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Rapid onset of acute inflammation is a hallmark of critical illnesses that bring patients to the intensive care unit
(ICU). In critical illness, innate T cells rapidly reach full activation and drive a robust acute inflammatory
response. As “cellular adjuvants,” innate T cells worsen inflammation and mortality in several common critical
illnesses including sepsis, ischemia-reperfusion injury, stroke, and exacerbations of respiratory disease.
Interestingly, innate T cell subsets can also promote a protective and anti-inflammatory response in sepsis,
ischemia-reperfusion injury, and asthma. Therapies that target innate T cells have been validated in several

models of critical illness. Here, we review the role of natural killer T (NKT) cells, mucosal-associated invariant T
(MAIT) cells and y8 T cells in clinical and experimental critical illness.

1. Introduction

Patients with critical illness are admitted to the intensive care unit
(ICU) and have the highest mortality rates of hospitalized patients.
Indeed, 10 to 15% of patients admitted to the ICU die during admission,
with higher mortality rates for septic shock, severe acute respiratory
distress syndrome (ARDS), cardiac arrest, stroke and cardiovascular
events (Table 1) (Zimmerman et al., 2013). Other common reasons for
admission to the ICU include organ transplantation, acute exacerba-
tions of asthma and chronic obstructive pulmonary disease (COPD), and
sickle cell crisis. Critical illnesses typically have an acute onset and
rapidly progress to life-threatening illness, often within mere hours.
This acute time frame suggests a role for innate T cells in critical illness,
since innate T cells can reach full activation within hours of stimulation
and are master regulators of the early innate immune response
(Brennan et al., 2013). Innate T cells include Natural Killer T (NKT)
cells, Mucosal Associated Innate T (MAIT) cells, and y8 T cells. Innate T
cells are a subset of T cells distinct from the more commonly studied
adaptive (i.e., “conventional”) T cells (Cohen et al., 2013). Adaptive T
cells respond to specific peptide antigens and generate long-lived
memory responses. By contrast, innate T cells respond to a limited re-
pertoire of non-peptide antigens in short-term responses that do not
lead to memory. Here, we will review the role of NKT cells and MAIT
cells in clinical and experimental critical illness, with limited discussion
of y8 T cells.

1.1. NKT cells

NKT cells recognize glycolipid antigens presented by CD1d, a
homologue of MHC I (Cohen et al., 2009). NKT cells recognize micro-
bial antigens (e.g., diacylglycerol-containing glycolipids from Strepto-
coccal pneumonia (Kinjo et al., 2011)), endogenous antigens, and
synthetic antigens (e.g., analogues of a-glucosylceramide [aGalCer]
(Kawano et al., 1997)). NKT cells are divided into two subsets, invariant
(type 1) NKT cells and diverse (type 2) NKT cells. All invariant NKT
(iNKT) cells share the same antigen specificity, which is why iNKT cells
are much easier to study than diverse NKT cells. aGalCer is the cano-
nical lipid antigen that will strongly activate all iNKT cells. In line with
this shared antigen specificity, iNKT cells all express the same invariant
T cell receptor (TCR) a chain: Va24-Jal8 in humans and Val4-Jal8 in
mice.

Although a strong lipid antigen alone will activate NKT cells, most
microbes do not have an antigen for NKT cells. In most infectious and
non-infectious models, NKT cells are activated by inflammatory cyto-
kines (IL-12 or IL-18) paired with a weak endogenous antigen (Brigl
et al.,, 2011). Typically, the endogenous antigen for iNKT cells is not
identified in a particular disease model. Endogenous mammalian anti-
gens that can activate iNKT cells include a-galactosylceramide (Kain
et al,, 2014), a-glucosylceramide (Brennan et al., 2014), and iso-
globotrihexosylceramide (Zhou et al., 2004). After activation, NKT cells
produce copious cytokines which trans-activate other immune cells
(e.g., neutrophils, macrophages, B cells, T cells and others). NKT cells
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Table 1
Critical illnesses with innate T cell involvement. Diseases with greater than 10%
mortality rate in the ICU are in boldface.

Sepsis

Burn injury

Acute respiratory distress syndrome (ARDS)

Cardiac arrest and resuscitation

Ischemia-reperfusion injury (kidney, liver, lung)

Stroke

Asthma exacerbation

Chronic Obstructive Pulmonary Disease (COPD) exacerbation
Sickle cell crisis

express cytotoxic molecules (e.g., perforin), but the amplification of the
cytokine response by NKT cells overshadows their cytotoxic effects
(Brennan et al., 2013). Like adaptive T cells, iNKT cells can be divided
into functional subsets based on their cytokine production: NKT1
(IFNy), NKT2 (IL-4), NKT10 (IL-10), NKT17 (IL-17) and NKTgy (folli-
cular helper) (Kim et al., 2015a,b,c). While cell surface markers have
some inexact correlation to functional groups, assessment of cytokine
production or transcription factors (e.g., t-bet in NKT1) is the best way
to identify these subsets.

