1duosnue Joyiny 1duosnuep Joyiny 1duasnuen Joyiny

1duasnuen Joyiny

Author manuscript
J Clin Immunol. Author manuscript; available in PMC 2015 June 01.

-, HHS Public Access
«

Published in final edited form as:
J Clin Immunol. 2011 April ; 31(2): 228-239. doi:10.1007/s10875-010-9476-4.

Functional Invariant NKT Cells in Pig Lungs Regulate the Airway
Hyperreactivity: A Potential Animal Model

Gourapura J. Renukaradhya,

Food Animal Health Research Program, Ohio Agricultural Research and Development Center,
Department of Veterinary Preventive Medicine, The Ohio State University, 1680 Madison Ave.,
Wooster, OH 44691, USA

Cordelia Manickam,

Food Animal Health Research Program, Ohio Agricultural Research and Development Center,
Department of Veterinary Preventive Medicine, The Ohio State University, 1680 Madison Ave.,
Wooster, OH 44691, USA

Mahesh Khatri,

Food Animal Health Research Program, Ohio Agricultural Research and Development Center,
Department of Veterinary Preventive Medicine, The Ohio State University, 1680 Madison Ave.,
Wooster, OH 44691, USA

Abdul Rauf,

Food Animal Health Research Program, Ohio Agricultural Research and Development Center,
Department of Veterinary Preventive Medicine, The Ohio State University, 1680 Madison Ave.,
Wooster, OH 44691, USA

Xiangming Li,
HIV and Malaria Vaccine Program, Aaron Diamond AIDS Research Center, The Rockefeller
University, New York, NY 10016, USA

Moriya Tsuji,
HIV and Malaria Vaccine Program, Aaron Diamond AIDS Research Center, The Rockefeller
University, New York, NY 10016, USA

Gireesh Rajashekara, and

Food Animal Health Research Program, Ohio Agricultural Research and Development Center,
Department of Veterinary Preventive Medicine, The Ohio State University, 1680 Madison Ave.,
Wooster, OH 44691, USA

Varun Dwivedi

Food Animal Health Research Program, Ohio Agricultural Research and Development Center,
Department of Veterinary Preventive Medicine, The Ohio State University, 1680 Madison Ave.,
Wooster, OH 44691, USA

Gourapura J. Renukaradhya: gourapura.1@osu.edu

© Springer Science+Business Media, LLC 2010
Correspondence to: Gourapura J. Renukaradhya, gour apur a. 1@su. edu.

Electronic supplementary material The online version of this article (doi:10.1007/s10875-010-9476-4) contains supplementary
material, which is available to authorized users.


http://dx.doi.org/10.1007/s10875-010-9476-4

1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Renukaradhya et al.

Abstract

Page 2

Important roles played by invariant natural killer T (iNKT) cells in asthma pathogenesis have been
demonstrated. We identified functional iNKT cells and CD1d molecules in pig lungs. Pig iNKT
cells cultured in the presence of a-GalCer proliferated and secreted Thl and Th2 cytokines. Like
in other animal models, direct activation of pig lung iNKT cells using a-GalCer resulted in acute
airway hyperreactivity (AHR). Clinically, acute AHR-induced pigs had increased respiratory rate,
enhanced mucus secretion in the airways, fever, etc. In addition, we observed petechial
hemorrhages, infiltration of CD4* cells, and increased Th2 cytokines in AHR-induced pig lungs.
Ex vivo proliferated iNKT cells of asthma induced pigs in the presence of C-glycoside analogs of
a-GalCer had predominant Th2 phenotype and secreted more of Th2 cytokine, IL-4. Thus, baby
pigs may serve as a useful animal model to study iNKT cell-mediated AHR caused by various
environmental and microbial CD1d-specific glycolipid antigens.
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Introduction

Asthma is a complex human disease. There are fundamental differences between the
spontaneous asthma symptoms in man compared to in experimentally induced counterparts
[1]. To reconcile these differences, use of non-human primates and/or other large animal
model may be beneficial. Like humans, pigs are outbred in nature and are more similar to
humans in terms of anatomy, immunology, biochemistry, physiology, size, and genetics [2,
3]. Indeed, the pig has been used as an animal model for cystic fibrosis [4, 5]. Porcine lungs
have marked similarities to humans in terms of its tracheobronchial tree structure, lung
physiology, airway morphology, abundance of airway submucosal glands, and the patterns
of glycoprotein synthesis [6-8].

