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Summary
NK cells of the innate immune system are equipped with a cytolytic machinery and produce
cytokines which enable these cells to profoundly modify adaptive immune responses to foreign
invaders, as well as to self-antigens. Here we discuss the recent advances in understanding how
NK cells can proactively influence sequential pathogenic steps that are instrumental for the
initiation and progression of autoimmune diseases in human and experimental disease models. We
also discuss the possible use of NK cells as a surrogate marker for disease activity and
responsiveness to immune therapy. Finally, we present results on NK cell-based therapies in
inflammatory and autoimmune disorders with a focus on existing challenges and current promises
for the development of more effective therapies.

Initiation and progression of autoimmune disease may require
collaboration between the innate and adaptive immune systems

Autoimmune diseases derive from the failure of self/non-self discrimination for the immune
system. Virtually most, if not all tissues, can become targeted for autoimmune destruction.
The etiology of autoimmune disease remains elusive. In addition to susceptibility genes,
several immune mechanisms have been proposed to explain the emergence and progression
of autoimmunity. The elements that trigger immune responses toward self components and
the mechanisms that control autoimmune disease progression are a matter of debate.
Investigations conducted thus far on these aspects have focused on several aspects. First,
foreign invaders (including bacteria, virus and parasites) elicit protective immunity in the
secondary lymphoid tissues where the recruitment of NK cells, monocytes, dendritic cells,
together with T and B cells, can induce local inflammation. However, unabated
inflammation can sometimes cause bystander damage to host tissue. Additionally, molecular
mimicry (shared genetic identity between foreign and self tissues that has been demonstrated
in several experimental models) can lead to the spreading of immune responses to self
antigens. Second, endogenous dead cells and tissues can expose self antigens and trigger
autoimmunity. Third, infected cells lose self identity because of the expression of new
antigens and can become targets of innate immune cells, and autoimmune disease
exacerbation may associate with infectious episodes or defective immune regulation.
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Effector functions of NK cells and their relevance to the adaptive
inflammatory and autoimmune responses

Natural killer (NK) cells are large granular cells that constitute 5–10% of circulating
lymphocytes in humans and 1–3% in mice, thus being third in lineage among lymphocytes,
after T and B cells. NK cells are dispersed throughout lymphoid and non-lymphoid tissues,
and can rapidly home to target organs under pathological situations (1). An important arm of
the innate immune system, the NK cells lack T and B cell receptors and undergo activation
without antigen presentation from antigen presenting cells (APCs). Certain viruses, mutant
cells, common γ-chain cytokines and interferons produced during inflammatory responses
can modulate the activity of NK cells through several activating and inhibitory receptors
(Fig. 1). Upon activation, NK cells exhibit two types of functions: cytotoxicity and cytokine
production. NK cell-mediated natural cytotoxicity against certain microbes and several cell
types seems to be controlled by levels self MHC class I expression (Fig. 1). NK cells can
produce large numbers of cytokines, sometimes at high concentrations, including interferon
(IFN)-γ, tumor necrosis factor (TNF)-α, immunoregulatory cytokines such as IL-5, IL-10,
IL-13, IL-22, the growth factor GM-CSF, and the chemokines MIP-1α, MIP-1β, IL-8, and
RANTES (2–4).

NK cells play an active role in the pathogenesis of autoimmune diseases because of their
cytolytic activity, cytokine production, interaction with APCs and T and B cells.