In mice, the NK cell marker NK1.1 is not a sufficient marker for NKT
cells. In C57Bl/6 mice, there are NK1.1" T cells that do not recognize
CD1d and thus are not NKT cells. Also, there are NK1.1~ NKT cells.
Furthermore, certain strains of mice, such as Balb/c, do not stain with
anti-NK1.1 antibody. For humans, the NK cell marker CD56 is not a
sufficiently specific marker for NKT cells. The gold standard is identi-
fying iNKT cells by flow cytometry with a fluorochrome-conjugated
CD1d tetramer loaded with the lipid antigen aGalCer that will bind the
TCR of iNKT cells. Immunohistology with CD1d tetramers is possible
but challenging (King et al., 2013). iNKT cells can also be identified by
a fluorochrome-conjugated monoclonal antibody (mAb) against the
invariant TCR (Montoya et al., 2007). Diverse NKT (dNKT) cells are
more difficult to identify and study than invariant NKT cells. Since
dNKT cells have different TCRs and antigen specificities, there is also no
anti-TCR mAb or antigen-loaded CD1d tetramer that will recognize all
dNKT cells. Sulfatide (sulfogalactosylceramide) is a prominent example
of an endogenous lipid antigen presented by CD1d that activates a
subset of dNKT cells. Sulfatide has a sulfate group at the 3’ position of
the galactose headgroup. However, unlike the a-linked headgroup of
aGalCer, sulfatide has a f-linked galactose headgroup. In additional,
sulfatide and aGalCer differ in their ceramide lipid backbones (Zajonc
et al., 2005). Experimental tools include the anti-CD1d mAb that blocks
activation of all NKT cells and cd1d knock-out (CD1d KO) mice that lack
all NKT cells (invariant and diverse). Jal8 knock-out (Jal8 KO) mice
lack the invariant TCR a chain required by invariant NKT cells, so Ja18
KO mice lack invariant NKT cells but still have diverse NKT cells.

1.2. MAIT cells

MAIT cells have an invariant TCR a chain comprised of Va7.2 and
Ja33 segments. MAIT cells share antigen specificity for riboflavin (vi-
tamin B2) and folic acid metabolites presented by MR1, a homologue of
MHC I (Kjer-Nielsen et al., 2012). MAIT cells are activated by bacteria
with these synthetic pathways, such as Enterobacter and Salmonella. Just
as the aGalCer antigen activates iNKT cells, the riboflavin metabolite 5-
OP-RU (5-2-oxopropylideneamino-6-D-ribitylaminouracil) activates
MAIT cells. Tetramers of MR1 molecules loaded with 5-OP-RU identify
MAIT cells by flow cytometry. MAIT cells are often identified as
Va7.2*CD161% T cells, although this subset can include some T cells
that are not MAIT cells. The folate metabolite 6-formylpterin (6-FP) is
generally an inhibitory antigen for MAIT cells, but 6-FP can activate a
subset of MAIT cells (Gherardin et al., 2016). MAIT cells are generally
CD4~CD8* or CD47CD87, although CD4"CD8~ MAIT cells exist
(Reantragoon et al., 2013). Like NKT cells, MAIT cells can be activated
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by the inflammatory cytokines IL-12 and IL-18 without strong TCR
activation by the MR1-antigen complex. Therefore, microbes like My-
cobacterium that do not produce the riboflavin or folate metabolite
antigens can still activate MAIT cells (Chua et al., 2012). The functional
subsets of NKT cells do not map directly to MAIT cells. Most im-
portantly, the transcriptional factor RORyt is limited to NKT17 cells,
but most MAIT cells express RORyt and can produce IL-17 (Rahimpour
et al.,, 2015). However, some functional subsets do overlap. For ex-
ample, adipose tissue is enriched for both NKT10 cells and MAIT cells
producing IL-10 (Carolan et al., 2015).

1.3. Tissue distribution

After developing in the thymus, innate T cells migrate to peripheral
tissues (Table 2). Since they reside in the periphery, innate T cells are
well positioned to respond early to infections and cause end-organ in-
flammation in critical illness. Unlike adaptive T cells, NKT cells and
MAIT cells do not have a large presence in lymph nodes. MAIT cells are
by far the most abundant innate T cell in humans. MAIT cells represent
as much as 10% of circulating T cells and 25% of hepatic T cells. By
contrast, iNKT cells are rare in humans (i.e., 0.01 to 0.5% of circulating
T cells). In the opposite ratio as humans, mice have much greater
numbers of NKT cells and few MAIT cells. In mice, NKT cells comprise
30% of hepatic T cells, and MAIT cells are less than 1%. These baseline
cell numbers can change dramatically as innate T cells proliferate,
migrate or undergo apoptosis during illness (Chiba et al., 2008). For
example, although there are few MAIT cells in murine lung at baseline,
MAIT cells accumulate markedly in the lung during experimental bac-
terial pneumonia due to Klebsiella (Georgel et al., 2011), Salmonella
(Chen et al., 2017b), and F. tularensis (Meierovics and Cowley, 2016).

Being abundant in humans, MAIT cells are of particular interest in
clinical studies; and NKT cells are a greater focus in mouse models.
However, both cell types merit study in both clinical and experimental
disease. For example, the relatively few iNKT cells in humans can have
an outsized impact since all iNKT cells can be activated in concert by
the same antigen or stimulus. To illustrate this point, we note that a
very small fraction of adaptive T cells will respond to a given illness. For
example, among patients with immunity to influenza, influenza-specific
adaptive T cells were undetectable in half of the patients or averaged
just 0.2% of T cells if detected at all (Boon et al., 2002). However, this
small fraction of adaptive T cells is often sufficient to mount a robust
response if a patient re-encounters this influenza strain. This analogy
suggests that iNKT cells, even if only 0.2% of T cells in a patient, may
still drive a significant response since all the iNKT cells could be acti-
vated in concert.

2. Sepsis

Sepsis is life-threatening organ dysfunction caused by a dysregu-
lated host response to infection (Singer et al., 2016). Sepsis affects over
two million patients in the U.S. each year (Gaieski et al., 2013). In the
ICU, sepsis accounts for 30% of admissions worldwide and has a mor-
tality rate of 25% (Vincent et al., 2014). Survival of clinical sepsis is
improving due to earlier recognition and aggressive supportive treat-
ment. However, improved clinical outcomes have been unable to keep
pace with a rising incidence owing to an aging population with in-
creased medical comorbidities (Gaieski et al., 2013; Iwashyna et al.,
2012). Early activation of both pro- and anti-inflammatory processes
occur following infection in patients with sepsis. While pro-in-
flammatory mediators serve to combat and contain microbial invaders,
the over-exuberant early immune response in septic patients causes
collateral tissue damage and mortality. However, sepsis also causes
immunosuppression that impairs clearance of the primary infection and
creates susceptibility to secondary nosocomial infections (Hotchkiss
et al., 2013). Innate T cells, as critical intermediaries bridging innate
and adaptive immune responses, contribute to the unbalanced immune
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Distribution of innate T cells at baseline. The number of diverse NKT cells is difficult to assess.

