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Abstract

Influenza A viruses (IAV) are a major cause of respiratory diseases in pigs. Invariant natural killer 

T (iNKT) cells are an innate-like T cell subset that contribute significantly to IAV resistance in 

mice. In the current work, we explored whether expanding and activating iNKT cells with the 

iNKT cell superagonists α-galactosylceramide (α-GalCer) would change the course of an IAV 

infection in pigs. In one study, α-GalCer was administered to pigs intramuscularly (i.m.) 9 days 

before infection, which systemically expanded iNKT cells. In another study, α-GalCer was 

administered intranasally (i.n.) 2 days before virus infection to activate mucosal iNKT cells. 

Despite a synergistic increase in iNKT cells when α-GalCer i.m. treated pigs were infected with 

IAV, neither approach reduced disease signs, lung pathology, or virus replication. Our results 

indicate that prophylactic use of iNKT cell agonists to prevent IAV infection is ineffective in pigs. 

This is significant because this type of approach has been considered for humans whose iNKT cell 

levels and IAV infections are more similar to those of pigs than mice.
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1. Introduction

Influenza A viruses (IAV) are very contagious in swine and can cause acute respiratory 

disease that lead to significant economic losses for the swine industry (Janke, 2014; Rajao 
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and Vincent, 2015). Influenza A viruses also reassort in pigs which give rise to novel viruses 

that occasionally cause human pandemics, such as the 2009 H1N1 flu pandemic 

(Khiabanian et al., 2009). While vaccination is an important strategy to prevent influenza in 

pigs, this approach often fails to prevent influenza outbreaks because antigenic shift and drift 

of IAV occurs at a faster rate than vaccines can be developed (Sandbulte et al., 2015). 

Furthermore, vaccine-mediated immune responses take days or weeks to develop during 

which time animals may develop disease (Lefevre et al., 2012). Another complication is that 

maternally derived antibodies can interfere with vaccine immunity in piglets (Pyo et al., 

2015). Because of these deficiencies, there is an urgent need for alternative strategies to 

mitigate IAV infections in pigs, especially during periods of increased risk, such as weaning 

or during an influenza outbreak. One approach may be to enhance the host innate immune 

system in ways that increase IAV resistance. An example of this strategy is the 

administration of granulocyte colony-stimulating factor (Imrestor® pegbovigrastim) to dairy 

cows, which reduces their susceptibility to periparturient mastitis infections by increasing 

their circulating neutrophil concentrations (Ruiz et al., 2017).

The current study investigated whether the severity of IAV infections could be reduced in 

pigs by therapeutically activating and/or expanding their invariant natural killer T (iNKT) 

cells before infection. These cells are a distinct subset of immunoregulatory T lymphocytes 

that share phenotypic and functional similarities to NK cells. In contrast to conventional T 

cells, iNKT cells use a semi-invariant T cell receptor (TCR) to recognize glycolipid antigens 

presented by the non-polymorphic CD1d molecule. However, they can also be activated 

indirectly by pro-inflammatory cytokines, including those produced during viral infections 

(Brigl et al., 2011; Tyznik et al., 2008). iNKT cell effector responses appear to be important 

for IAV immunity in mice because iNKT cell-deficient mouse strains are highly susceptible 

to IAV infection (Ishikawa et al., 2010; Kok et al., 2012; Paget et al., 2012; Santo et al., 

2008). Furthermore, treating mice before or during an IAV infection with iNKT cell 

superagonists, such as α-galactosylceramide (α-GalCer), increases survival rates and 

reduces early virus replication in the lung (Ho et al., 2008; Ishikawa et al., 2010; Kok et al., 

2012; Lin et al., 2010). Protection is reported to arise from iNKT cell-derived IFNγ which 

transactivates cytolytic NK cells and CD8+ T cells and by the reduction of the 

immunosuppressive activity of myeloid-derived suppressor cells (MDSC) that undergo 

expansion during IAV infection (Santo et al., 2008). In addition, iNKT cells produce IL-22 

during IAV infection that prevents IAV-triggered cell death of pulmonary epithelial cells 

(Paget et al., 2012).

