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Abstract
Invariant Natural Killer T (iNKT) cells are a T cell subset expressing an invariant T Cell

Receptor (TCR) that recognizes glycolipid antigens rather than peptides. The cells have

both innate-like rapid cytokine release, and adaptive-like thymic positive selection. iNKT

cell activation has been implicated in the pathogenesis of allergic asthma and inflammatory

diseases, while reduced iNKT cell activation promotes infectious disease, cancer and cer-

tain autoimmune diseases such as Type 1 diabetes (T1D). Therapeutic means to reduce or

deplete iNKT cells could treat inflammatory diseases, while approaches to promote their

activation may have potential in certain infectious diseases, cancer or autoimmunity. Thus,

we developed invariant TCR-specific monoclonal antibodies to better understand the role of

iNKT cells in disease. We report here the first monoclonal antibodies specific for the mouse

invariant TCR that by modifying the Fc construct can specifically deplete or activate iNKT

cells in vivo in otherwise fully immuno-competent animals. We have used both the depleting

and activating version of the antibody in the NODmodel of T1D. As demonstrated previ-

ously using genetically iNKT cell deficient NODmice, and in studies of glycolipid antigen

activated iNKT cells in standard NODmice, we found that antibody mediated depletion or

activation of iNKT cells respectively accelerated and retarded T1D onset. In BALB/c mice,

ovalbumin (OVA) mediated airway hyper-reactivity (AHR) was abrogated with iNKT cell

depletion prior to OVA sensitization, confirming studies in knockout mice. Depletion of iNKT

cells after sensitization had no effect on AHR in the conducting airways but did reduce AHR

in the lung periphery. This result raises caution in the interpretation of studies that use ani-

mals that are genetically iNKT cell deficient from birth. These activating and depleting anti-

bodies provide a novel tool to assess the therapeutic potential of iNKT cell manipulation.
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Introduction
Invariant Natural Killer T (iNKT) cells have an invariant T Cell receptor (TCR), that in con-
trast to conventional T cells recognize glycolipid antigens that are presented on the MHC I like
molecule CD1d. iNKT cells share surface markers and functional characteristics with both con-
ventional T cells and natural killer (NK) cells [1,2]. iNKT cells represent a very small subset of
the total T cell population in human and non-human peripheral blood. In humans, their abun-
dancy ranges from less than 0.01% of all T cells to higher than 1.0%, with the majority of indi-
viduals clustering at the lower end of the range. In inbred mice iNKT cells are still a rare
population but in the higher range of 0.5%-2% with very little within-strain animal to animal
variation [3]. Despite their low frequency iNKT cells have potent immune-regulatory functions
as they are constitutively expressing high levels of a wide variety pro-inflammatory as well as
immune-regulatory cytokines and chemokines that are rapidly released upon iTCR engage-
ment [2]. While iNKT cell activity has been implicated in the pathogenesis of asthma and
inflammatory diseases such as sickle cell disease (SCD) [4,5,6,7,8,9,10], the pharmacologic acti-
vation of iNKT cells using glycolipid superagonist alpha-Galactosyl-ceramide (αGalCer) has
shown them to be protective in the NODmouse model of autoimmune Type 1 diabetes (T1D)
[11,12]. The absence or functional defects in iNKT cell function has been demonstrated to lead
to accelerated T1D onset in NODmice [13,14], while iNKT cell activation has also been shown
to boost anti-tumor immunity [15,16]. Therapeutic means to reduce or deplete iNKT cells
could treat inflammatory diseases, while approaches to promote their activation may have ther-
apeutic potential in certain infectious diseases, cancer or autoimmunity. NKT Therapeutics,
Inc has developed an anti-human invariant TCR antibody that can deplete iNKT cells in vivo
[17] that is currently in a Phase 1 trial in patients with SCD. To better understand the role of
iNKT cells in preclinical models of disease we recently developed anti-mouse invariant TCR
specific monoclonal antibodies. We report here that by modifying their Fc-portion these repre-
sent the first identified antibodies with a capacity to either deplete (NKT14) or activate
(NKT14m) iNKT cells in vivo in otherwise fully immuno-competent mice. To validate the
function of the antibodies tested their efficacy in the NODmodel of T1D and in a mouse
model of allergic airway inflammation and airway hyperresponsiveness (AHR) [5] a model of
allergic asthma [7].

