrow and are primarily found in the spleen, liver,
lung and peripheral blood. Limited numbers of NK cells
are also localized in the thymus, bone marrow and
lymph nodes [4]. Effector mechanisms of NK cell are
communicated through cytotoxic granules containing
perforin and granzymes that perforate the membrane of
target cells, inducing apoptosis [5]. Indeed, the term
‘natural killer’ has been derived from the spontaneous
cytotoxic capacity of this cell population.

Recently, innate lymphoid cells (ILCs) that lack a
recombined antigen receptor have been identified, further
blurring the traditional conceptual boundaries between
innate and adaptive immunity [6]. These ‘innate’ lym-
phocytes are thought to play a role as a functional bridge
between innate and adaptive immune defences.

NK cells have been characterized as prototypical cells
of group 1 innate lymphoid cells (ILCs) [7]. ILCs play
an important role during infection, inflammation and
tissue homoeostasis and have been categorized into
three groups based on their cytokine production and
transcription factors. Group 1 ILCs (ILCls), including
NK cells, are defined by the production of IFNy and
the expression of the transcription factor T-bet. Group
2 ILCs (ILC2s) produce IL-5 and IL-13 and depend on
the transcription factor GATA-binding protein 3
(GATA3) that expresses the retinoic acid receptor-
related orphan receptor-o0 (ROR-a). Group 3 ILCs
(ILC3s) produce IL-17 and/or IL-22 and are dependent
on the transcription factor RORyt. Although specific
cell surface markers, transcription factors and cytokine
have been characterized for ILC2s and ILC3s, additional
studies are required for their classification and ulti-
mately for a better understanding of their role in link-
ing innate and adaptive immunity.

Both, NK cells and macrophages are part of the innate
immune system and play key roles as a first-line
defence against viral infections, tumours and microbes.
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Unlike T and B cells, NK cells lack the ability to
undergo receptor gene  rearrangements
assumed hitherto to prevent innate memory responses
upon a second encounter with the same pathogen.
Memory as part of adaptive immunity, in contrast, has
been linked to a clonotypic proliferation of antigen
receptors in T and B cells. Recently, however, the con-
cept of absent memory functions in innate immunity
has been challenged by evidence showing that certain
subsets of mouse NK cells and macrophages may dis-
play memory characteristics.

Although the impact of innate immune responses and
the communication between innate and adaptive immu-
nity has been increasingly recognized, adaptive immunity
has been considered as the main driver in allograft rejec-
tion. Of note, recent studies have demonstrated that NK
cells and macrophages play important roles in allograft
rejection [8]. Importantly, NK cells and macrophages
have been shown to have adaptive capacities shaping their
potential for allorecognition and memory [9,10].

somatic

NK cells can discriminate between normal cells, aber-
rant virus-infected and tumour cells through the inte-
gration of signals derived from activating or inhibitory
receptors. The capacity of NK cells to recognize alloanti-
gens has until recently been characterized as nonmajor
histocompatibility complex (MHC)-restricted because
NK cells attack target cells that either lack MHC or
express various allogeneic MHC molecules. Based on
the ‘missing-self’ hypothesis NK cells are activated by
the absence of self-MHC molecules on the surface of
their target cells[11]. A common misconception has
been that NK cells attack any cell lacking MHC-I. Addi-
tional studies revealed how NK cells kill tumours that
express MHC-I or how autologous cells with absent
MHC-I expression escape NK cells. In fact, the recogni-
tion of ‘missing-self’ is mediated by a variety of inhibi-
tory receptors triggered by MHC-I antigens on the cell
surface[12]. NK cells remain inactive when inhibitory
receptors recognize MHC-I on normal cells. However,
when NK cells encounter abnormal cells that lack
MHC-I, inhibitory receptors remain silent while activat-
ing signals prevail. Principal inhibitory components
include diverse repertoires of Ly49 receptors on murine
NK cells, killer cell immunoglobulin-like receptors
(KIR) on human NK cells, and CD94/NKG2A on both
murine and human NK cells [5]. In addition to inhibi-
tory signals, NK cells express various activating recep-
tors. Prototypic examples of activating receptors include
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NKG2D and NKp46 that recognize antigens on
virus-infected and tumour cells. Binding of NKG2D
ligands, such as retinoic acid early inducible-1 gene
(RAE-1) in mice, and major histocompatibility complex
class I chain-related gene A and gene B (MICA/B) in
humans augment proliferation, cytotoxicity, and the
production of cytokines and chemokines [12]. When
both inhibitory and activating receptors engage at the
same time, effector functions of NK cells will be deter-
mined by the net balance of signals. Therefore, NK cells
can recognize and attack a diversity of aberrant cells
without damaging normal cells.