Percentage of all T cells

Peripheral blood Liver Lung
Antigen Antigen Human Mouse Human Mouse Human Mouse
presenting
molecule
iNKT | Glyco- CD1d 0.01-0.5% 0.2-0.5% | <4% 30% <0.1% 5-10%
cells sphingolipid
(Kenna et (Eberl et al., | (Kenna et (Eberl etal., | (Konishiet  (Scanlon et
al., 2003; 1999) al., 2003; 1999; al., 2004) al., 2011;
Kita et al., Kita et al., Matsuda et Thomas et
2002) 2002) al., 2000; al., 2011)
Thomas et
al., 2011)
MAIT | Vitamin B2 | MR1 1-10% 0.1% 9%-25%  <1% 0.2-10% 3%
cells derivative
(Dusseaux et  (Rahimpour (Dusseaux et (Rahimpour | (Hinks et al., (Rahimpour
al., 2011; etal,2015; | al,2011; etal., 2015) | 2016) etal., 2015)
Tangetal,  Tilloyetal, | Tangetal,
2013; van 1999) 2013; van
Wilgenburg Wilgenburg
etal., 2016) etal., 2016)
v8T | Largely Largely | 1-8% 05-4% | 5-10% 10-20% | 1-5% <5%
cells unknown not
known (Grohetal.,, (Funda et (Kenna et (Ohteki et (Ponsetal,, (Uezuetal.,
1989; Kenna al., 1995) al., 2004; al., 1991) 2005; 2004; Wu et
et al., 2004; Tang et al., Urboniene et al., 2017)
Parker, 2013) al., 2013)
1990; Tang
et al., 2013)

response underlying the sepsis syndrome (Szabo et al., 2015). Apart
from its effect on septic immunopathology, innate T cells also play key
roles in clearance of primary infections, which has been reviewed ex-
tensively elsewhere (Chandra and Kronenberg, 2015; Cohen et al.,
2009).

2.1. NKT cells in sepsis

During clinical sepsis, patients have increased circulating iNKT
cells, both in absolute number and as a percentage of T cells. This in-
crease in iNKT cell number may reflect mobilization or proliferation,
both of which are seen in mouse models of infection. Increased per-
centages of iNKT cells correlated with mortality in geriatric patients in
two sepsis studies (Anantha et al., 2014; Heffernan et al., 2013);
however, this has not been a universal finding (Grimaldi et al., 2014). A
prominent experimental model of sepsis is cecal ligation and puncture
(CLP), in which the cecum is ligated and punctured with a needle. CLP
causes a steady leak of intestinal contents and bacterial peritonitis. In
the CLP model, hepatic iNKT cells are activated (as shown by increased
surface expression of CD69 and CD25 (Hu et al., 2009)) and migrate to
the peritoneum (Heffernan et al., 2013). CD1d blocking mAb (Rhee
et al., 2003) and Jal18 KO mice (Hu et al., 2009) demonstrated that
iNKT cells worsen survival in the CLP model of sepsis. Another study of
CLP sepsis using CD1d KO mice showed that NKT cells had no effect on
mortality (Etogo et al., 2008). Possible explanations include a role for
diverse NKT cells, microbiome, or CLP technique. In the LPS sepsis
model, our laboratory has found that some effects of NKT cells are seen
in moderate sepsis but lost in very severe sepsis. Similarly, the worse
severity of sepsis in the study by Etogo et al. may have masked the
effect of NKT cells. Etogo et al. had 100% mortality by 24 h, compared
to 20% mortality by 24 h for Hu et al.

Several mechanisms contribute to the maladaptive role of iNKT cells
in sepsis. In experimental sepsis, iNKT cells drive systemic expression of
inflammatory cytokines (e.g., IL-6, TNFa, and IFNy) and chemokines
(e.g., MCP-1). iNKT cells also drive increased levels of the anti-in-
flammatory cytokine IL-10, which may be a response to increased in-
flammation (Hu et al., 2009; Kim et al., 2014; Rhee et al., 2003). iNKT

cells themselves produce cytokines and, more importantly, stimulate
cytokine production by other innate immune cells (Hu et al., 2009).
Multiple inputs regulate iNKT cells in sepsis. PD-1 is required for iNKT
cell migration to the peritoneum in the CLP model (Heffernan et al.,
2013). Complement C5a increases the recruitment and activity of iNKT
cells in sepsis (Fusakio et al., 2011; Klos et al., 2009). Blockade of C5a
reduced mortality in septic wild-type mice, but not in CD1d KO mice
(Kim et al., 2014). C5a and iNKT cells may have a positive feedback
loop, as iNKT cells contribute substantially to C5a production during
sepsis (Kim et al., 2014). iNKT cells also worsen outcomes in LPS sepsis.
In the Schwartzman reaction, Ja18 KO mice primed with a first dose of
LPS are resistant to death from a second dose of LPS compared to wild-
type mice (Dieli et al., 2000). In addition, activating iNKT cells with
aGalCer antigen increases the susceptibility of wild type mice to LPS-
mediated death (Ito et al., 2006).