NK cells actively participate in sequential events that lead to autoimmune
disease

The natural cytotoxicity and the swift and bursting release of cytokines equips the NK cells
with the ability to affect significantly the adaptive immune response to foreign invaders and
self-antigens. Moreover, NK cells are active players in the mechanisms that influence the
initiation and progression of autoimmunity (Fig. 2). First, NK cells orchestra the magnitude
of inflammatory responses that can induce bystander self tissue damage, as demonstrated in
a viral model of type 1 diabetes (T1D) (5). Second, NK cells profoundly affect immune
responses by interacting with APCs such as dendritic cells and macrophage, or by directly
interacting with autoreactive T and B cells (Fig 2, and Ref 6). Third, direct activation of NK
cells due to reduced MHC class I molecules can associate, at least in groups of autoimmune
patients, with mutations in the genes encoding for transport association with antigen
processing (TAP) (7,8). Those mutations can lead to reduced cell-surface expression of
HLA class I molecules, that coupled with chronic infection and aberrant (increased) IFN
production can promote the effector, pro-inflammatory activities of NK cells in the skin,
kidney and other organs (7,8).

Characteristics of NK cells in human autoimmunity
The phenotype and function of NK cells in human autoimmune conditions have revealed
that in most, if not all cases, NK cells are reduced in number (Fig. 3) and have a
compromised cytotoxic capacity, a process referred as to NK cell degeneration (6). NK cell
degeneration can be observed and is not restricted to systemic lupus erythematosus (SLE),
psoriasis, psoriatic arthritis, multiple sclerosis (MS), rheumatoid arthritis (RA), T1D,
Sjögrens syndrome and myasthenia gravis (MG) (6). This phenomenon is reminiscent of the
defective functions that have been documented in regulatory T-cell populations such as the
CD4+CD25+ regulatory T cells and the CD1d-restricted NKT cells in human autoimmune
diseases (9). This raises the possibility that these deficiencies might be related to the
autoimmune process (9), although it is not yet known whether the degenerative
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characteristic could be a primary feature promoting autoimmunity or could rather be
secondary to the disease pathogenesis. Of note, in experimental autoimmune MG (EAMG),
IL-21 derived from autoreactive T cells promotes NK cell degeneration (10). Considering
that NK cells play a disease-promoting role in EAMG (11), NK cell degeneration might
serve as means by which autoreactive T cells can control autoimmunity (10). A better
understanding of NK cell degeneration could lead to the clarification of certain aspects of
disease pathogenesis and possibly rationalize new protocols for NK cell-based therapies (see
following sections).

Diverse roles of NK cells in experimental and human autoimmunity
Studies on NK cells in human autoimmune disease have been mainly descriptive and mostly
aimed at linking NK cell phenotypes with disease stages or use them as prognostic
indicators of disease progression.

In experimental autoimmune diseases, the mechanisms of NK cell-mediated effects have
been studied in more detail, yielding to conflicting results. Some studies have suggested that
NK cells can promote autoimmune activity, while other studies have suggested that NK cells
may play a regulatory role in autoimmunity by actively suppressing the genesis of
autoreactive immune responses (6). Here we summarize the results from studies in animal
models and in human disease.

Type 1 diabetes
T1D is a multifactorial disease in which multiple genes interact with environmental factors
to lead to autoimmunity against islet autoantigens with subsequent immune-mediated
destruction of insulin-producing pancreatic β cells. T1D is believed to be primarily a T cell-
mediated disease that requires both CD4+ and CD8+ T cells. Additionally, there is evidence
supporting the involvement of other immune cells in the β-cell destruction, including B
cells, macrophages, dendritic cells and NK cells.

Studies on the role of NK cells is animal models such as the Bio Breeding (BB) rat and the
nonobese diabetic (NOD) mouse have provided evidence that NK cells may either promote
or prevent islet cell destruction (12). These contrasting results may reflect a diverse role of
NK cells in different models and a possible different activity depending o the stage of the
disease (13–15).

Using pancreatic samples removed post-mortem from 29 patients, Willcox and colleagues
attempted to detect the presence of NK cells and other lymphocytes in situ with
immunochemical staining. NK cells were rarely detected, even in heavily inflamed islets
(16). However, these results do not preclude the possibility that NK cells can be present in
the pancreas before overt T1D or that NK cells could influence recruitment of other
lymphocyte populations during initial development of insulitis.

In the peripheral blood of T1D patients, both a numeric reduction of NK cell numbers and
their functional abnormalities have been reported (12). However, there is no consensus as to
whether these changes are transitory or stable.