Macrophages have traditionally been characterized as
phagocytotic cells that engulf and digest invading
microorganisms. Charles Janeway postulated in 1989
that innate immunity senses pathogens utilizing recep-
tors termed pattern recognition receptors (PRRs) [13].
Drosophila strains that carry a loss-of-function in the
Toll gene demonstrated high susceptibility to fungal
infections linked to defective induction of antifungal
peptides [14]. Accumulating evidence suggests that
germ-line-encoded PRRs can recognize a wide range of
pathogens. PRRs that recognize pathogen-associated
molecular patterns (PAMPs) representing conserved
molecular patterns shared by large groups of micro-
organisms are expressed not only on macrophages but
also on dendritic cells (DCs) and neutrophils [15]. Pat-
tern recognition receptors are classified into four differ-
ent groups based on their cellular localization and
function and include transmembrane proteins such as
Toll-like receptors (TLRs), C-type lectin receptors
(CLRs), cytoplasmic proteins such as NOD (nucleotide-
binding oligomerization domain-containing protein)-
like receptors (NLRs) and Retinoic acid-inducible gene I
(RIG-I)-like receptors (RLRs). TLRs, for example, rec-
ognize a variety of microbial components such as
microbe-specific lipoproteins, glycolipids, proteins and
nucleic acids. Downstream of PPR ligation, pathways
that inflammatory
responses become activated in monocytes and dendritic
cells. Subsequently, pro-inflammatory cytokines and
chemokines are produced, and leucocytes become mobi-
lized and activated. Recent studies indicate that PRRs
are not only involved in recognizing pathogens but also
in recognizing endogenous molecules released by
damaged cells, so-called damage-associated molecular
patterns (DAMPs) that include nucleic acids, uric acid,
B-amiroid and cholesterol [16]. Clinically, the recogni-
tion of these endogenous ligands by PRRs is associated
with a wvariety of chronic inflammatory and
autoimmune diseases.

mediate innate immune and
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Immunological memory characterizes the ability of
immune cells to recall a previous encounter with a
pathogen while providing an enhanced response upon
secondary contact with the same pathogen. Although
immunological memory has generally been considered
as mediated exclusively by T and B cells, recent stud-
ies indicate that NK cells may also have memory
capacities. Accumulating evidence indicates that NK
cells can initiate memory-like responses to certain
antigens. In experimental models, murine cytomegalo-
(MCMV) infection in C57Bl/6 mice induced
antigen-specific NK memory cells (Fig. 1a) [17]. In
this model, MCMV facilitated the expansion of NK
cells that express the Ly49H receptor capable of recog-
nizing the mI57MCMYV protein on infected cells.
Those NK cells were able to survive up to 70 days
while undergoing robust expansion with a display of
enhanced cytotoxicity and cytokine responses subse-
quent to a secondary MCMV challenge. In another
model, in vitro stimulation of NK cells with Inter-
leukin-12 (IL-12), IL-15 and IL-18 indicated the
capacity of memory responses (Fig. 1b) [18]. Indeed,
when stimulated NK cells were transferred into naive
Raglf/ ~ mice that lack T and B cells, a robust Inter-
feron-gamma (IFNy) production upon restimulation
had been observed. Of note, mechanisms by which
cytokine signalling induce memory-like properties in
NK cells remain unknown. Moreover, hepatic NK cells
have been shown to mediate antigen-specific memory
in a model of hapten-induced contact hypersensitivity
(CHS) and viral infection (Fig. 1c) [10]. CHS is a
form of delayed-type hypersensitivity (DTH) induced
by chemical haptens and observed for at least 4 weeks
subsequent to the hapten encounter. When NK cells
derived from livers of hapten-sensitized mice were
adoptively transferred into naive Rag2™' Il2rg™/~ mice
lacking T-, B- and NK cells, animals revealed an aug-
mented response to CHS. Subsequent work by the
same group indicated that DTH responses of NK cells
are not only effective when encountering haptens but
also towards virus-like particles of influenza, vesicular
stomatitis virus (VSV) and human immunodeficiency
virus (HIV) (Fig. 1c) [19]. Adoptive transfer of virus-
sensitized hepatic NK cells into naive Rag2 ™/ Tl2rg™'~
mice enhanced survival after a lethal challenge with
the sensitizing virus. Interestingly, the chemokine
receptor CXCR6 played a critical role in hepatic NK
cells contributing to the persistence of recall functions
but not antigen recognition.