These studies suggest that inhibiting or reprogramming iNKT cells
may improve outcomes in acute sepsis. One strategy is treatment with
exogenous antigen or cytokine to skew iNKT cell responses. OCH is an
altered glycolipid antigen that skews iNKT cells toward a NKT2 cyto-
kine profile (i.e., IL-4) (Miyamoto et al., 2001; Yu et al., 2005). Treat-
ment with OCH prolonged survival in a mouse model of intraabdominal
sepsis (Anantha et al., 2014). Treating patients with NKT cell antigens
may be feasible, as cancer patients have been treated safely with
aGalCer, although sepsis is certainly a different clinical context (Kunii
et al., 2009; Motohashi et al., 2009). Treatment with IL-30 (a subunit of
IL-27 in the IL-12 family) improved survival in LPS and CLP sepsis by
skewing iNKT cells toward increased IL-10 and decreased IFNy and
TNFa production (Yan et al., 2016). Another strategy is modulating
immune checkpoint receptors on innate T cells, such as the inhibitory
immune checkpoint receptor Tim-3. After treatment with galectin-9 (an
agonist of Tim-3), mice expand their splenic iNKT cell population.
Treatment with galectin-9 decreased inflammatory cytokines and im-
proved survival in the CLP model, but it is not certain that this effect is
mediated by NKT cells (Kadowaki et al., 2013). If the protective effect
of galectin-9 was mediated by iNKT cells, it would not be clear whether
galectin-9 treatment expanded a beneficial iNKT cell subset or simply
inhibited the function of a pathogenic subset. Confusingly, treatment
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with an inhibitor of Tim-3 signaling (a-lactose) also increased the
number of iNKT cells and attenuated the levels of inflammatory cyto-
kines (Yao et al., 2017). Adoptive transfer of Tim-3-deficient NKT cells
might help clarify the relationship between immune checkpoint therapy
and iNKT cells. Like NKT cells, MAIT cells also upregulate surface ex-
pression of immune checkpoint molecules, like LAG-3, TIM-3 and PD-1,
in sepsis models (Shaler et al., 2017). Investigation of innate T cells and
immune checkpoint therapy in sepsis is very topical, since clinical trials
of PD-1/PD-L1 blockade are underway in sepsis. An alternative strategy
is activating an anti-inflammatory subset of innate T cells like sulfatide-
reactive diverse NKT cells. In S. aureus sepsis, treatment with sulfatide
antigen activated diverse NKT cells, decreased production of in-
flammatory cytokines and improved survival of mice in a CD1d-de-
pendent manner (Kwiecinski et al., 2013).

2.2. MAIT cells and 8 T cells in sepsis

Compared to NKT cells, much less is known about MAIT cells in
sepsis. There is a marked reduction of MAIT cells in circulation in septic
patients compared to non-infected critically ill and healthy control
patients. A persistent reduction in MAIT cell number was associated
with the development of secondary infections (Grimaldi et al., 2014).
Interpreting the decreased number of circulating MAIT cells is difficult,
as this change could reflect trafficking of MAIT cells to end-organs or
apoptosis. In vitro studies of human cells and humanized mice show
that MAIT cells are a dominant source of inflammatory cytokines (i.e.,
IFNy and TNFa) after exposure to bacterial super-antigen (Shaler et al.,
2017). This model may have relevance to toxic shock or a subset of
sepsis.

In clinical sepsis, y8 T cells are activated with increased surface
expression of CD69 and HLA-DR (Matsushima et al., 2004). Like MAIT
cells, y8 T cells are decreased in number in the peripheral circulation by
as much as 80% (Andreu-Ballester et al., 2013; Heffernan et al., 2013;
Venet et al., 2006). Like MAIT cells, it is unclear whether this decrease
in circulation reflects migration to end-organs, cell death or difficulty in
detection. Lower y8 T cell numbers correlated with more severe clinical
sepsis and worse mortality (Andreu-Ballester et al., 2014; Andreu-
Ballester et al., 2013). This reduction in y8 T cells was also seen in non-
infected critically ill patients, and any causal relationship between y8 T
cells and clinical sepsis remains to be determined (Grimaldi et al., 2014;
Matsushima et al., 2004). In the CLP model of experimental sepsis, y8 T
cell were activated and their numbers increased in spleen, gut epithe-
lium and lung (Chung et al., 2006; Costa et al., 2015). In the CLP model
of sepsis, y8 T cell-deficient mice had decreased inflammatory cytokines
and improved survival (Chung et al., 2006; Costa et al., 2015). A key
question is what subsets of y8 T cells are important in sepsis. y8 T cell
subsets with different gamma chain subunits in their TCR often have
distinct functions. One study suggested that the Vy4™ subset of y§ T
cells drives inflammation and mortality in sepsis (Costa et al., 2015).

2.3. Post-sepsis and post-burn injury immunosuppression

Previously healthy patients can become profoundly im-
munocompromised after sepsis or trauma (Church et al.,, 2006;
Hotchkiss et al., 2013). After recovering from the early, inflammatory
phase of sepsis, patients become susceptible to secondary infections,
including opportunistic infections that would not infect a healthy host,
such as candidemia or ventilator-associated pneumonia due to Steno-
trophomonas. Mechanisms of post-sepsis immunosuppression include
anti-inflammatory  cytokines (e.g., IL-4 or IL-10) and im-
munosuppressive cells like regulatory T cells and myeloid derived
suppressor cells (MDSCs) (Delano et al., 2007; Hotchkiss et al., 2013;
Uhel et al., 2017; Venet et al., 2006; Wisnoski et al., 2007). The role of
innate T cells in post-sepsis immunosuppression is poorly understood
and is a focus of our laboratory. We have established that iNKT cells
drive post-sepsis immunosuppression and susceptibility to secondary
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candidemia via novel mechanisms (Kim et al., 2017).