Results
Leveraging EUREKA Therapeutics’ proprietary human phage display library we identified a
mouse invariant TCR specific antibody clone. Full length antibodies were made by cloning
them in frame with either murine wild type IgG2a Fc to obtain a depleting antibody (NKT14)
or an IgG2a with 4 point mutations to the Fc portion (L235E, E318A, K320A and K322A) to
greatly reduce antibody dependent cellular cytotoxicity (ADCC) and complement-dependent
cytotoxicity CDC function [18] for iNKT cell activation (NKT14m). NKT14 specifically binds
to mouse iNKT cells identified by binding of αGalCer loaded CD1d Tetramers. Fig 1A shows
co-binding of NKT14 to CD1d Tetramer positive iNKT cells in C57BL/6 splenocytes. There is
no competition between CD1d Tetramer and NKT14, indicating different binding epitopes.
We have tested multiple inbred mouse strains and confirmed this high specificity in the BALB/
c, NOD, DBA, C3H, NZW, NZWxNZB, AKR and SJL strains (S1 Fig). NKT14 specifically
depletes iNKT cells in vivo for approximately 3 weeks. 50 μg of NKT14 injected i.p. depleted
iNKT cells without altering splenic lymphocyte count, T cell numbers or CD4/CD8 ratio (Fig
1B). Conversely, (and analogous to the αGalCer agonist) 50 μg of NKT14m injected i.v. rapidly
activated iNKT cells, as indicated by measurable intracellular IFN-Gamma (Fig 1C), further
upregulation of CD69 and upregulation of CD25 (S2 Fig).
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Fig 1. C57BL/6 splenocytes were stained with NKT14 or isotype control followed by a secondary anti mouse IgG2amonoclonal and αGalCer
loaded CD1d Tetramer (A) The panel on the far right demonstrates co-binding of NKT14 and CD1d Tetramer. C57BL/6 mice (n = 3 per group) were
injected i.p. with 50 μg NKT14 or isotype control. Mice were euthanized 24 hours after dosing and splenocytes were prepared, counted and stained
for CD3, CD4, CD8 and aGalCer-loaded CD1d Tetramer to assess specificity of iNKT cell depletion. Data are representative of > 10 experiments (B).
The CD4/CD8 ratio panel was gated on CD3+ cells. C57BL/6 (n = 3 per group) mice were injected with 2μg aGalCer, 50 μg NKT14m or isotype
control. 2 hours post dosingmice were euthanized, splenocytes were prepared and stained for CD3 and αGalCer loaded CD1d tetramers to
identify iNKT cells, washed, fixed, permeabilized and stained for intracellular IFN-Gamma. Representative FACS plots are shown as well as
intracellular IFN-γmeasurement across treatment group (C). Data are representative of >5 experiments.

doi:10.1371/journal.pone.0140729.g001
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We have used both the depleting and activating version of the antibody in the NODmodel
of T1D. To determine the best regimen for our activating antibody NKT14m, we did a repeat-
dosing experiment. The iNKT cell agonist αGalCer has been demonstrated to induce long term
iNKT cell anergy. To assess anergy response and duration with our mAb we treated C57BL/6
mice with either αGalCer or NKT14m and then again 6 weeks later either with the same or
reciprocal initially administered agent. As described in the literature, iNKT cells that have been
activated with αGalCer are completely anergic to αGalCer or NKT14m after redosing at 6
weeks (Fig 2 top panel). In contrast, iNKT cells of animals that had been dosed with NKT14m
were re-activated by either αGalCer or NKT14m (Fig 2 bottom panel). Based on this observa-
tion, we decided to dose every 6 weeks in the NOD T1D incidence study.

Fig 2. C57BL/6 mice (n = 3 per group) were injected i.v. with 50 μg NKT14m or i.p. with 2 μg αGalCer. 6 weeks after initial treatments mice were re-
dosed with either NKT14m or αGalCer. Two hours after the second dose, mice were euthanized and splenocytes were analyzed by FACS for intracellular
IFN-γ and IL-4. Mice were injected with αGalCer and re-challenged with αGalCer (A) or NKT14m (B) after 6 weeks. Mice were injected with NKT14m and
then re-challenged with αGalCer (C) or NKT14m (D) after 6 weeks. % IFN-γ / IL-4+ iNKT cells across dosing groups (E).