virus
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Figure 1 NK cells may have memory capacities. (a) MCMV infection
in mice induces antigen-specific NK memory cells. In this model,
MCMV expanded a subpopulation of NK cells that express the Ly49H
receptor capable of recognizing the m157MCMV protein on infected
cells. (b) Memory NK cells are induced after exposure to IL-12, IL-15,
and IL-18 in mice. () CXCR6™ NK cells isolated from mouse livers
mediate antigen-specific memory responses against haptens and
virus-like particles of influenza, VSV and HIV. HIV, human immunod-
eficiency virus; MCMV, murine cytomegalovirus; VSV, vesicular stom-
atitis virus.

Moreover, recent studies have revealed several novel
molecular pathways involved in regulating memory
capacities of NK cells. The zinc finger (BTB-ZF) tran-
scription factor Zbtb32, for example, is essential for
antigen-specific proliferation and protective capacities of
MCMV-specific NK cells[20]. BTB-ZF proteins are an
evolutionarily conserved large family of transcriptional
regulators involved in biological processes such as lym-
phocyte differentiation and malignant transformation
[21,22]. Increasing evidence also suggests that signals
from pro-inflammatory cytokines induce Zbtb32 expres-
sion in NK cells [20]. More recent data have shown that
FcRy-deficient NK cells have memory capacities in an
antibody-dependent manner in human cytomegalovirus
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(HCMV)-infected individuals [23]. This study also
demonstrated that several distinct subsets of memory-
like NK cells are associated with deficiencies of multiple
transcription factors and signalling proteins including
the tyrosine kinase SYK. SYK deficiency, at the same
time, has been correlated with hypermethylation of a
specific region in the SYK promoter DNA sequences.
These findings indicate that memory-like NK cells can
be induced by epigenetic modification.

Moreover, several recent studies provide evidence
that macrophages/monocytes display memory character-
istics with, for example, monocytes demonstrating recall
responses to microbial components after preexposure to
Candia albicans or B-glucans (Fig. 2a) [24-26]. Clini-
cally, monocytes mediated NOD2-dependent nonspeci-
fic protection subsequent to a vaccination with Bacille
Calmette-Guérin (BCG) via epigenetic reprogramming
suggested that infections and inflammatory stimuli can
mediate lasting changes within the properties of macro-
phages (Fig. 2b) [27].

Additional studies found recall features of other
innate immune cells including yd T cells and natural
killer T (NKT) cells. A distinct subset of mucosal y6 T
cells that responded to oral Listeria monocytogenes
developed memory responses in the murine intestinal
mucosa [28]. Here, mucosal yd T cells were able to sur-
vive long-term undergoing a robust expansion against
secondary infections while displaying an enhanced pro-
duction of IFN-yand IL-17A. A more recent study
showed that invariant natural killer T cells (iNKT cells)
defined as KLRG1" (Killer cell lectin-like receptor sub-
family G, member 1-positive) residing in the lung of
mice have memory capacity [29]. KLRG1" iNKT cells
immunized with o-Galactosylceramide (o-GalCer)
loaded CD1d" DCs (DC/Gal) survived for several
months in the lung. Moreover, these KLRG1" iNKT
cells showed more robust expansion by rechallenging
with DC/Gal compared to naive iNKT cells.