Natural killer T (NKT) cells are CD1d-restricted T lymphocyte subpopulation [9]. Majority
of NKT cells possess invariant TCR that are called “invariant NKT” (iNKT) [9]. iINKT cells
respond to CD1d-bound lipid antigens with a unique a-anomerically linked sugar, one such
well-known antigen is a-GalCer [10]. Recently, invariant TCRa of iNKT cells and full-
length CD1d transcript in pigs have been identified [11, 12]. Molecular modeling predicts
that porcine invariant TCRa chain/poCD1d/a-GalCer form complexes that are highly
homologous to the human complex [11]. CD1d molecules are structurally similar to MHC
class I and are expressed on the surface of dendritic cells (DCs), macrophages (Mgs), B
cells, subset of activated T cells, v T cells, and non-hematopoietic cells (keratinocytes,
hepatocytes, intestinal, and lung cells) [11-15]. iNKT cells have been grouped into CD4*
(high IL-4 and IL-13 producer) and double-negative (high IL-17 and IL-22 producer)
subsets [16, 17]. iNKT cells constitutively express cytokine mRNAs and within minutes of
activation rapidly secrete a large amount of cytokines, which in turn activate DCs, M¢s, and
T and B cells [18, 19]. iINKT cells in a CD1d-dependent manner can skew adaptive
immunity toward Th2 responses, and they have been confirmed to play pivotal role in
regulating the development of asthma and allergy [18, 20, 21].
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Human and murine CD1d tetramers stain human and murine NKT cells, also in a species
cross-reactive manner [11], so it is not surprising that those tetramers can also recognize
NKT cells present in other species of animals. C-glycoside analogs of a-GalCer (GCK127
and GCK152) differentially activate murine and human iNKT cells [22, 23]. The GCK152
exhibited a stronger stimulatory activity against human iNKT cells and a much weaker
activity against murine iNKT cells, but the opposite trend was detected with GCK127.
Invariant TCR of iNKT cells (but not CD1d) is responsible for species-specific preferential
activity of C-glycosides [22]. Even though T cells with NK cell phenotype
(perforintCD3*CD11b*CD16*DAP10*"DAP12*) and transcripts of invariant TCRa, of pig
NKT cells were identified in pigs [11, 24], their physiological relevance has not been
explored. In the present study, we identified the functional iNKT cell population and CD1d
molecules in the pig lungs. Furthermore, we validated a pig model of iNKT cell-mediated
airway hyperreactivity (AHR). A preferential activation and cytokine production by pig
iNKT cells to a-GalCer and its C-glycoside analogs was also revealed. These useful insights
on pig iNKT cells may provide an opportunity to consider the pig model to explore the
iNKT cell-mediated AHR for therapeutic benefits.

Materials and Methods

Glycolipids, Antibodies, and Reagents

Pigs

a-Galactosylceramide was purchased (Toronto Research Chemicals Inc., Canada). C-
glycoside analogs of a-GalCer (GCK127 and GCK152) were synthesized by Drs. Richard
W. Franck and Guangwu Chen [25]. Mouse anti-CD1d mAb (clone 1H6) and other eight
CD1d mAb [26, 27] and their respective isotype control mAb hybridomas were provided by
Dr. Randy Brutkiewicz (Indiana University School of Medicine, Indianapolis, IN, USA).
Both the CD1d specific and its isotype mAb were grown and purified. Empty and a-GalCer
analog PBS-57-loaded CD1d tetramers conjugated with APC were provided by the NIH
Tetramer Core Facility. Anti-pig CD4a mAb-conjugated with FITC (BD Biosciences), anti-
pig CD3e mAb-conjugated with R-PE, CD172-conjugated with R-PE (SouthernBiotech,
Birmingham, AL, USA), and purified pan anti-cytokeratin mAb (clone PCK-26; Sigma-
Aldrich) were purchased. The clone PCK-26 binds to type Il cytokeratins 1, 5, 6, and 8
present only on epithelial cells [28].