doi:10.1371/journal.pone.0140729.g002
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It has been reported that the absence or activation of iNKT cells respectively accelerates and
retards T1D onset in NODmice [11,13]. Starting at four weeks of age NODmice were treated at
6 week intervals with isotype control (n = 20), NKT14 (n = 10), or NKT14m (n = 20) antibodies
and monitored weekly for the inset of glycosuria. As predicted from the studies employing genetic
ablation of CD1d expression, or the aGalCer iNKT agonist, NKT14 mediated depletion of iNKT
cells led to significantly accelerated onset of T1D in NODmice (P>0.01 Log-Rank (Mantel-
Cox)), while their activation mediated by repeated administration of the NKT14m antibody par-
tially protected and significantly delayed disease onset (P<0.05 Log Rank Mantel-Cox) (Fig 3).

To study the role of iNKT cells in a model of allergic airway inflammation and airway
hyperreactivity (AHR) we treated BALB/c mice (n = 8/ group) with the iNKT cell depleting
antibody NKT14 either before the sensitization phase, or just days before antigen re-challenge.
When mice were treated before the sensitization phase, AHR to inhaled methacholine chal-
lenge was completely abrogated (Fig 4A). Conversely, untreated, but sensitized animals showed
a significant AHR reaction. However, when iNKT cell depletion occurred in sensitized mice,
briefly before the final antigen challenge, iNKT cell depletion completely failed to protect the
mice from AHR in the conducting airways but significantly reduced AHR in the periphery of
the airways as evidenced by reductions in G and H (Fig 4B).

Material and Methods

Mice and reagents
C57BL/6, NOD/LtDvs and BALB/c mice were purchased from the Jackson Laboratory. All in
vivo experiments were approved by the IACUCs at the Jackson Laboratory, the University of

Fig 3. Starting at 4 week of age female NODmice were injected i.p. every 6 weeks with the isotype control, NKT14, or NKT14m antibodies. Animals
were monitored weekly for glycosuria. Positive animals (>300 mg/dL Glucose) were tested again the next day and euthanized if positive.

doi:10.1371/journal.pone.0140729.g003
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Fig 4. A) BALB/c female mice (8 per group) were treated with NKT14 (NKT-14/OVA) three days before being sensitized on days 0 and 14 with i.p.
injections of OVA in ImjectAlum and then exposed to inhalational challenges with 1%OVA or control saline on days 21, 22, and 23. AHR was
determined by methacholine challenge two days later. OVA/OVA are non-treated positive control mice and PBS/OVAmice were sham-sensitized
negative controls. At the methacholine dose of 25 mg/ml NKT-14 treatment (NKT-14/OVA) significantly reduced the response in Rn compared with
OVA/OVA (p<0.001); NKT-14 treatment also reduced the response in G (p<0.0001) and H, p<0.01) compared with positive control (OVA/OVA). B)
Mice were sensitized on days 0 and 14 with i.p. injections of OVA in ImjectAlum and then exposed to inhalational challenges with 1%OVA or
control saline on days 21, 22, and 23 and then again once after a 30 day recovery phase. AHR was determined by methacholine challenge two days
later. iNKT cells were depleted with NKT14 three days before the final antigen challenge. At the methacholine dose of 25 mg/ml NKT-14 treatment (NKT-14/
OVA) significantly increased the response in Rn compared with sham control (PBS/OVA) (p<0.01), whereas positive control (OVA/OVA) was significantly
increased over PBS/OVA (p<0.05). However, the response in G was significantly reduced by NKT-14 compared with OVA/OVA (p<0.001). The response in
H was also reduced by NKT-14 compared with OVA/OVA (p<0.001) Positive control group (OVA/OVA) was significantly increased over the sham control
group (PBS/OVA) in G and H, p<0.0001 and p<0.001 respectively. Depletion of lung iNKT cells was confirmed by flow cytometry after euthanasia, but no
differences in CD4+ or CD8+ cells were noted (S3 Fig). Analysis of Broncho alveolar fluid (BALF) found no differences in total cells across treatment groups.
BALF eosinophils increased as both a percent and as absolute counts following sensitization. A small, but significant elevation of eosinophils was observed
in NKT-14 treated mice compared to OVA/OVAmice (Data not shown).

doi:10.1371/journal.pone.0140729.g004

Mouse iNKT Cell Specific Monoclonal Antibodies

PLOS ONE | DOI:10.1371/journal.pone.0140729 October 16, 2015 6 / 11



Vermont and TGA Sciences (NKT Therapeutics Laboratory). Animals were euthanized by
CO2 asphyxiation.