Until recently, the role of NK cells in allograft rejection
had received only little attention. Severe combined
immunodeficiency (SCID) or recombination activating
gene (RAG) knockout mice that lack T and B cells but
retain intact NK cell function have been unable to
mount a rejection subsequent to the transplantation of
cardiac and skin allografts [30-32]. Recent studies, how-
ever, have indicated that activated NK cells play a criti-
cal role in alloimmunity. Activated NK cells produce
inflammatory cytokines such as IFN-vy that stimulate T

9



Uehara et al.

()

B-glucan

(b)

BCG vaccination

Protection against

nonrelated infections

cells. Through their direct cytotoxic functions, NK cells
have furthermore the capacity to eliminate allogeneic
cells. More recent evidence revealed that NK cells can
also contribute to solid organ transplant rejection. In
CD28-deficient mice, NK cells contributed to acute car-
diac graft rejection while depletion of NK cells in the
absence of CD28-dependent T-cell costimulation pro-
longed cardiac graft survival [33]. These findings suggest
that NK cells can promote T-cell responses during cos-
timulatory blockade. Moreover, NK cells also appear to
play a critical role in chronic allograft nephropathy
[34]. In a murine model of parental to F; cardiac trans-
plants, IFN-y production by NK cells contributed to
cardiac allograft vasculopathy (CAV) [35]. Furthermore,
NK cells appear to play a subsidiary role in chronic
rejection through the stimulation of Thl cells, suggest-
ing that the communication of NK cells to players of
adaptive immunity may be of critical importance in
graft rejection. In addition, recent evidence suggests that
NK cells are able to mediate graft rejection in the
absence of adaptive immune cells as IL-15-activated NK
cells have been able to mediate skin graft rejection
(Fig. 3a) [36—40]. Moreover, skin from human ol,2-
fucosyltransferase (HTF) transgenic mice grafted onto
RAG ™' recipients that lack B and T cells induced rejec-
tion that affected 50-95% of the graft at 10-20 days,
with the residual graft recovered and survived long-term

10

Protection against
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Figure 2 Macrophages display
memory characteristics. (a) A previous
infection with Candida albicans
induces protection against reinfection
through epigenetic reprogramming of
monocytes in mice. (b) BCG
vaccination induces memory-like
characteristics in human monocytes
and establishes nonspecific protection
from infections in a NOD2-dependent
manner. BCG, Bacille Calmette-
Guérin; NOD, nucleotide-binding
oligomerization domain-containing
protein.

(>100 days).Rag-1 KO/beige recipients that lack T/B
and NK cells did not undergo rejection crisis, support-
ing a critical role of NK cells in the observed skin graft
rejection. (Fig. 3b) [41].

Thus, increasing evidence suggests that NK cells inde-
pendently or via the communication to adaptive
immune responses may contribute to graft rejection. At
the same time, a tolerogenic potential of NK cells has
been demonstrated. In a murine skin transplant model,
graft-derived antigen-presenting cells (APCs) have been
eliminated by host NK cells, thereby altering T cell
priming, resulting in tolerance induction (Fig. 3c) [42].