Weaned-specific pathogen-free Large White—Duroc crossbred piglets raised in farms
belonging to The Ohio State University were transported to our BSL-2 animal facility at the
FAHRP, OARDC. Pigs were allowed to acclimate for an additional week before initiation of
experiments. Pigs were maintained and in vivo experiments were performed in strict
accordance with the recommendations by Public Health Service Policy, United States
Department of Agriculture Regulations, the National Research Council’s Guide for the Care
and Use of Laboratory Animals, the Federation of Animal Science Societies” Guide for the
Care and Use of Agricultural Animalsin Agricultural Research and Teaching, and all
relevant institutional, state, and federal regulations and policies regarding animal care and
use at The Ohio State University. The protocol was approved by the Committee on the
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Ethics of Animal Experiments, the Institutional Laboratory Animal Care and Use
Committee at The Ohio State University.

Identification of Pig CD1d Reactive mAb and iNKT Cell Reagents

A pig CD1d cross-reactive mouse anti-CD1d mAb was identified from a panel of 9 mAb
[26, 27] by flow cytometric analysis. Briefly, pig bronchoalveolar lavage fluid (BAL) cells
and PBMCs were immunostained using a panel of Alexa488-conjugated mouse anti-CD1d
mADb (clone 1H6) [26] along with a respective isotype control mAb. We identified the cross
reactivity of mouse and human CD1d tetramers with pig iINKT cells and further standardized
the staining conditions to study them.

Isolation of Bronchial and Lung Epithelial Cells

Pig bronchial airway and lung tissues were collected in DMEM (Hyclone) supplemented
with FBS and in the presence of antibiotics. Tissues were minced and treated with a mixture
of DNase | (Sigma-Aldrich; 40 ug/ml) and collagenase type Il (1.5 mg/ml; Invitrogen) in
DMEM for 48 h at 4°C. The enzyme activity was stopped by addition of DMEM containing
10% FBS and then passed through a 70-um cell strainer to harvest single cell suspension.
Cells were then subjected to 43% and 70% Percoll density gradient centrifugation, and the
pellet was washed and resuspended in enriched RPMI (Hyclone; E-RPMI; 10% FBS,
gentamicin (100 ug/ml), ampicillin (20 pg/ml), 20 mM HEPES, 2 mM I-glutamine, 0.1 mM
non-essential amino acids, 1 mM sodium pyruvate, and 50 nM 2-ME).

Isolation of Pig PBMCs, Splenocytes, Lung Mononuclear Cells, and BAL Cells

From euthanized pigs, blood (in acid citrate dextrose solution), spleen, and lung tissues were
collected in DMEM. Isolation of BAL cells and PBMCs were performed as described
previously [29]. Isolation of splenocytes was performed using standard procedures [30],
using 43% and 70% discontinuous Percoll density gradient centrifugation. Isolation of lung
mononuclear cells (MNCs) was performed as described previously [31], by treatment of
minced lung tissue with type 11 collagenase and DNase 1.

Induction of AHR in Pigs

Pigs were anesthetized using Telazol® and intubated with the help of laryngoscope and then
inoculated with a-GalCer 500 pug/m? in saline or mock-inoculated (vehicle control)
intratracheally. Body surface area of pigs was calculated as described previously [32]. The
dose of a-GalCer used was optimized in pigs to induce acute AHR based on a previous
study conducted in monkeys [21]. Pigs were monitored every 3 h for breathing pattern and
respiratory rate. The body temperature of pigs was recorded at 9 and 24 h post-inoculation.

Evaluation of Gross Lesions, Immunohistochemistry, and Hematoxylin-and-Eosin Staining

At necropsy, the trachea, airways, and lungs were examined for gross pathology. A small
portion of the lung tissue was frozen using optimal cutting temperature compound
(embedding medium for frozen tissue specimens, Tissue Tek). Frozen lung sections (3 pm)
were immunostained as described previously [33]. Briefly, sections were dewaxed,
dehydrated, and quenched. The sections were washed with PBS and blocked using 2% goat
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serum and then treated with biotinylated anti-pig-specific CD4 (Southern Biotech) or isotype
control mAb. The sections were then treated with ABC peroxidase staining kit (Vectastain
Elite, Vector Labs), and then labeling was “visualized” by application of the DAB (3, 3'-
diaminobenzidine) substrate (Vector Laboratories) and counterstained with hematoxylin.
Frozen lung sections (3 um) were also stained using hematoxylin-and-eosin (H&E) as
described previously [34].