In trying to correlate NK cell activity and stage of T1D, a recent study of newly diagnosed
and long-standing T1D patients found a reduction of NK cell frequency in recent onset
patients but not in patients with long-standing disease (17). On the other hand, NK cell
defects (as an altered production of IFN-γ and expression of NKp46 and NKp30) are evident
in long-standing patients, particularly in those with higher levels of glycosylated
hemoglobin levels. Thus, these studies neither allow to draw conclusions on the timing of
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NK cell abnormalities (primary or secondary to the diabetic metabolic activity or to other
defects in T1D) (18) nor to relate the findings to the processes leading to β-cell destruction.

Rheumatoid arthritis and systemic lupus erythematosus
RA is a chronic systemic autoimmune disease that is mainly characterized by joint
inflammation and immune-mediated destruction. SLE is another systemic autoimmune
condition that is characterized by rashes, arthritis, kidney and central nervous system (CNS)
involvement, and associates with antibodies that are specific for double-stranded DNA and
several other nuclear antigens.

The impact of NK cells in several models of RA and, to a less degree SLE, has been
investigated by using depletion antibodies such as the anti-NK1.1 mAb. Disease is enhanced
when NK1.1+ cells are removed, suggesting a possible protective role for NK cells (19).

Moreover, in both RA and SLE, defective NK cell activities including cytokine production
and cytotoxicity, have been reported (20,21). Also, a group of patients with juvenile
rheumatoid arthritis exhibited macrophage activation syndrome, which is associated with
decreased NK cell function and the absence of circulating CD56bright NK cells (20). The
inverse relationship between NK cells and macrophages has suggested the possibility that
NK cells could actively curb macrophage activity (9,22), also in view of the fact that
CD56bright NK cells accumulate within inflammatory joint lesions (23). Additionally, NK
cells may engage with CD14+ monocytes to amplify inflammatory responses (23) and
provide a local milieu for monocytes in the inflamed joints to differentiate into DC (24).
Collectively, these studies reveal that NK cells actively participate in the initiation of joint
pathology and perhaps determine the intensity of local inflammation by engaging other
lymphocyte populations.

Myasthenia gravis
MG is an autoimmune disease of the neuromuscular junctions. In nearly 85% of patients,
muscular weakness derives from activity at the postsynaptic membrane of the
neuromuscular junction of IgG autoantibody produced by autoreactive B cells against the
nicotinic acetylcholine receptor (AChR).

The role of NK cells has been studied In the animal models of MG, EAMG. Depletion of
NK cells at disease initiation blunts the production of AChR autoantibodies and ameliorates
EAMG (11). However, it is not clear whether such effects are a result of interrupted
interactions between NK cells and autoreactive T cells, or between NK cells and
autoantibody-producing B cells, or both.

MG patients clearly have reduced numbers of circulating NK cells. However, compared to
patients with MS, CD57+, but not CD56+ NK cells, appear reduced in MG (Fig. 3).

Multiple sclerosis
MS is an inflammatory disease characterized by cellular influx, demyelination and axonal
damage of the central nervous system (CNS). The initiation of the disease seems to stem
from the interplay between cells of the innate and adaptive immune systems, including NK
cells.

The CNS has specific features of inflammation and autoimmune responses: 1) abundance of
CNS antigens in relation to the periphery; 2) active participation of local APCs, microglia,
astrocytes and peripherally migrated DCs and macrophages; 3) migrated myelin-reactive T
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cells undergo reactivation, further differentiation, expansion and perhaps antigenic
determinant spreading.

NK cells can readily home to the CNS during inflammation and other pathological
conditions (1). The ability of NK cells to kill various transformed and/or virus-infected cells
raises the important question as to whether direct NK-cell cytolytic effects can contribute to
the pathogenesis of inflammatory, degenerative and autoimmune disorders of the CNS. It
has been demonstrated that NK cells can mediate damage to neurons, oligodendrocytes and
microglia (12) yet the biological relevance of these findings has to be defined in vivo.