Moreover, a number of studies have implicated
macrophages as a critical component of transplant rejec-
tion, although their role remains not entirely defined.
Ischaemia—reperfusion injury (IRI) is inevitably linked
to organ transplantation, and macrophages have been
closely linked to the pathophysiology of IRI. In lung
transplantation, alveolar macrophages (AM) induce tis-
sue injury through the production of a variety of bioac-
tive products such as tumour necrosis factor (TNF)-a,
monocyte chemoattractant protein (MCP)-1 and
macrophage inflammatory protein (MIP)-2 [43].A
recent study indicates that AMs specifically expressed
the E3 ubiquitin ligase TRIM29 and that TRIM29 pro-
vided a critical role in the maintenance of immunologi-
cal homoeostasis [44]. Pathophysiological features of
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alloimmune responses. (a) Skin grafts (c)
are rejected in RAG-/- mice when NK
cells are activated by the IL-15/IL-
15Ra complex. (b) In a mouse skin
transplant model, skin allografts from
HTF transgenic mice grafted onto
RAG-/- mice are injured albeit not
completely rejected. (c) In a murine
skin transplant model, graft-derived
APCs were eliminated by host NK
cells, thereby altering T-cell priming,
resulting in tolerance induction.
APCs, antigen-presenting cells; HTF,
human a1,2-fucosyltransferase; Rag,
recombination activating gene.

Graft-derived
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IRI also include the activation of TLRs on macrophages.
In cardiac transplantation, macrophages stimulated by
high-mobility group box-1 (HMGB-1) through TLR4
activation produced IL-23 that, in turn, induced the
generation of IL-17A-producing yOT cells in the heart,
demonstrating the significance of an innate-adaptive
immunity axis in myocardial IRI [45]. In kidney trans-
plantation, perforin-dependent killing of tubular cells by
NK cells is a major pathway [46]. Moreover, expression
of CD137 on NK cells and its ligand on tubular epithe-
lial cells seems crucial for the chemokine-mediated
recruitment of neutrophils to the site of inflammation
[47]. During acute rejection, recipient macrophages are
rapidly recruited to the graft [48]. Once macrophages of
recipient origin accumulate, the secretion of pro-inflam-
matory cytokines is initiated. Pro-inflammatory cytoki-
nes, including IL-1, IL-6, IL-12, IL-18, IL-23, TNF-o
and IFN-y promote the generation of cytotoxic T cells
and induce chemokines such as MCP-1 and
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© 2017 Steunstichting ESOT

Eliminate

Recall features and allorecognition

Induce acute rejection

RAG—/— mouse treated with
IL-15/IL-15Ra complex

Severe injury

RAG—/— mouse

Host NK cell

Tolerance to
skin allograft

Altering T cell
priming

macrophage colony-stimulating factor (M-CSF). More-
over, macrophages produce reactive oxygen species
(ROS) and reactive nitrogen species (RNS) that aug-
ment tissue damage [49].

Concentric arterial narrowing during intimal hyper-
plasia by smooth muscle-like cells and associated
matrix proteins is the principal histopathological find-
ing of chronic vasculopathy [50]. Macrophages have
been shown to infiltrate heart allografts, thus con-
tributing to the progress of transplant vasculopathy.
Partial depletion of macrophages with intraperitoneal
carrageenans (mucopolysaccharides from the cell walls
of the red algae) suppressed immune responses via
mechanisms that selectively inhibited cytopathic effects,
thus improving transplant vasculopathy [51]. Of note,
allospecific responses of macrophages have been shown
in a recent experimental study with evidence of a
more robust response to allografts compared to syn-
geneic grafts [52]. In this particular study, WT as well
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as T cell-, B cell- and innate lymphoid cell-deficient
mice receiving allogeneic grafts mounted a persistent
differentiation of monocytes into mature DCs. In con-
trast, syngeneic grafts in the same mice elicited tran-
sient pronounced
monocytes, indicating that DAMPS released during
ischaemia—reperfusion injury are not
induce sustained APC maturation to initiate adaptive
alloimmune responses. Moreover, in a model in which
T-cell recognition is restricted to a single foreign anti-
gen, rejection occurred only if the allogeneic non-self-
signal was also sensed by the host’s innate immune
system. Comparable to NK cells, macrophages appear
to play a dual role and have also been linked to toler-
ance, with regulatory macrophages or Mregs playing
an important role in this context [53,54]. Clinically,
administration of regulatory macrophages allowed a
low-dose tacrolimus monotherapy in living donor kid-
ney transplantation [55].

and less differentiation  of

sufficient to

Recent advances in our knowledge of innate immunity
and its key players, NK cells and macrophages, have
provided a better understanding of recall capacities in
innate immunity. Indeed, the existence of adaptive fea-
tures of innate immune cells represents a paradigm shift
in immunity. Moreover, newly identified innate-like

1. Lanier LL. NK cell recognition. Annu uniform

Rev Immunol 2005; 23: 225.

nomenclature.
Immunol 2013; 13: 145.

lymphocytes may bridge the missing link between innate
and adaptive immunity.