In Vitro Proliferation of Pig INKT Cells Using a-GalCer and Its C-Glycoside Analogs

PBMCs and lung MNCs isolated from control, vehicle, or a-GalCer-inoculated pigs were
cultured in 96- or 48-well tissue culture plates in E-RPMI in the presence a-GalCer,
GCK127, GCK152 (10, 100, or 1,000 ng/ml) or vehicle. Lyophilized a-GalCer, GCK127,
and GCK152 were dissolved in DMSO (1 mg/ml), aliquoted, and stored at —80°C. Further,
glycolipids were dissolved in E-RPMI, sonicated, and then used to induce iNKT cell
proliferation. On every third day, 75% of the supernatant was replaced with fresh medium
containing glycolipid or vehicle, and the supernatant harvested was stored at —20°C for
cytokine analysis.

Determination of Cytokine Concentrations in Serum and Lung Homogenates

The lung tissue from all the euthanized pigs was collected in DMEM without serum, and the
lung homogenate was prepared as described previously [35] and stored at —20°C. Serum,
cell culture supernatants harvested on day 4 cultures of PBMCs and lung MNCs as
described above, and lung homogenates were analyzed for cytokines IL-4, IL-6, IL-10,
IL-13, and IFNy by ELISA as described previously [35, 36]. Amount of cytokines detected
in lung homogenates of each pig was recalculated and expressed as picograms per gram of
lung tissue based on the quantity of lung tissue used to prepare the homogenate. Amounts of
cytokines detected in medium control wells were subtracted from the test wells.

Flow Cytometry

BAL cells, splenocytes, lung cells, both fresh and 8 days cultured PBMCs, and lung MNCs
were washed in HBSS (Sigma) containing BSA (0.1%) and sodium azide (0.02%; FACS
buffer) and then treated with 2% pig serum to block the Fc receptors. Cells were treated with
purified mouse anti-CD1d mAb (1H6; 1gG2a), pan-cytokeratin mAb (IgG1), CD172-R-PE,
or their respective isotype control mAb and then incubated for 30 min on ice. Cells were
washed and treated with respective anti-species isotype-specific secondary antibody
conjugated with R-PE or APC and then fixed using 1% paraformaldehyde. The
immunostained cells were acquired using FACS Ariall (BD Biosciences) and analyzed
using FlowJo software (Tree Star, Inc., Ashland, OR, USA). To immunostain pig iNKT
cells, after blocking Fc receptors, cells were treated with CD3¢-PE, pre-titrated dilution of
mouse PBS-57/CD1d tetramers-APC (1:500) and CD4a-FITC for 1 h at 4°C. Respective
isotype control mAb and empty CD1d tetramers-APC were included in the assay. Cells were
fixed and analyzed as described above. The frequencies of CD1d expression on pig cells and
iNKT cell populations were analyzed from a total of 50,000 to 100,000 events.
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Data Analyses

Statistical analyses were performed using nonparametric unpaired Mann—Whitney U test
using the software GraphPad Instat Biostatistics version 3.0 for windows. Combined data
from two experiments (n=6) were used for statistical purpose. Statistical significance was
assessed as P<0.05. Error bars represent the standard error from the mean.

Results

Pigs Express Functional CD1d Molecules in Their Lungs

In our study to analyze the expression of pig CD1d, a cross-reactive mouse anti-CD1d mAb
was used. Expression of CD1d was observed on the pig BAL cells, lung cells, splenocytes,
and PBMCs (Fig. 1a). Further, the CD1d expression on lung epithelial cells was also
observed (Fig. 1b). Approximately 25% of the pig lung cells were epithelial cells, and a
fraction of them (~25%) did express CD1d (cytokeratintCD1d™; Fig. 1b).

Pigs Possess Functional iNKT Cells in Their Lungs

Until now, we have analyzed pig iNKT cells in more than 100 conventional pigs and
consistently detected up to 1% (0.01% to 1%) of iNKT cells in blood, spleen, lung,
tracheobronchial lymph nodes, and BAL fluid. A representative data of iNKT cells present
in the PBMCs, splenocytes, and lung MNCs are shown (Fig. 2a). To identify the antigen-
specific activation of pig INKT cells, PBMCs were cultured in the presence of different
concentrations of a-GalCer and detected a dose-dependent proliferation of iNKT cells (Fig.
2b). In addition, lung MNCs and PBMCs when cultured in the presence of a-GalCer,
proliferation of INKT cells, and also secretion of both Thl (IFNy) and Th2 (IL-4) cytokines
were observed (Fig. 3a, b). As expected, lung MNCs and PBMCs cultured in the presence of
vehicle did not proliferate and secret any cytokines (Fig. 3a, b). The cytokines were detected
in the culture supernatants harvested at post-3, 6, 9, and 12 day old iNKT cultures in the
presence of a-GalCer (Fig. 3b and data not shown), suggesting that pig iNKT cells were
actively proliferating in the presence of a-GalCer. In addition, we found CD8a expression
on all the CD1d tetramer positive cells (data not shown).