Contrasting the potentially detrimental effects of NK cells on the CNS, emerging evidence
in MS and its animal model, experimental autoimmune encephalomyelitis (EAE), has
supported the possibility of regulatory functions of NK cells during CNS inflammation (11).

EAE is induced in C57BL/6 mice with myelin oligodendrocyte glycoprotein (MOG)
peptide, which activates T cells and other lymphocytes in the periphery. MOG-activated
cells subsequently home to the CNS where they cause pronounced inflammation and
demyelination, followed by a monophasic neurological deficiency that resembles a form of
MS in humans known as acute disseminated encephalomyelitis. Studies of EAE in B6 mice
(25), or blockade of NK cell homing to the CNS via germ-line deletion of the chemokine
fracktalkine receptor CX3CR1 resulted in fatal CNS inflammation and demyelination (26).
In the latter model, reduction of CNS-resident NK cells alone was sufficient to induce severe
EAE, suggesting that CNS-resident NK cells are more important than their peripheral
counterparts in controlling severity of the disease.

Similar to autoimmune diseases, in MS patients naïve to treatment the NK cells are present
in reduced numbers and have a compromised cytotoxic function (9). Such deficiency
appears to be restricted to CD56+ NK cells; whereas CD57+ and CD16+ NK cells appear
unaffected (Figure 1). There are no data available on whether cytokine production by NK
cells is altered in MS patients.

Interestingly, the relapsing-remitting (RR) course of MS provides an opportunity to
investigate whether the disease course associates with NK cell changes. NK cells in the
remission of MS show elevation of IL-5 and augmented expression of CD95 and a
decreased expression of IL-12Rβ2 (27), which are phenotypes reminiscent of NK cells.
Notably, in a longitudinal study of placebo-treated RRMS patients, the cycles of NK cell
functional activity had a periodicity of about 10 weeks, and a lower activity appeared
associated with the appearance of active lesions or onset of clinical attacks, supporting the
possibility of a potentially protective role of NK cells in ongoing MS (28).

Other studies have monitored NK cell activities during immunomodulatory therapies.
Glatiramer acetate (GA or Copaxone) is an FDA-approved drug for RRMS. GA is a myelin
basic protein analogue consisting of four amino acid (Glu, Ala, Lys, Tyr). A recent study
demonstrated that GA enhanced the cytolysis of human NK cells against autologous and
allogeneic dendritic cells but, in contrast, it did not alter the percentage of NK cells
expressing NKG2D, NKp30 or NKp44 (29). GA also inhibited the release of IFN-γ but
increased the release of TNF-α by NK cells (29).

Kastrukoff et al studied the relationship between NK cell activity (killing of K562 target
cells) and disease activity (measured as new MRI lesions) in RRMS patients receiving IFN-
β therapy on alternative days. Interestingly, it was found that RRMS patients with elevated
NK cell activity may not only be at greater risk for the development of active lesions but
may also be likely to better respond to IFN-β (30). The treatment of RRMS subjects with
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IFN-β1a over 12 months significantly increased both the percentages of CD56bright NK cells
and Foxp3 mRNA expression compared to baseline values (31).

These studies indicate that NK cell activity may not only reflect at some extent the course of
MS but that it may also serve as a surrogate marker for responsiveness to
immunomodulatory therapies.

Overall, NK cells could regulate inflammation and influence self-tolerance at multiple steps.
The above findings caution against a single role for NK cells in different autoimmune
diseases or even during the different stages of the same autoimmune disease. The possible
mechanisms operated by NK cells on autoreactive helper T cells, mainly based on studies in
experimental autoimmune diseases, are summarized in Fig. 2.