Trauma due to burn injury is often complicated by hospital-acquired
secondary infection. Severe burn injury requires intensive care for
wound management, hemodynamic abnormalities, fluid imbalance,
respiratory failure, and multi-system organ failure. Burn injury triggers
an early systemic inflammatory response and post-burn
munosuppression (Church et al., 2006). In the dorsal scalding model of
burn injury, murine iNKT cells producing IL-4 drove post-burn im-
munosuppression (Faunce et al., 2003; Palmer et al., 2006). Adoptive
transfer of iNKT cells from post-burn mice into healthy recipient mice
showed that post-burn iNKT cells suppressed adaptive T cell function
(as measured by delayed hypersensitivity and cytokine production)
(Palmer et al., 2006). As a possible therapeutic strategy, treatment with
aGalCer after burn injury drove iNKT cells towards IFNy (and away
from IL-4) and prevented post-burn immunosuppression (Tulley et al.,
2008). Although iNKT cells drive immunosuppression after sepsis and
burn injury, iNKT also can alleviate immunosuppression in other con-
texts. After influenza infection, iNKT cells improve immunocompetence
by “suppressing the suppressor.” In experimental influenza infection,
iNKT cells reduce the immunosuppressive activity of MDSCs (De Santo
et al., 2008). The role of MAIT cells in post-sepsis or burn im-
munosuppression is undefined and a potential area of study.

im-

3. Acute respiratory distress syndrome

Acute respiratory distress syndrome (ARDS) is a common diagnosis
in the ICU and has 40% mortality (Bellani et al., 2016). ARDS is acute
and diffuse lung injury that causes poor oxygen and carbon dioxide
exchange. A wide variety of insults can trigger ARDS, such as lung in-
jury due to pneumonia or aspiration pneumonitis; systemic illness such
as sepsis, burn injury or trauma; and abdominal processes such as acute
pancreatitis or abdominal surgery. Several mouse models of ARDS exist.
In a direct injury model, mice are treated with intra-tracheal or aero-
solized LPS. Intravenous LPS sepsis can also lead to ARDS. In both
models, iNKT cells are not necessary for lung injury. However, iNKT
cells do have the capacity to worsen ARDS, as treatment with aGalCer
exacerbated ARDS. In the LPS models, activation of iNKT cells with
aGalCer increased levels of IFNy and TNFa, increased cellular in-
filtrates and worsened respiratory failure (Aoyagi et al., 2011; Ito et al.,
2006). In the inhaled LPS model, iNKT cells trans-activated NK cells and
Ly6c+ macrophages to produce IFNy. This NKT cell-IFNy axis also
suppressed recruitment of protective regulatory T cells producing IL-10
(Toyama et al., 2018).

In the mouse model of aGalCer followed by intravenous LPS sepsis,
there was little hepatic injury despite the large native population of
iNKT cells in the liver. One study argues that the liver is protected
because hepatic iNKT cells produce the anti-inflammatory cytokines IL-
4 and IL-10 in addition to IFNy, whereas pulmonary iNKT cells only
produce IFNy (Dagvadorj et al., 2010). Overall, given that iNKT cells
have no effect in experimental ARDS unless pre-treated with aGalCer,
the significance of iNKT cells in acute lung injury is unclear. One future
direction is testing the ventilator-induced lung injury model, which
simulates an important aspect of clinical ARDS and may have a dif-
ferent immunopathology than LPS.

4. Ischemia-reperfusion injury

Ischemia-reperfusion injury (IRI) underlies several critical illnesses.
Cardiac arrest followed by cardiopulmonary resuscitation (CPR) can be
considered “global IRL.” Our laboratory is the first group to investigate
the role of innate T cells in cardiac arrest. We have discovered that
sulfatide-specific dNKT cells are protective after cardiac arrest and re-
suscitation (Kim et al., 2015a). Examples of organ-specific IRI include
stroke or myocardial infarction (i.e., “heart attack”) if the clot in the
cerebral or coronary artery is cleared by treatment. Organ transplan-
tation is another scenario for IRI. Here, the donated organ is ischemic
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for hours prior to implantation in the recipient patient. After direct
damage from ischemia, reperfusion brings inflammation that causes
additional injury. IRI models also may give insight into hypotensive
injury due to sepsis or hemorrhagic shock. In sepsis or shock, organs
experience relative ischemia followed by reperfusion as normal blood
pressures are restored.

4.1. Renal, hepatic and lung ischemia-reperfusion injury

To model organ-specific IRI, the feeding artery to an organ (e.g.,
renal artery) is clamped for short periods of time (e.g., 30 min). Then
the clamp is opened, and the organ is reperfused. iNKT cells worsen
injury in renal (Li et al., 2007a, 2007b; Zhang et al., 2016), hepatic
(Kazuhiko et al., 2005; Kuboki et al., 2009; Lappas et al., 2006), and
lung (Sharma et al., 2013, 2011) IRL iNKT cells appear in the kidney as
early as 30 min after IRI (Li et al., 2007a, 2007b)). In hepatic IRI, iNKT
cell numbers peak in the liver at 12 h after reperfusion (Kazuhiko et al.,
2005). iNKT cells drove injury via IFNy in both renal and hepatic IRI
(Lappas et al., 2006; Li et al., 2007a, 2007b). Interestingly, iNKT cells
drove neutrophils to produce significant amounts of IFNy in renal IRI
(Li et al., 2007a, 2007b). While renal and hepatic IRI was driven by
IFNy, iNKT cell-dependent lung IRI was caused by IL-17 A and neu-
trophils (Sharma et al., 2011). Several pathways regulate iNKT cells in
IRL. The receptor for advanced glycation end products (RAGE) increases
production of IL-17 A by iNKT cells and worsens injury (Sharma et al.,
2013). On the protective side, hypoxia-inducible factor (HIF)-2a in-
creases expression of protective adenosine A,5 receptor on NKT cells
(Lappas et al., 2006; Zhang et al., 2016).