Pig iINKT Cells Mediated Lung Inflammation and Airway Hyperreactivity

After confirming functional iINKT cells in the pig lungs, we wanted to determine whether
pigs can be used to study iINKT cell-mediated AHR. Previously, AHR was successfully
induced by direct activation of lung INKT cells using a-GalCer in mice [37] and non-human
primates [21]. During necropsy, in acute AHR-induced pig lungs, petechial hemorrhages
(tiny pinpoint red marks, an important sign of asphyxia) on both dorsal and ventral surfaces
of cranial, middle, and accessory lobes of lungs was observed (Fig. 4a). In the airways,
hypersecretion of mucus was observed, and microscopically in the lung parenchyma
excessive infiltration of CD4™ cells (Fig. 4b) and accumulation of severely infiltrated
inflammatory leukocytes (Fig. 4c) was also detected in AHR-induced pig lungs compared to
in the lungs of vehicle-treated pigs. Clinically, a-GalCer-inoculated pigs were restless with
increased respiratory rate (50-60 breaths per minute) compared to control pigs (20-40
breaths per minute) from 6 h post-a-GalCer inoculation. In addition, the body temperature
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of AHR-induced pigs was approximately 2°F higher compared to vehicle control pigs at 9
and 24 h post-inoculation that we recorded (Fig. 5a).

To elucidate immune responses in the respiratory tract of acute AHR-induced pigs, pigs
were euthanized at 24 h post-inoculation and analyzed for lung cytokines and the frequency
of myeloid cells (CD172*). Pig myeloid cells with CD172* expression are immature
myelomonocytic precursors, tissue macrophages, and granulocytes [38]. In the acute AHR-
induced pig lungs, a two-fold increase in the total BAL cells and a 1.5-fold increase in the
frequency of myeloid cells, in addition, a two-fold increase in the frequency of CD1d
expressing myeloid cells (CD172*CD1d*) was detected compared to vehicle-treated mock
pigs (Fig. 5b). Distinct CD1d expression on non-myeloid cells, albeit less in frequency (3%),
was also noticed (Fig. 5b), suggesting that those cells could be of epithelial origin. We did
not detect any increase in the frequency of iINKT cells in both lungs and blood of a-GalCer-
inoculated pigs at post-24 h of inoculation (data not shown). To evaluate the cytokines
response in acute AHR-induced pigs, the lung homogenates were analyzed and detected an
increased secretion of the proinflammatory cytokine IL-6 and Th2 cytokines IL-4, IL-10,
and IL-13 compared to mock pigs (Fig. 5¢). In contrast, significantly less of IFNy in lungs
of AHR-induced pigs was detected compared to vehicle-inoculated mock pigs (Fig. 5¢).

C-Glycoside Analogs of a-GalCer Differentially Activated the Pig iNKT Cells

The knowledge pertaining to the phenotype and function of iNKT cells present in the lungs
of acute AHR patients is limited. In experimental studies, a species-specific differential
activation of iINKT cells to C-glycoside analogs of a-GalCer (GCK127 and GCK152) is
reported [22, 23]. To determine the response of iINKT cells to restimulation ex vivo, the a-
GalCer received pigs PBMCs and lung MNCs were cultured in the presence of vehicle, a-
GalCer, or C-glycoside analogs a-GalCer and then analyzed both the phenotype of INKT
cells and their cytokine response. Our results indicated that GCK127 strongly stimulated the
proliferation of iINKT cells (CD3*CD1d Tet*) present in the PBMCs of vehicle-treated pigs
compared to GCK152, as indicated by the ratio of mock/AHR-induced pig iNKT cells
frequency (Fig. 6a, Sla, and S2a). Concomitantly, iNKT cells of vehicle-treated pig PBMCs
secreted higher amounts of both IL-4 and IFNy upon stimulation with GCK127 compared to
GCK152, as indicated by their respective cytokine ratios (Figure 6¢, d and Slc, €). In
contrast, higher amounts of IL-4 was secreted by iNKT cells present in the PBMCs of acute
AHR-induced pigs upon GCK152 stimulation compared to GCK127, as indicated by
substantially reduced ratio of IL-4 of mock/AHR pigs (Fig. 6¢ and S1e). However,
comparable levels of IFNy were secreted upon stimulation with a-GalCer and GCK127 by
iNKT cells present in the PBMCs of acute AHR-induced pigs (Fig. 6d). Approximately 30%
of the normal healthy (vehicle received) pig iINKT cells express CD4a (Fig. S2). GCK127
and GCK152 favored the preferential proliferation of CD4* iNKT cells (and IL-4
production) present in the PBMCs of vehicle received and a-GalCer-inoculated pigs,
respectively (Fig. 6a, ¢ and S1a). These data indicated the preferential Th2-biased response
by GCK152 in AHR-induced pigs.