NKT14 and NKT14m were expressed in CHO cell lines and purified at Eureka Therapeu-
tics. PBS57-loaded CD1d Tetramer was kindly provided by the NIH Tetramer facility. Fluoro-
chrome labeled monoclonal antibodies targeting CD3 (17A2), CD4 (RM-4.4), CD8 (53–6.7),
CD25 (PC61), CD69 (H1.2F3), IL-4 (11B11), IFN-γ (XMG1.2) and murine IgG2a FC
(RMG2a.62) were purchased from Biolegend.

Flow Cytometry
Single cell suspensions from spleens were generated by passing them in PBS/2% FBS buffer
through a 70 μmNylon filter (Miltenyi), processed with red cell lysis buffer (BD) and resus-
pended in FACS staining buffer (BD). 106 cells were stained according to Biolegend recom-
mendation, washed and analyzed on a LSR-Fortessa flow cytometer (BD). Data were analyzed
using FLOWJO software (Treestar).

T1D study
Beginning at 4 weeks of age, 20 NOD/LtDvs female mice were i.p injected with NKT14m or
isotype control at 6 week intervals. A group of 10 four week old NOD/LtDvs female mice were
i.p. injected with NKT14 in 6 week intervals.T1D development was assessed by weekly moni-
toring of urinary glucose levels with Ames Diastix (Bayer, Diagnostics Division), with disease
onset defined by two consecutive values of>300 mg/dl.

AHR Study
Sensitization with OVA. The mice were sensitized and treated according to either of two

protocols; a Standard protocol and a Recall challenge protocol. Female BALB/c mice, 6 to 8
weeks old, were sensitized on Days 0 and 14 with intraperitoneal injections of 100μl ovalbumin
(OVA) (20μg emulsified in 2.25 mg of alum, ImjectAlum (Pierce)) and then exposed to inhala-
tional challenges with 1% OVA in saline or control saline as previously described (Days 21, 22,
and 23) (19, 23). In the Standard protocol mice were tested for AHR on day 25. In the Recall
protocol mice received a recall exposure to inhaled OVA one month after day 23 and were
then tested for AHR two days later [19].

Assessment of airway hyperresponsiveness. 48 hours after the last OVA inhalation expo-
sure, the mice were anaesthetized with i.p. sodium pentobarbital (90mg/kg), the trachea cannu-
lated and connected to a computer controlled small animal ventilator (flexiVent™, SCIREQ,
Montreal, Canada), and ventilated at 200 breaths/minute. Next the mice were paralyzed with
pancuronium bromide i.p. (0.8μg/kg). The depth of anesthesia was monitored with EKG
throughout the experiment as previously described [20,21,22]. The animals were stabilized
over about ten minutes of regular ventilation at a positive end-expiratory pressure (PEEP) of 3
cmH2O. A standard lung volume history was then established by delivering two total lung
capacity maneuvers (TLC) to a pressure limit of 25 cmH2O and holding for three seconds. Fol-
lowing stabilization and standard lung volume history two baseline measurements of respira-
tory input impedance (Zrs) were obtained and then the mice were exposed to an inhalation of
aerosolized PBS (vehicle control) for 10 s. Zrs was then measured every 10 s for 3 minutes. This
complete sequence of maneuvers and measurements was then repeated for aerosol exposures
to three incremental doses of methacholine (3.125, 12.5 and 25 mg/ml).

Respiratory mechanics. Zrs was determined using the forced oscillation technique.
Briefly: Zrs over the frequency range 1–20.5 Hz was determined using a two second broadband
perturbation in volume applied by the flexiVent™. Each determination of Zrs was fit with the
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constant phase model of impedance yielding the following parameters: Rn, the frequency inde-
pendent Newtonian resistance reflecting that of the conducting airways, G characterizes tissue
dampening, H characterizes tissue stiffness or elastance [23,24,25]. The peak response was identi-
fied as the average of the highest data point of each parameter, following each dose of methacho-
line, and the two data points immediately preceding and following the highest data point.

Statistics. Lung mechanics were tested for statistical significance using two-way ANOVA
followed by Tukey’s multiple comparison test (Graph Pad Prism v6.04, GraphPad Software
Inc. La Jolla, CA). Data is presented as mean ± SEM and p<0.05 was considered to be statisti-
cally significant.