Earlier studies did not investigate the role of diverse NKT cells. On
closer inspection, dNKT cells can protect against IRI and oppose the
injury caused by iNKT cells. Sulfatide-reactive dNKT cells protect
against IRI in brain, liver and kidney. Intriguingly, sulfatide lipid is
highly enriched in brain myelin and is also found in kidney and, to a
lesser extent, liver (Mirzaian et al., 2015). Sulfatide-reactive dNKT cells
reduced brain injury in our laboratory’s study of experimental cardiac
arrest and resuscitation (Kim et al., 2015a). Similarly, activating dNKT
cells with sulfatide before IRI protected against kidney and hepatic
injury (Arrenberg et al., 2011; Yang et al., 2011). In renal IRI, dNKT
cells protected by increasing levels of IL-10, which upregulated HIF-1a.
In hepatic IRI, dNKT cells reduced levels of IFNy and inflammation. The
role of sulfatide-specific dNKT cells is undefined in clinical IRI. The
study of sulfatide-specific innate T cells is more complicated in clinical
disease. Unlike in the mouse, sulfatide is reported to activate human
invariant NKT cells (Stax et al., 2017). Furthermore, a subset of y§ T
cells recognize sulfatide lipid presented by CD1d. One study suggested
that the majority of sulfatide-CD1d specific T cells in human circulation
are y8 T cells, although this finding needs further examination (Bai
et al., 2012). y8 T cells could have a role in clinical IRIL. In experimental
IRI, y8 T cells worsened injury in a mouse model of renal IRI
(Hochegger et al., 2007) but had no effect on hepatic IRI (Kuboki et al.,
2009). The role of MAIT cells in IRI remains undefined.

4.2. Stroke

Strokes are either ischemic due to occlusion of a blood vessel or
hemorrhagic from blood vessel rupture. An ischemic stroke can un-
dergo hemorrhagic conversion as the injury evolves. An ischemic stroke
can also involve reperfusion injury if the thrombus is lysed with tissue
plasminogen activator (tPA) or cleared with direct endovascular inter-
vention, which is usually done within the first 4 to 6 h after symptom
onset. The most common mouse model of ischemic stroke is occlusion
of the middle-cerebral artery (MCA). In this mouse model of stroke,
ragl-/-, ifng-/- and prf-/- (perforin-deficient) mice all had reduced brain
infarct size (Liesz et al., 2011; Yilmaz et al., 2006). The involvement of
lymphocytes, IFNy, and perforin suggested a role for innate T cells. IL-
17A-producing v8 T cells worsened stroke injury in one study (Shichita
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et al.,, 2009), although another study showed no role for y8 T cells
(Kleinschnitz et al., 2011). The reasons for this discrepancy are unclear.
CD1d KO mice showed that NKT are not involved in stroke (Wong et al.,
2011).

After surviving the early phase of stroke, patients become more
susceptible to infection. Several clinical trials have tested antibiotic
treatment after stroke to prevent secondary infections, with mixed re-
sults (Shi et al., 2018). NKT cells did not affect brain injury after stroke,
but NKT cells are important in protecting against opportunistic infec-
tions after stroke. NKT cell-deficient mice did have much higher rates of
spontaneous infection after stroke compared to wild-type mice (Sharma
et al., 2011). Shi et al. identified that stroke activated the sympathetic
nervous system in the liver, and this noradrenergic signaling caused
hepatic iNKT cells to become stationary or “pirouet” in place and pre-
sumably become less effective at surveying for infection, as shown by
intra-vital microscopy (Wong et al., 2011). Both blockade of (3-adre-
nergic signaling with propranolol or activation of iNKT cells with
aGalCer antigen protected against post-stroke infection. These inter-
ventions shifted iNKT cells toward production of IFNy and away from
IL-10. The role of MAIT cells in stroke is unknown. More broadly, the
role of all innate T cells in clinical stroke needs to be explored.

5. Acute exacerbation of chronic disease
5.1. Asthma or COPD exacerbation

Acute exacerbation of asthma or chronic obstructive pulmonary
disease (COPD) lead to respiratory failure due to bronchospasm and
increased airway secretions. Patients can require either non-invasive
positive pressure ventilation by mask (NIPPV) or endotracheal intuba-
tion and mechanical ventilation. Aside from glucocorticoid steroids, we
lack effective immunomodulatory therapies for acute exacerbations.
Thus, understanding the immunology of acute exacerbation is a
priority. As proof of principle for iNKT cell involvement, intra-nasal
challenge with the NKT cell antigen aGalCer was sufficient to induce
airway hyper-reactivity and eosinophilia, two hallmarks of allergic
asthma (Meyer et al., 2006). Viral infection (e.g., by respiratory syn-
cytial virus [RSV]) is a common cause of asthma or COPD exacerba-
tions. In our prior work, respiratory infection of mice by Sendai virus (a
relative of RSV) modelled the development of asthma and COPD and
their acute exacerbations. iNKT cells induced chronic production of IL-
13 by macrophages, which lead to life-long goblet cell metaplasia and
airway hyper-reactivity, two hallmarks of asthma and COPD (Kim et al.,
2008). Remarkably, this NKT cell-driven axis first appears one month
after the clearance of the Sendai viral infection. This model represents a
rare example of chronic activation of NKT cells in the absence of re-
peated exogenous stimuli. In the ovalbumin (OVA) model of allergic
asthma, mice are sensitized by intra-peritoneal injection with adjuvant
(e.g., alum) and challenged by repeated intra-nasal or aerosol chal-
lenge. In the OVA model, NKT cells drove Th2-like inflammation (i.e.,
IL-4 and IL-13) and airway hyper-reactivity (Akbari et al., 2003). As in
several other disease models, treatment with sulfatide lipid antigen is a
potential treatment. Sulfatide antigen treatment activated diverse NKT
cells, reduced inflammation and improved disease in the OVA model
(Zhang et al., 2018).