The iINKT cells present in the lung MNCs of AHR-induced pigs compared to mock pigs
proliferated to higher frequency when cultured in the presence of both a-GalCer and its C-
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glycoside analogs, as indicated by substantially reduced ratio of iINKT cells of mock/AHR
pigs (Fig. 6b and S1b). Interestingly, the frequency of proliferated CD4* iNKT cells in the
lung MNCs of AHR-induced pigs was comparable when cultured in the presence of all three
glycolipids (Fig. 6b and S1b). But relatively more IL-4 and less IFNy secretion by iINKT
cells present in the lung MNCs of AHR-induced pigs cultured in the presence of both
GCK127 and GCK152 compared to vehicle-treated pigs was detected (Fig. 6¢, d and S1d, f).
In contrast, comparable amounts of both Th1 and Th2 cytokines were secreted by iNKT
cells present in the lung MNCs of both AHR-induced and vehicle control pigs cultured in
the presence of a-GalCer (Fig. 6c¢, d). Overall, our data suggested that there is a Th2 bias in
the acute AHR-induced pig lung iNKT cells upon restimulation by CD1d-specific
glycolipids having minor structural differences.

Discussion

Invariant NKT cells express several features of innate immunity, including the ability to
rapidly secrete cytokines on activation and the expression of a germline-encoded “the
invariant TCR” that is remarkably conserved in sequence and function across species [9]. In
an iNKT cell-dependent manner, AHR was induced by allergens [20, 39], virus [40], and
ozone [41] in mice. Direct activation of lung iINKT cells resulted in AHR in man [42, 43],
monkeys [21], and mice [37] and also demonstrated now in pigs by us. All these studies
confirmed that absolute frequency of iNKT cells present in the lungs is not important, but
their functional capacity when activated to contribute to the development of AHR is critical.
Even we did not detect any increase in the frequency of iNKT cells in acute AHR-induced

pigs.

For the first time, both functional iINKT cells and CD1d molecules in pig lungs were
identified. The frequency of INKT cells detected in different tissues of pigs (0.01-1%) is
comparable to similar frequencies normally present in humans [44, 45]. Further, we noticed
a differential proliferation and cytokine production by AHR-induced pig lung iNKT cells to
C-glycoside analogs of a-GalCer. Consistent with the previous reports [15, 44], expression
of CD1d on myeloid cells and lung epithelial cells was also detected in pigs. It has been
shown that CD1d bound a-GalCer activates iNKT cells exclusively, both in vivo and in
vitro [46, 47]. Our results in pigs also suggested that a-GalCer stimulates iINKT cells.
Further studies using a stable pig CD1d expressing cell line and NKT cell clones are
essential to include the valuable pig system in NKT cell research.