Discussion
We demonstrate here for the first time monoclonal antibodies specific for the mouse invariant
TCR. NKT14 binds to the TCR of iNKT cells and can deplete them efficiently and specifically.
This enables us to pharmacologically deplete iNKT cells at the time of choice in fully immuno-
competent mice that were iNKT cell sufficient prior to treatment. We have modified the Fc
portion of NKT14m to abolish ADCC and this antibody can activate iNKT cells without induc-
ing long lasting anergy. We sought to test the antibodies in a mouse model setting where deple-
tion or activation of iNKT cells had been previously reported to result in opposite disease
outcomes. We chose the NODmodel of T1D. Absence of iNKT cells leads to an accelerated
onset of T1D in NODmice [13,14], while their pharmacologic activation, or enhancement of
their numbers inhibits disease onset [13]. Our monoclonal antibodies have the desired func-
tions of depleting (NKT14) or activating (NKT14m) iNKT cells and that this translates into
similar effects on T1D development in NODmice as genetically ablating or pharmacologically
activating this population. One of the disadvantages of genetically deficient iNKT cell mouse
strains is limited specificity. CD1d deficient mice not only lack Type 1 invariant NKT cells, but
also Type 2 diverse NKT cells and other CD1d restricted cells. Ja18 deficient mice recently
have been shown to have a substantially reduced TCR repertoire [26]. Another possible disad-
vantage of CD1d deficient mice is that they lack iNKT cells from birth, so that it is difficult to
elucidate the role of iNKT cells in either initiation or maintenance of a disease. iNKT cells are
reported to be involved in development of AHR in mice [5] and have also been found in the
lungs in the lungs of Asthma patients [7]. However, there have been no tools to test if iNKT
cells are involved mostly in the sensitization leading to AHR or are actually causing the disease
state. Our development of a specific iNKT cell depleting antibody allowed us to address this
experimentally. AHR can manifest both in the conducting airways (increased Rn) as well as in
the periphery of the lung (increased G and H). While the parameters are linked they can also
change independently from each other [23]. In this study OVA mediated AHR of all parame-
ters was abrogated by iNKT cell depletion prior to antigen sensitization. On the other hand,
depletion of iNKT cells after initial sensitization reduced the AHR in the periphery of the air-
way system but no effect on AHR in the conducting airways. This observation suggests that
iNKT cells could play a role for AHR in the airways and lungs with an established immunologi-
cal memory. The different responses observed are also in keeping with our previously reported
findings that AHR does manifest in geographically different regions of the lung depending on
the sensitization/challenge time course and that AHR is an evolving phenotype [19]. Hence, it
should perhaps not be surprising to find that the elimination of a specific part of the immune
system, i.e. iNKT cells, displays different effects along the time course of allergy development.
Incidentally there is evidence supporting that inflammation and AHR of the periphery of the
lung are strong contributories to clinical asthma [27,28,29,30], which suggests that iNKT cells
might be playing a role in the development of AHR in the distal parts of the lung.
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The finding that AHR protection is absent when iNKT cells are depleted after sensitization,
raises caution in the interpretation of studies that use animals that are iNKT cell deficient from
birth. Although such studies can provide useful information regarding the role of health and
disease, we feel that our antibodies provide an excellent tool to assess the therapeutic potential
of iNKT cell manipulation.

Supporting Information
S1 Fig. Single cell splenocyte suspensions from NOD, DBA, C3H, NZW, NZBxNZB, AKR,
SJ/L and BALB/c mice were prepared and stained with CD3 and NKT14 followed by anti-
mouse IgG2a secondary or αGalCer loaded CD1d tetramers to identify iNKT cells.
(TIF)

S2 Fig. C57BL/6 (n = 3 per group) mice were injected i.v. with 50 μg NKT14m or isotype
control. 2 hours post dosing mice were sacrificed, splenocytes prepared and stained for CD3
and αGalCer loaded CD1d tetramers to identify iNKT cells, washed, stained for cell surface
CD25 and CD69, fixed, permeabilized and stained for intracellular IFN-γ. To demonstrate spe-
cific upregulation of CD69 and CD25, histograms were gated on B cells (black histograms) and
iNKT cells (gray histograms). Bar graphs show upregulation across the group (S2A). C57BL/6
(n = 3 per group) were injected i.v. with 2μg αGalCer or 50 μg NKT14m. Serum cytokines were
determined 2 hours and 24 hours post dosing. Serum cytokine response compared to aGalCer
suggests that systemic release may be less robust and/or delayed (S2B).
(TIF)

S3 Fig. BALBc mice treated with NKT14 had a significant reduction in lung iNKT cells
compared to other experimental groups.However no changes in CD4+ or CD8+ lymphocytes
was observed in any of the experimental groups.
(TIFF)

Acknowledgments
We gratefully acknowledge the skillful laboratory work by Minara Aliyeva, MD, Nirav Daph-
tary, MS and Shannon Kostin, BS.