We demonstrated increased iNKT cells and IL-13-producing mac-
rophages in clinical asthma and COPD (Kim et al., 2008). In clinical
asthma, there is keen interest in MAIT cells. One study examined MAIT
cells (TCRVa7.27CD161") and iNKT cells (TCRVa24™) in circulation
in one year old infants in the prospective Urban Environment and
Childhood Asthma (URECA) cohort of infants at high risk to develop
asthma (n = 110). Increased MAIT cell percentages at one year of age
correlated with increased Th1 phenotype in infancy and decreased risk
of developing asthma later in childhood (Chandra et al., 2018). No
correlation was seen with iNKT cells. A second, smaller study suggested
that MAIT cells may have a deleterious role later in life. In older
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asthmatic children (mean age 11 years, n = 11), an increased percen-
tage of IL-17* MAIT cells (TCRVa7.2*CD161%) correlated with in-
creased exacerbations (Lezmi et al., 2018). IL-17* v8 T cells and iNKT
cells did not correlate with exacerbation. Further study is required to
confirm the hypothesis that MAIT cells are protective in infancy but
injurious in older children. If confirmed, one possible explanation is
that, as a child develops disease, the immunological milieu activates
MAIT cells to produce IL-17, which worsens inflammation and drives a
detrimental feedback loop. An intriguing question is the role of innate T
cells in the different subtypes of clinical asthma: IL-17/neutrophilic
asthma, IFNy-predominant severe asthma, or classic Th2-predominant/
allergic asthma.

5.2. Sickle cell crisis

Patients with sickle cell disease have a mutated (-hemoglobin gene.
These patients have intermittent vaso-occlusive episodes causing pain
and chronic damage to multiple organ systems. Sickle cell patients are
admitted to the ICU for acute pain crisis, acute chest syndrome (pul-
monary injury and hypoxemia), or stroke (Kato et al., 2018). Acute care
is supportive, with exchange blood transfusions and glucocorticoid
steroids limited to the most severe situations. Patients with sickle cell
disease have increased numbers of circulating iNKT cells (> 4% of T
cells, versus < 1% in healthy controls). iNKT cells from sickle cell pa-
tients are more activated and produce more IFNy (Wallace et al., 2009),
which suggests a pathogenic role for iNKT cells. A model of sickle cell
disease is the NY1DD mouse, which has human a- and PB5-globin
transgenes and deletion of the mouse (3-globin gene (Fabry et al., 1992).
This mouse model demonstrated that activated iNKT cells are recruited
to the lung and cause lung injury via IFNy. In sickle cell disease, a phase
I clinical trial tested depletion of iNKT cells with the monoclonal an-
tibody NKTT120 that targets the invariant NKT cell TCR (Field et al.,
2017). After a single dose of NKTT120, iNKT cells were not detected in
patients for as long as 5 months. A caveat is, since anti-TCR antibodies
were used to detect iNKT cells, it is possible that the iNKT cells were
present but no longer detected due to internalization of their TCR, al-
though this possibility is less likely weeks and months later. Treatments
used in other critical illnesses, such as altered antigens to skew behavior
or antigens activating protective subsets, may also apply to sickle cell
disease.

6. Chronic disease

In addition to driving acute illness, innate T cells are implicated in
the chronic diseases that are risk factors for critical illness. A common
diagnosis in the ICU is diabetic ketoacidosis (DKA)—a crisis for diabetic
patients with severe metabolic acidosis, hyperglycemia and electrolyte
derangement requiring intravenous insulin infusion and fluids. Innate T
cells may be involved in the development of the underlying metabolic
syndrome and diabetes mellitus. iNKT cells are protective in experi-
mental diabetes (Beaudoin et al., 2002; Biden et al., 2014) and obesity
(Lynch et al., 2012). MAIT cells are reduced in circulation at the onset
of clinical type 1 diabetes (Rouxel et al., 2017), type II diabetes, and
severe obesity (Magalhaes et al., 2015). Future studies may delineate
whether MAIT cells are predominantly pathogenic (e.g., leaving circu-
lation to infiltrate and damage the pancreas) or protective (and thus
reduced in number at the onset of disease). Hepatic failure due to cir-
rhosis (i.e., hepatic fibrosis) is a major risk factor for critical illness.
Cirrhotic patients are susceptible to sepsis (including opportunistic in-
fections like candidemia) and catastrophic gastrointestinal hemorrhage.
In mouse models of hepatic disease, iNKT cells are pathogenic, and y8 T
cells are protective (Hammerich et al., 2014). However, given the many
etiologies of cirrhosis (e.g., alcohol abuse, steatohepatitis, and hepatitis
C infection), the role of innate T cells is likely complicated. Innate T
cells may modulate the underlying cardiovascular disease that leads to
myocardial infarction, heart failure and stroke. In several studies, iNKT
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cell-deficient mice are protected against atherosclerosis (Nakai et al.,
2004; Rogers et al., 2008; VanderLaan et al., 2007). Finally, oncology
patients are susceptible to sepsis due to immunosuppression from ma-
lignancy or chemotherapy. Innate T cells can be protective and aid
tumor surveillance (Godfrey et al., 2018), or innate T cells can drive
tumor-associated ~ immunosuppression  (Izhak et al., 2013;
Renukaradhya et al., 2008). Oncology patients are developing novel
critical illnesses due to complications of immunotherapies like immune
checkpoint therapy or chimeric antigen receptor T (CAR-T) cells. Future
studies could investigate whether secondary activation of innate T cells
occurs during adverse reactions to these new therapies.