A critical role played by infiltrated CD4" cells in acute asthma pathogenesis in the lungs of
patients and animal models has been demonstrated [48, 49]. As per many recent reports,
children suffering from severe asthma (<5 years) and acute bronchiolitis (<1 year) also
suffered from high fever [50-52]. The pro-inflammatory cytokine IL-6 is one of the
important players responsible for induction of fever in both children and pigs [53-55].
Consistent with the symptoms and immune reactions detected in children with severe
asthma, pigs suffering from acute AHR also suffered from fever, many fold increase in the
concentration of IL-6, and their lungs were excessively infiltrated with CD4* cells. Thus, the
baby pig model of acute AHR mediated by iINKT cells may serve as a useful addition to the
asthma research.
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Recent in vitro studies using both murine and human CD1d-expressing cell lines and NKT
cell hydridomas or clones detected marked differences in the activation of NKT cells to C-
glycoside analogs of a-GalCer (GCK127 and GCK152) [22, 23]. The only difference
between these C-glycoside analogs is in their lipid portion; GCK152 has an aromatic ring in
the acyl chain, and therefore, lipid chain binding to CD1d molecules results in a minor
conformation shift of the sugar head of glycolipids which interacts with the TCR of iINKT
cells [22]. Thus, the role of invariant TCR of iNKT cells (but not CD1d molecules) is
responsible for differential activation of INKT cells to lipid antigens with minor structural
differences [22]. Many bacterial lipids [56] and plant pollen lipids [57] have been identified
to be CD1d ligands capable of activating iNKT cells. But how iNKT cells of AHR-induced
animals/patients respond when exposed to different environmental CD1d-specific lipid
antigens is not known and that basic information is important to advance in the field of
iNKT cell-mediated asthma research. In our study, the response of AHR-induced pig iINKT
cells to GCK127 and GCK152 has provided interesting results. An increase in the frequency
of CD4" iNKT cells with concomitant increased production I1L-4 upon stimulation of AHR-
induced pig iINKT cells to GCK152 compared to GCK127 was detected. In contrast, near
opposite results were detected by mock pig iNKT cells in response to GCK127 compared to
GCK152. Thus, our data suggest that there are fundamental differences in the iNKT cell
proliferation and cytokine secretion in healthy and AHR conditions mediated through iNKT
cells upon exposure/re-exposure to environmental CD1d-specific antigens.

iNKT cells present in the PBMCs and lung MNCs of AHR-induced pigs tend to secrete
more of IL-4 than IFNy ex vivo, and in vivo also more of IL-4, IL-10, and IL-13 were
detected in pig lungs. Th2-biased immune response in patients suffering from allergic
asthma conditions is common [58]. Unlike Th2 cells, iNKT cells are resistant to the effects
of corticosteroids and continue to produce cytokines at doses that inactivate Th2 cells [59].
In severe persistent corticosteroid-resistant asthma, iNKT cells could be directly triggered
by glycolipids from infectious microbes, plant pollen, or airways insult mediated by viruses
and air pollutants [41, 56, 57, 60]. Therapies that disrupt the activation or effector function
of pulmonary iNKT cells may be beneficial in the treatment of multiple forms of asthma,
and such research could be easily taken up in pig models. In addition, ability of C-glycosides
analogs of a-GalCer to differentially activate iINKT cells of AHR-induced pigs has provided
useful impetus for future investigations.

Conclusion

Functional pig CD1d molecules and iNKT cells were identified in pigs, in particular in their
lungs. Importantly, iNKT cell-mediated acute AHR in pigs was demonstrated. In addition,
ability of C-glycoside analogs of a-GalCer (GCK127 and GCK152) to differentially
stimulate pig iINKT cells from healthy and AHR-induced pigs has provided useful impetus
for future investigations.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Cell surface CD1d expression on pig cells. a Flow cytometric analysis of pig BAL cells,
lung cells, splenocytes, and PBMCs was performed using a pig CD1d cross-reactive mouse
anti-CD1d mADb (filled histogram) and an isotype control mAb (open histogram). b Two-

color flow cytometric analysis of lung cells for the cell surface CD1d and cytokeratin

expression. Numbers in the quadrant indicate percentage of cells, and the data shown are
representative of four to ten pigs from two to three independent experiments
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Fig. 2.

iNKT cells are present in pigs. a Two-color flow cytometric analysis of fresh pig PBMCs,
splenocytes, and lung MNCs using pig anti-CD3e mAb conjugated with R-PE and APC-
conjugated mouse empty or PBS-57-loaded CD1d tetramers. b Pig PBMCs was cultured in
vitro in the presence of various concentrations of a-GalCer for 4 days, and iINKT cells were
analyzed as described above. Numbers in the quadrant indicate percentage of cells and the
data shown are the representative of five to ten pigs from five independent experiments
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Functional iNKT cells are present in pig lungs. Pig lung MNCs and PBMCs (control) were
cultured in the presence of a-GalCer (1,000 ng/ml) or vehicle for 12 days. a Immunostained
using fluorochrome conjugated anti-pig CD3e and mouse empty or PBS-57 loaded CD1d
tetramers and analyzed by flow cytometry. b Culture supernatants harvested on post-6 and
12 day cultures were analyzed for IFNy and IL-4 using pig cytokine-specific ELISA. Each
bar represents the average cytokines OD from three pigs£SEM and * denote statistically
significant difference (P<0.05) in the amount of cytokines secreted by cells cultured in the
presence of vehicle vs a-GalCer. The data shown are representative of six pigs in three
independent experiments
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a Vehicle o-GalCer