We also gratefully acknowledge the skillful animal work by Brenice Timms at the Jackson
Laboratory.

Author Contributions
Conceived and designed the experiments: FS MP JB DS LL RM. Performed the experiments: FS
DL MP JB. Analyzed the data: FS MP JB DS LL RM RS. Contributed reagents/materials/analy-
sis tools: FS DL MP JB DS LL RM RS. Wrote the paper: FS MP JB DS LL RS.

References
1. Bendelac A, Savage PB, Teyton L (2007) The biology of NKT cells. Annu Rev Immunol 25: 297–336.

PMID: 17150027

2. Van Kaer L, Parekh VV, Wu L (2010) Invariant natural killer T cells: bridging innate and adaptive immu-
nity. Cell Tissue Res 343: 43–55. doi: 10.1007/s00441-010-1023-3 PMID: 20734065

3. Chen YG, Tsaih SW, Serreze DV (2011) Genetic control of murine invariant natural killer T-cell develop-
ment dynamically differs dependent on the examined tissue type. Genes Immun 13: 164–174. doi: 10.
1038/gene.2011.68 PMID: 21938016

4. Akbari O, Faul JL, Hoyte EG, Berry GJ, Wahlstrom J, Kronenberg M, et al. (2006) CD4+ invariant T-
cell-receptor+ natural killer T cells in bronchial asthma. N Engl J Med 354: 1117–1129. PMID:
16540612

Mouse iNKT Cell Specific Monoclonal Antibodies

PLOS ONE | DOI:10.1371/journal.pone.0140729 October 16, 2015 9 / 11

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0140729.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0140729.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0140729.s003
http://www.ncbi.nlm.nih.gov/pubmed/17150027
http://dx.doi.org/10.1007/s00441-010-1023-3
http://www.ncbi.nlm.nih.gov/pubmed/20734065
http://dx.doi.org/10.1038/gene.2011.68
http://dx.doi.org/10.1038/gene.2011.68
http://www.ncbi.nlm.nih.gov/pubmed/21938016
http://www.ncbi.nlm.nih.gov/pubmed/16540612


5. Akbari O, Stock P, Meyer E, Kronenberg M, Sidobre S, Nakayama T, et al. (2003) Essential role of NKT
cells producing IL-4 and IL-13 in the development of allergen-induced airway hyperreactivity. Nat Med
9: 582–588. PMID: 12669034

6. Field JJ, Nathan DG, Linden J (2011) Targeting iNKT cells for the treatment of sickle cell disease. Clin
Immunol 140: 177–183. doi: 10.1016/j.clim.2011.03.002 PMID: 21429807

7. Matangkasombut P, Marigowda G, Ervine A, Idris L, Pichavant M, Kim HY, et al. (2009) Natural killer T
cells in the lungs of patients with asthma. J Allergy Clin Immunol 123: 1181–1185. doi: 10.1016/j.jaci.
2009.02.013 PMID: 19356791

8. Matangkasombut P, Pichavant M, Yasumi T, Hendricks C, Savage PB, DeKruyff RH, et al. (2008)
Direct activation of natural killer T cells induces airway hyperreactivity in nonhuman primates. J Allergy
Clin Immunol 121: 1287–1289. doi: 10.1016/j.jaci.2008.02.006 PMID: 18355909

9. Wallace KL, Linden J (2010) Adenosine A2A receptors induced on iNKT and NK cells reduce pulmo-
nary inflammation and injury in mice with sickle cell disease. Blood 116: 5010–5020. doi: 10.1182/
blood-2010-06-290643 PMID: 20798237

10. Wallace KL, Marshall MA, Ramos SI, Lannigan JA, Field Strieter RM, Stret al. (2009) NKT cells mediate
pulmonary inflammation and dysfunction in murine sickle cell disease through production of IFN-
gamma and CXCR3 chemokines. Blood 114: 667–676. doi: 10.1182/blood-2009-02-205492 PMID:
19433855