7. Discussion

Clinical and experimental studies have implicated innate T cells in
most of the critical illnesses that bring patients to the ICU (Table 1). In
line with their role as “cellular adjuvants,” innate T cells worsen critical
illness by coordinating harmful inflammatory responses. In experi-
mental models, iNKT cells drive IFNy production that worsen outcomes
in sepsis, post-sepsis immunosuppression, kidney and liver ischemia-
reperfusion injury, sickle cell crisis and possibly ARDS. NKT cell-
mediated IL-17 worsens lung ischemia-reperfusion injury. IL-13 drives
asthma and COPD exacerbations (Fig. 1A). y8 T cells worsen sepsis and
stroke via IFNy or IL-17 A, respectively (Fig. 1B). Innate T cells also
have pathogenic anti-inflammatory effects, as in post-burn im-
munosuppression caused by NKT cell-driven IL-4 production (Fig. 1A).
Thus, innate T cells are attractive targets for therapeutic intervention.
Several approaches can modify the behavior of pathogenic innate T
cells. Exogenous treatment with altered lipid antigens (e.g. OCH), cy-
tokines (e.g., IL-30) or immune checkpoint modulators (e.g., Tim-3 li-
gands) skew iNKT cell towards anti-inflammatory cytokines and im-
prove outcomes in sepsis (Fig. 2A). In the opposite scenario, treatment
with aGalCer activates iNKT cells to produce IFNy and ameliorate post-
burn and post-stroke immunosuppression (Fig. 2B). Alternatively, one
can activate a protective innate T cell subset. Treatment with sulfatide
lipid antigen activates dNKT cells and improves outcomes in sepsis,
ischemia-reperfusion injury and asthma exacerbation (Fig. 2C).

There are several challenges unique to studying critical care medi-
cine. A major technical challenge for experimental models is the com-
plexity of critical care in the ICU. For example, septic patients are often
intubated for mechanical ventilation, on continuous intravenous infu-
sions of vasopressors to raise their blood pressure and on hemodialysis.
Very few laboratories can replicate that level of supportive care. Thus,
ICU patients experience a severity of systemic illness that is usually not
modelled in the laboratory. For example, we faced the challenge of
modeling the “two hits” of post-sepsis immunosuppression: primary
sepsis followed by secondary, opportunistic infection. Without the
benefit of continuous mechanical ventilator or vasopressors, we needed
severe sepsis with 100% survival that allowed the subsequent challenge
with a secondary infection. In this case, we opted for the model of LPS
sepsis rather than cecal ligation and puncture (CLP). Since LPS sepsis is
more transient than the CLP model, LPS sepsis titrated to 100% survival
had a worse “peak illness” than the CLP model titrated to 100% sur-
vival. As a trade off, we lost the sustained illness of the CLP model.
While not practical, a miniature murine ICU would be an ideal way to
model the later complications of sepsis like immunosuppression or
ARDS. A second technical challenge is that most clinical studies are
limited to the peripheral circulation. However, innate T cells primarily
reside in end-organs, so the peripheral circulation gives a very limited
picture of human innate T cell function. Obtaining tissue from critically
ill patients is a challenge. Routine research protocols, like broncho-
scopic biopsies, are less feasible in critically ill patients. Possible op-
tions for tissue analysis include explanted organs after organ trans-
plantation, post-mortem examinations, or novel imaging like immuno-
positron emission tomography (immuno-PET). Immuno-PET uses radi-
olabeled antibodies or small-molecule PET probes to track immune cells
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A @ IFNy Fig. 1. Innate T cells drive critical illness.
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in vivo (Tavare et al., 2014).

There are a several exciting opportunities unique to studying innate
T cells in critical care medicine. Most studies to date have focused on
the early phase after innate T cell activation. Less is known about the
resolution of innate T cell responses in critical illness. After activation,
innate T cells often undergo a refractory period when the innate T cell is
unresponsive to further stimulation (Chiba et al., 2008). The implica-
tions of this phenomenon in critical illness (e.g., post-illness im-
munosuppression) is unknown. The role of innate T cells has not been
well explored in many critical illnesses. For example, trauma patients
have decreased MAIT and iNKT cells in circulation (Kim et al., 2015a,

A B oaGalCer
OCH ——
IL-30 ——
TIM-3 ligand ——>
C  sulfatide
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2015b). However, relatively little experimental work on innate T cells
has been done in trauma (Chen et al., 2017a). Another opportunity is
the growing appreciation for neuro-inflammation in critical illnesses
other than stroke, such as in sepsis (Singer et al., 2018). The role, if any,
for innate T cells is unexplored. Despite intense efforts, supportive care
remains a mainstay of treatment in the ICU. Attempts at immunological
interventions have failed, such as the clinical trial of the IL-1 receptor
antagonist in sepsis (Fisher et al., 1994; Opal et al., 1997). We hope that
further exploration of innate T cells in critical illness could generate
new approaches for therapeutic interventions in the ICU.

Fig. 2. Innate T cells are therapeutic targets
in critical illness. (A) Treatment with altered
lipid antigens (OCH), exogenous cytokines (IL-
30) or ligands for immune checkpoint re-
ceptors (Tim-3) skew iNKT cells towards an
anti-inflammatory phenotype and improve
outcomes in experimental sepsis. (B) aGalCer
antigen activates iNKT cells, which coordinate
production of IFNy and ameliorate post-burn
and post-stroke immunosuppression. (C)
Sulfatide antigen activates diverse NKT cells,
which improve outcomes in experimental
sepsis, ischemia-reperfusion injury (IRI) and
asthma exacerbation.

Post-burn and
Post-stroke
immunosuppression

Sepsis |

¢ Cardiac arrest
¢ Kidney and liver IRI

Asthma I
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