Fig. 4.
Acute AHR-induced pig lungs had petechial hemorrhages with excessive CD4* and myeloid

cells infiltration. a A representative pig lung macroscopic picture of vehicle or a-GalCer-
inoculated pig (n=3 per group) with petechial hemorrhages on both the dorsal and ventral
surfaces (arrows indicate areas of hemorrhages) is shown. b A representative pig lung
section was subjected to immunohistochemistry, showing more of infiltrated CD4* cells in
a-GalCer received pig lungs compared to vehicle controls. Bar, 10 pm. ¢ A representative
pig lung section was subjected to H&E staining, showing massive infiltration of
inflammatory leukocytes in a-GalCer received pig lungs. Bar, 5 um. Frozen sections of
vehicle or a-GalCer-inoculated pigs (n=3 per group) were immunostained for pig-specific
CD4" cells (arrowheads) and then counterstained with hematoxylin. Similar results were
obtained in another independent experiment

J Clin Immunol. Author manuscript; available in PMC 2015 June 01.

Vehicle a-GalCer



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Renukaradhya et al.

a

—> U

CD1d

Page 18

9]

; . : . — 5000 *
In vivo inoculation with In vivo Inoculation with
8 Vehicle § 40001 Bvehicle
105, = o-Gal i M o-GalCer
, a-GalCer ~ 30001 %
™ =
LL
2 104+ = 20004 [
() “— L .
§ : o 1500
© 1034 E
] : D
= o)
5 102 & 1000
= O *
o : -
m 101 2 5001
O
2 = -
100- ia ’ ‘
0 3 6 91215182124 o e
Hours post-inoculation IFN-y IL-6 IL-10 IL-4 IL-13
Mock control pig Asthma induced pig
Isotype _.CD1d*cells ._Isotype CDid*cells
! N 11 3 21
<
g R |

Fig. 5.

Elgevated body temperature and increased pro-inflammatory and Th2-cytokine responses
were mediated by lung iNKT cells in the acute AHR-induced pigs. Pigs were intratracheally
inoculated with a-GalCer or vehicle. a Body temperature was recorded at 9 and 24 h post-
inoculation. Mean temperature from three pigs in each treatment group£SEM is shown, and
P value was calculated by nonparametric Kruskal-Wallis test. b BAL cells harvested from
pigs were immunostained to analyze CD1d on myeloid cells (CD172%) by flow cytometry.
The data shown were from a representative pig from vehicle or a-GalCer received pigs (n=3
pigs/group). Numbersin the quadrant indicate percentage of cells. ¢ Lung homogenates
prepared from pig lungs 24 h post-inoculation were analyzed for indicated cytokines by
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ELISA. Each bar represents the average cytokine concentration from three pigstSEM and *
denote statistically significant difference (P<0.05) between vehicle vs a-GalCer-inoculated

pigs
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Fig. 6.

Ac?ute AHR-induced pig iNKT cells present in the PBMCs and lung MNCs were
preferentially proliferated into CD4* phenotype and secreted more of I1L-4 than IFNy ex
vivo. Pigs were intratracheally inoculated with a-GalCer or vehicle and euthanized at
post-24 h of inoculation. a PBMCs and b lung MNCs isolated from pigs were cultured for 8
days in the presence of vehicle, a-GalCer, GCK127, or GCK152 at indicated concentrations.
Cells were immunostained using fluorochrome conjugated anti-pig CD3¢, CD4a, and mouse
empty or PBS-57-loaded CD1d tetramers and subjected to flow cytometry. CD3* gated cells
were analyzed for mouse CD1d tetramer® and CD4a* iNKT cells. The supernatants
harvested from cultures were analyzed for c IL-4 and d IFNy by ELISA. Each bar represents
the ratio (vehicle/a-GalCer received pigs) of average percentage of iNKT cells or amounts
of cytokine from three pigs in one independent experiment. A trend line was drawn on the y-
axis at “1”. Ratio of < or > one means that iINKT cells frequency or secreted cytokines were
that many fold < or > in AHR-induced pigs compared to respective mock control,
respectively. Similar results were observed in another independent experiment
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