Clearly, adaptive features of innate immunity repre-
sent important components of host defences and
alloimmunity with broad clinical relevance. Future work
will need to delineate ligand specificity and signalling
properties to develop targets for treatment.

HU participated in the writing of the manuscript. KM,
MQ, YN, TH, HA, AEK and SGT participated in the
writing of the manuscript, reviewed the manuscript.

This work has been supported by a grant from the NIH
(RO-1 AG039449) (to SGT). H.U. and K.M. were sup-
ported by the Osaka Medical College Foundation. T.H.
(HE 7457/1-1) was supported by the German Research
Foundation. M.Q. was supported by the IFB Integrated
Research and Treatment Centre Adiposity Diseases
(Leipzig, Germany) and the German Research Founda-
tion (QU 420/1-1).

The authors have declared no conflict of interests.

Nat  Rev 13. Janeway =~ CA.  Approaching  the

asymptote? Evolution and revolution in

2. Bassing CH, Swat W, Alt FW. The 8. Wu C, Zhao Y, Xiao X, et al. Graft- immunology. Cold Spring Harb Symp
mechanism and regulation of Infiltrating Macrophages Adopt an M2 Quant Biol 1989; 54: 1.
chromosomal V(D)] recombination. Phenotype and Are Inhibited by 14. Lemaitre B, Nicolas E, Michaut L,
Cell 2002; 109(Suppl.): S45. Purinergic Receptor P2X7 Antagonist in Reichhart JM, Hoffmann JA. The
3. Yokoyama WM, Kim S, French AR. The Chronic Rejection. Am ] Transplant dorsoventral regulatory gene cassette

dynamic life of natural killer cells. Annu 2016; 16: 2563.

spatzle/Toll/cactus controls the potent

Rev Immunol 2004; 22: 405. 9. Paust S, von Andrian UH. Natural killer antifungal response in  Drosophila

4. Fehniger TA, Cooper MA, Nuovo GJ, cell memory. Nat Immunol 2011; 12: adults. Cell 1996; 86: 973.
et al. CD56 bright natural killer cells are 500. 15. Kumagai Y, Akira S. Identification and
present in human lymph nodes and are 10. O’Leary JG, Goodarzi M, Drayton DL, functions of pattern-recognition recep-
activated by T cell — derived IL-2: a von Andrian UH. T cell- and B cell- tors. J Allergy Clin Immunol 2010; 125:
potential new link between adaptive and independent adaptive immunity medi- 985.
innate immunity. Blood 2003; 101: 3052. ated by natural killer cells. Nat Immunol 16. Rock KL, Lai J-J, Kono H. Innate

5. Krzewski K, Coligan JE. Human NK cell 2006; 7: 507. and adaptive immune responses to
lytic granules and regulation of their 11. Ljunggren HG, Kirre K. In search of cell death. Immunol Rev 2011; 243:
exocytosis. Front Immunol 2012; 3: 335. the ‘missing self: MHC molecules and 191.

6. Lanier LL. Shades of grey — the NK cell recognition. Immunol Today 17. Sun JC, Beilke JN, Lanier LL. Adaptive
blurring view of innate and adaptive 1990; 11: 237. immune features of natural killer cells.
immunity. Nat Rev Immunol 2013; 13: 12. Vivier E, Tomasello E, Baratin M, Nature 2009; 457: 557.