NK cell-based therapy in autoimmune diseases
If a defective NK cell function can lead to the emergence and progression of autoimmune
diseases, approaches that restore and boost the activity of NK cells should have therapeutic
value. This idea has been tested by administering daclizumab, a humanized mAb directed
against the IL-2Rα chain, resulting in reduced brain inflammation in MS. Therapy with
daclizumab associated with a gradual decline in circulating CD4+ and CD8+ T cells and a
significant expansion of CD56bright NK cells in vivo, and this effect correlated with
treatment responses (32). Similarly, the administration of a humanized IL-2R blocking
antibody induced a 4–20 fold expansion of CD56bright regulatory NK cells which secreted a
large quantity of IL-10, with beneficial effects on the remission of uveitis (33,34).

Conclusion
It is conceivable that our ability to harness NK cells for therapeutic purposes may depend on
a better understanding of the biology of these cells and their relationship to autoimmunity.
Specifically, the identification of new NK receptors and ligands may offer more tools to
manipulate the balance between the inhibitory and activating signals for NK cells. Also the
discovery of molecules that affect the sensitivity of target cells to NK cell-mediated activity
can allow better manipulation of NK cell-based immune intervention. Progresses in these
areas will likely result in clinical advances that could possibly improve the management of
certain autoimmune conditions.
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Fig. 1. Phenotype of human NK cells
Human NK cells can be classified functionally as cytotoxic- and cytokine producing-NK
cells. Cytotoxic NK cells are CD16highCD56dim. These cells express higher levels of KIR
and lower levels of NKG2A, they bear receptors for IL-2/IL-15Rβ and γc, do not have α
chains. In contrast, cytokine producing-NK cells are CD16dim/negCD56birght, they express
lower levels of KIR and higher levels of NKG2A. In addition to IL-2/IL-15Rβ and γc, these
NK cells also express IL-2 Rα (Fig 1).
Both cytotoxic- and cytokine-producing NK cells can amplify innate immune responses by
releasing inflammatory mediators and by lysing antigen presenting cells and infected or
transformed cells. Subsequently, NK cells may promote or inhibit adaptive immune
responses (see details in Fig. 3).
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Fig. 2. Putative mechanisms by which NK cells promote or inhibit autoreactive T cells
NK cells can produce factors that determine the differentiation of naïve T cells into cells
with Th1- or Th2-cell phenotypes, thus impacting the development of autoimmune
responses (35–38). NK cells and antigen-presenting cells (APCs) can reciprocally activate
each other through cytokine production by both cell types and via co-stimulatory
interactions (39–45). For example, NK cell-activated dendritic cells may synergize with NK
cell-derived helper signals to instruct the generation of autoreactive Th1 cells (44). NK cells
may also directly promote the generation of autoreactive T cells through the co-stimulatory
molecules OX40 or 2B4 on APCs induced by NK cells (46,47). Finally, some NK cells
express antigen presentation machinery (such as MHC class II molecules) and can directly
activate T cells (48,49). On the other hand, NK cells produce regulatory cytokines or can
directly kill APCs (39) and autoreactive T cells (49,50); they may also act in concert with
NKT cells and/or CD4+CD25+ regulatory T cells. These actions could lead to silencing of T
cell responses and limit the inflammatory damage. The decision for promotion or inhibition
is probably dependent on the stage of immunity and the specific organ system. The killing of
target cells provides antigen that can fuel APC and drive T/B cell responses. The cytokine
produced by NK cells may facilitate naïve T cells to differentiate into Th1, Th2 or Th-17.
Once infection is contained, it is necessary to taper the immune response to avoid
autoimmunity. NK cells may have evolved to assist the immune system to achieve this goal
by killing APC and/or T cells, collaborating with Treg cells and NKT cells.
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Fig. 3. NK cell degeneration in patients with autoimmune diseases
Flow cytometry analysis of NK cell subpopulations in treatment naïve patients with multiple
sclerosis and myasthenia gravis. The dot plot figures using peripheral blood mononuclear
cells indicate that CD16, CD56 and CD57 positive NK cells are significantly reduced in
patients compared with healthy subjects.
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