11. Chen YG, Choisy-Rossi CM, Holl TM, Chapman HD, Besra GS, Porcelli SA, et al. (2005) Activated
NKT cells inhibit autoimmune diabetes through tolerogenic recruitment of dendritic cells to pancreatic
lymph nodes. J Immunol 174: 1196–1204. PMID: 15661873

12. Driver JP, Scheuplein F, Chen YG, Grier AE, Wilson SB, Serreze DV. (2009) Invariant natural killer T-
cell control of type 1 diabetes: a dendritic cell genetic decision of a silver bullet or Russian roulette. Dia-
betes 59: 423–432. doi: 10.2337/db09-1116 PMID: 19903740

13. Scheuplein F, Rissiek B, Driver JP, Chen YG, Koch-Nolte F, Serreze DV. (2009) A recombinant heavy
chain antibody approach blocks ART2mediated deletion of an iNKT cell population that upon activation
inhibits autoimmune diabetes. J Autoimmun 34: 145–154. doi: 10.1016/j.jaut.2009.08.012 PMID:
19796917

14. Shi FD, Flodstrom M, Balasa B, Kim SH, Van Gunst K, Strominger JL, et al. (2001) Germ line deletion
of the CD1 locus exacerbates diabetes in the NODmouse. Proc Natl Acad Sci U S A 98: 6777–6782.
PMID: 11390999

15. Renukaradhya GJ, Khan MA, Vieira M, DuW, Gervay-Hague J, Brutkiewicz RR, et al. (2008) Type I
NKT cells protect (and type II NKT cells suppress) the host's innate antitumor immune response to a B-
cell lymphoma. Blood 111: 5637–5645. doi: 10.1182/blood-2007-05-092866 PMID: 18417738

16. Yamasaki K, Horiguchi S, Kurosaki M, Kunii N, Nagato K, Hanaoka H, et al. (2010) Induction of NKT
cell-specific immune responses in cancer tissues after NKT cell-targeted adoptive immunotherapy. Clin
Immunol 138: 255–265. doi: 10.1016/j.clim.2010.11.014 PMID: 21185787

17. Scheuplein F, Thariath A, Macdonald S, Truneh A, Mashal R, Schaub R. (2013) A humanized monoclo-
nal antibody specific for invariant Natural Killer T (iNKT) cells for in vivo depletion. PLoS One 8:
e76692. doi: 10.1371/journal.pone.0076692 PMID: 24086759

18. Steurer W, Nickerson PW, Steele AW, Steiger J, Zheng XX, Strom TB. (1995) Ex vivo coating of islet
cell allografts with murine CTLA4/Fc promotes graft tolerance. J Immunol 155: 1165–1174. PMID:
7543517

19. Riesenfeld E, Allen GB, Bates JH, Poynter ME, Wu M, Aimiand S, et al. (2012) The Temporal Evolution
of Airways Hyperresponsiveness and Inflammation. J Allergy Ther 1: 1–7. PMID: 23565340

20. Lundblad LK, Rinaldi LM, Poynter ME, Riesenfeld EP, WuM, Aimi S, et al. (2011) Detrimental effects of
albuterol on airway responsiveness requires airway inflammation and is independent of beta-receptor
affinity in murine models of asthma. Respir Res 12: 27. doi: 10.1186/1465-9921-12-27 PMID:
21385381

21. Lundblad LK, Irvin CG, Adler A, Bates JH (2002) A reevaluation of the validity of unrestrained plethys-
mography in mice. J Appl Physiol (1985) 93: 1198–1207.

22. Lundblad LK, Thompson-Figueroa J, Allen GB, Rinaldi L, Norton RJ, Irvin CG, et al. (2007) Airway
hyperresponsiveness in allergically inflamed mice: the role of airway closure. Am J Respir Crit Care
Med 175: 768–774. PMID: 17255559

23. Li S, Aliyeva M, Daphtary N, Martin RA, Poynter ME, Kostin SF, et al. (2013) Antigen-induced mast cell
expansion and bronchoconstriction in a mouse model of asthma. Am J Physiol Lung Cell Mol Physiol
306: L196–206. doi: 10.1152/ajplung.00055.2013 PMID: 24285269

24. Schuessler TF, Bates JH (1995) A computer-controlled research ventilator for small animals: design
and evaluation. IEEE Trans Biomed Eng 42: 860–866. PMID: 7558060