73. Walzer T, Ugolini S. Functions of 18. Cooper MA, Elliott JM, Keyel PA, Yang

12

. Spits H, Artis D, Colonna M, et al.

Innate lymphoid cells—a proposal for

natural killer cells. Nat Immunol 2008;
9: 503.

L, Carrero JA, Yokoyama WM.
Cytokine-induced memory-like natural

Transplant International 2018; 31: 6-13
© 2017 Steunstichting ESOT



19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

killer cells. Proc Natl Acad Sci U S A
2009; 106: 1915.

Paust S, Gill HS, Wang B-Z, et al
Critical role for the chemokine receptor
CXCR6 in NK cell-mediated antigen-
specific memory of haptens and viruses.
Nat Immunol 2010; 11: 1127.

Beaulieu AM, Zawislak CL, Nakayama
T, Sun JC. The transcription factor
Zbtb32 controls the proliferative burst
of virus-specific natural killer cells
responding to infection. Nat Immunol
2014; 15: 546.

Siggs OM, Beutler B. The BTB-ZF
transcription factors. Cell Cycle 2012;
11: 3358.

Lee S-u. POK / ZBTB proteins: an
emerging family of proteins that
regulate lymphoid development and
function. Immunol Rev 2012; 247: 107.
Lee ], Zhang T, Hwang I, et al. Epigenetic
Modification and Antibody-Dependent
Expansion of Memory-like NK Cells in
Human Cytomegalovirus-Infected Indi-
viduals. Immunity 2015; 42: 431.

Quintin J, Saeed S, Martens JHA, et al.
Candida albicans infection affords
protection against reinfection via func-
tional reprogramming of monocytes. Cell
Host Microbe 2012; 12: 223.

Zecher D, van Rooijen N, Rothstein
DM, Shlomchik WD, Lakkis FG. An
innate response to allogeneic nonself
mediated by monocytes. ] Immunol
2009; 183: 7810.

Dai H, Friday AJ, Abou-Daya KI, et al.
Donor SIRPalpha polymorphism modu
lates the innate immune response to
allogeneic grafts. Sci Immunol 2017; 2:
eaam6202.

Kleinnijenhuis J, Quintin J, Preijers F,
et al. Bacille Calmette-Guerin induces
NOD2-dependent nonspecific protection
from reinfection via epigenetic repro-
gramming of monocytes. Proc Natl Acad
Sci USA 20125 109: 17537.

Sheridan BS, Romagnoli PA, Pham Q-M,
et al. Y3 T cells exhibit multifunctional
and protective memory in intestinal
tissues. Immunity 2013; 39: 184.

Shimizu K, Sato Y, Shinga J, et al
KLRG+ invariant natural killer T cells
are long-lived effectors. Proc Natl Acad
Sci USA 2014; 111: 12474.

Shelton MW, Walp LA, Basler JT,
Uchiyama K, Hanto DW. Mediation of
skin allograft rejection in scid mice by
CD4 + and CD8 + T cells. Transplan
tation 1992; 54: 278.

Transplant International 2018; 31: 6-13
© 2017 Steunstichting ESOT

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Bingaman AW, Ha ], Waitze S-Y, et al.
Vigorous Allograft Rejection in the
Absence of Danger. | Immunol 2000;
164: 3065.

Harper IG, Ali JM, Harper SJ, et al
Augmentation of Recipient Adaptive
Alloimmunity by Donor Passenger
Lymphocytes within the Transplant. Cell
Rep 2016; 15: 1214.

Maier S, Tertilt C, Chambron N, et al.
Inhibition of natural killer cells results
in acceptance of cardiac allografts in
CD28-/- mice. Nat Med 2001; 7: 557.
Weis M, Scheidt WV. Coronary Artery
Disease In The Transplanted Heart.
Annu Rev Med 2000; 51: 81.

Uehara S, Chase CM, Kitchens WH,
et al. NK cells can trigger allograft
vasculopathy: the role of hybrid
resistance in solid organ allografts. J
Immunol. 2005; 175: 3424.

Kroemer A, Xiao X, Degauque N, et al.
The innate NK cells, allograft rejection,
and a key role for IL-15. ] Immunol
2008; 180: 7818.

Zecher D, Li Q, Oberbarnscheidt MH,
et al. NK cells delay allograft rejection in
lymphopenic hosts by downregulating
the homeostatic proliferation of CD8 +
T cells. J Immunol 2010; 184: 6649.
Zecher D, Li Q, Williams AL, et al. Innate
immunity alone is not sufficient for
chronic rejection but predisposes healed
allografts to T cell-mediated pathology.
Transpl Immunol 2012; 26: 113.

Zhang ZX, Huang X, Jiang J, et al
Natural killer cells play a critical role in
cardiac allograft vasculopathy in an
interleukin-6-dependent manner. Trans-
plantation 2014; 98: 1029.

Zhang ZX, Huang X, Jiang J, et al
Natural Killer Cells Mediate Long-term
Kidney Allograft Injury. Transplantation
2015; 99: 916.

Gock H, Murray-Segal L], Winterhalter
AC, et al. Altered glycosylation in donor
mice causes rejection of strain-matched
skin and heart grafts. Am ] Transplant
2014; 14: 797.

Yu G, Xu X, Vu MD, Kilpatrick ED, Li
XC. NK cells promote transplant
tolerance by killing donor antigen-
presenting cells. J Exp Med 2006; 203:
1851.

Zhao M, Fernandez LG, Doctor A, et al.
Alveolar macrophage activation is a key
initiation  signal for acute lung
ischemia-reperfusion  injury. Am ]

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Recall features and allorecognition

Physiol Lung Cell Mol Physiol 2006; 291:
1018.

Xing J, Weng L, Yuan B, etal
Identification of a role for TRIM29 in
the control of innate immunity in the
respiratory tract. Nat Immunol 2016; 17:
1373.

Zhu H, Li J, Wang S, Liu K, Wang L,
Huang L. Hmgbl-TLR4-IL-23-IL-17A
axis promote ischemia-reperfusion injury
in a cardiac transplantation model.
Transplantation 2013; 95: 1448.

Zhang ZX, Wang S, Huang X, et al. NK
cells induce apoptosis in tubular
epithelial cells and contribute to renal
ischemia-reperfusion injury. J Immunol
2008; 181: 7489.

Kim HJ, Lee JS, Kim JD, et al. Reverse
signaling through the costimulatory
ligand CD137L in epithelial cells is
essential for natural killer cell-mediated
acute tissue inflammation. Proc Natl
Acad Sci USA 2012; 109: E13.

Chadban SJ, Wu H, Hughes ]. Macro
phages and kidney transplantation.
Semin Nephrol 2010; 30: 278.

Madill J, Aghdassi E, Arendt B, et al
Lung transplantation: does oxidative
stress contribute to the development of
bronchiolitis  obliterans  syndrome?
Transplant Rev (Orlando) 2009; 23:
103.

Mitchell RN. Graft vascular disease:
immune response meets the vessel wall.
Annu Rev Pathol 2009; 4: 19.

Kitchens WH, Chase CM, Uechara S,
et al. Macrophage depletion suppresses
cardiac allograft vasculopathy in mice.
Am ] Transplant 2007; 7: 2675.
Oberbarnscheidt MH, Zeng Q, Li Q,
et al. Non-self recognition by monocytes
initiates allograft rejection. J Clin Invest
2014; 124: 3579.

Mosser DM, Edwards JP. Exploring
the full spectrum of macrophage acti-
vation. Nat Rev Immunol 2008; 8:
958.

Beilke JN, Kuhl NR, Van Kaer L, Gill RG.
NK cells promote islet allograft tolerance
via a perforin-dependent mechanism.
Nat Med 2005; 11: 1059.

Hutchinson JA, Riquelme P, Sawitzki B,
et al. Cutting Edge: Immunological
consequences and trafficking of human
regulatory macrophages administered to
renal transplant recipients. J Immunol
2011; 187: 2072.

13