Mouse iNKT Cell Specific Monoclonal Antibodies

PLOS ONE | DOI:10.1371/journal.pone.0140729 October 16, 2015 10 / 11

http://www.ncbi.nlm.nih.gov/pubmed/12669034
http://dx.doi.org/10.1016/j.clim.2011.03.002
http://www.ncbi.nlm.nih.gov/pubmed/21429807
http://dx.doi.org/10.1016/j.jaci.2009.02.013
http://dx.doi.org/10.1016/j.jaci.2009.02.013
http://www.ncbi.nlm.nih.gov/pubmed/19356791
http://dx.doi.org/10.1016/j.jaci.2008.02.006
http://www.ncbi.nlm.nih.gov/pubmed/18355909
http://dx.doi.org/10.1182/blood-2010-06-290643
http://dx.doi.org/10.1182/blood-2010-06-290643
http://www.ncbi.nlm.nih.gov/pubmed/20798237
http://dx.doi.org/10.1182/blood-2009-02-205492
http://www.ncbi.nlm.nih.gov/pubmed/19433855
http://www.ncbi.nlm.nih.gov/pubmed/15661873
http://dx.doi.org/10.2337/db09-1116
http://www.ncbi.nlm.nih.gov/pubmed/19903740
http://dx.doi.org/10.1016/j.jaut.2009.08.012
http://www.ncbi.nlm.nih.gov/pubmed/19796917
http://www.ncbi.nlm.nih.gov/pubmed/11390999
http://dx.doi.org/10.1182/blood-2007-05-092866
http://www.ncbi.nlm.nih.gov/pubmed/18417738
http://dx.doi.org/10.1016/j.clim.2010.11.014
http://www.ncbi.nlm.nih.gov/pubmed/21185787
http://dx.doi.org/10.1371/journal.pone.0076692
http://www.ncbi.nlm.nih.gov/pubmed/24086759
http://www.ncbi.nlm.nih.gov/pubmed/7543517
http://www.ncbi.nlm.nih.gov/pubmed/23565340
http://dx.doi.org/10.1186/1465-9921-12-27
http://www.ncbi.nlm.nih.gov/pubmed/21385381
http://www.ncbi.nlm.nih.gov/pubmed/17255559
http://dx.doi.org/10.1152/ajplung.00055.2013
http://www.ncbi.nlm.nih.gov/pubmed/24285269
http://www.ncbi.nlm.nih.gov/pubmed/7558060


25. Hantos Z, Daroczy B, Suki B, Nagy S, Fredberg JJ (1992) Input impedance and peripheral inhomoge-
neity of dog lungs. J Appl Physiol (1985) 72: 168–178.

26. Bedel R, Matsuda JL, Brigl M, White J, Kappler J, Marrack P, et al. (2012) Lower TCR repertoire diver-
sity in Traj18-deficient mice. Nat Immunol 13: 705–706. doi: 10.1038/ni.2347 PMID: 22814339

27. Kaminsky DA, Irvin CG, Lundblad L, Moriya HT, Lang S, Allen J, et al. (2004) Oscillation mechanics of
the human lung periphery in asthma. J Appl Physiol (1985) 97: 1849–1858.

28. Bates JH, Suki B (2008) Assessment of peripheral lung mechanics. Respir Physiol Neurobiol 163: 54–
63. doi: 10.1016/j.resp.2008.03.012 PMID: 18463006

29. Farrow CE, Salome CM, Harris BE, Bailey DL, Bailey E, Berend N, et al. (1985) Airway closure on imag-
ing relates to airway hyperresponsiveness and peripheral airway disease in asthma. J Appl Physiol
(1985) 113: 958–966.

30. Hamid Q, Song Y, Kotsimbos TC, Minshall E, Bai TR, Hegele RG, et al. (1997) Inflammation of small
airways in asthma. J Allergy Clin Immunol 100: 44–51. PMID: 9257786

Mouse iNKT Cell Specific Monoclonal Antibodies

PLOS ONE | DOI:10.1371/journal.pone.0140729 October 16, 2015 11 / 11

http://dx.doi.org/10.1038/ni.2347
http://www.ncbi.nlm.nih.gov/pubmed/22814339
http://dx.doi.org/10.1016/j.resp.2008.03.012
http://www.ncbi.nlm.nih.gov/pubmed/18463006
http://www.ncbi.nlm.nih.gov/pubmed/9257786