Since swine express iNKT cells that are characteristically similar to mouse and human iNKT 

cells, including that they require CD1d for their development (Yang et al., 2015), and 

possess the canonical invariant TCR (Looringh van Beeck et al., 2009; Yang et al., 2019), a 

capacity to rapidly secrete cytokines upon activation (Artiaga et al., 2014; Schäfer et al., 

2019; Thierry et al., 2012; Yang et al., 2017), and high expression of the transcription factor 

PLZF (Schäfer et al., 2019; Thierry et al., 2012), the current study evaluated whether 

prophylactically expanding and activating iNKT cells in pigs would increase their resistance 

against a subsequent IAV infection. Our goal was to determine if this approach could be 

used to mitigate IAV infections in pigs, an economically important livestock species of that 

are a natural host of IAVs. This study was also performed to establish the feasibility of 
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harnessing iNKT cells to improve IAV resistance in humans who are much more similar to 

pigs than mice in regards to iNKT cells and IAV immunity.

2. Materials and methods

2.1. Pigs

Commercial Yorkshire cross bred piglets were obtained from the University of Florida swine 

unit. Experiments were performed in compliance with guidelines from the United States 

Department of Agriculture, the National Research Council’s Guide for the Care and Use of 

Laboratory Animals and all relevant state and federal regulations and policies. The animal 

care and use committee at the University of Florida approved the protocol under project 

number 201708209.

2.2. Experimental design

Three-week old piglets were assigned to different treatment groups after they were 

confirmed to be seronegative for antibodies against influenza H1N1, H3N2 and B viruses by 

hemagglutination inhibition assays (HAI), as previously described (WHO, 2002). In one 

study (Table 1), pigs were treated 9 days before infection with 100 μg/kg α-GalCer 

administered by intranasal (i.n.) delivery or intramuscular (i.m.) injection. Mock treated pigs 

received an i.m. injection of the vehicle (PBS with 2% DMSO). In another study (Table 2), 

100 μg/kg of α-GalCer was administrated i.n. 2 days before virus infection. In both studies, 

pigs were challenged with 106 TCID50 pandemic H1N1 A/California/04/2009 (CA04) or 

virus-free DMEM media by the intratracheal route, as described previously (Artiaga et al., 

2016a). In both studies, virus and mock infected pigs were housed in separate rooms. Each 

of the infected groups were separated by an empty pen to avoid close contact between pigs 

in different groups.

Pigs were anesthetized with BAM™ combination drug (Butorphanol, Azaperone, 

Medetomidine) at a dose rate of 1.0mL per 75lbs body weight and euthanized by 

intravenous (i.v.) Pentobarbital Sodium injections (150 mg/kg) either 5 or 7 days after 

challenge. Clinical signs, including body temperature, body weight, coughing, sneezing, 

nasal discharge, ocular discharge and diarrhea, were monitored daily throughout the 

challenge period as previously described (Artiaga et al., 2016a). Nasal swabs were collected 

on day −1 and every day post-infection to determine virus shedding. Blood samples were 

collected to analyze immune cell populations. During necropsy, tissue samples from lung, 

trachea, bronchus, tonsil, and nasal associated lymphoid tissue (NALT) were collected to 

determine virus titers. Additional samples from the lung, spleen and tracheobronchial lymph 

nodes (TBLN) were collected for flow cytometric analysis, and histology. Bronchoalveolar 

lavage fluid (BALF) was collected and analyzed for viral titers and immune cell populations 

(Artiaga et al., 2016a).

2.3. Preparation of α-GalCer

α-Galactosylceramide purchased from Diagnocine LLC (Hackensack, NJ) was sonicated in 

DMSO at 2 mg/ml until fully dissolved. α-GalCer stock solutions were further dissolved in 

PBS for administration to pigs. Each lot of α-GalCer was tested for biological activity by 
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measuring the upregulation of T cell costimulatory molecules on splenic dendritic cells of 

C57BL/6J mice as previously described (Driver et al., 2010).

2.4. Flow cytometry and antibodies

Blood was collected from the jugular vein using EDTA-containing vacutainers (BD 

Biosciences, San Jose, CA). BALF was centrifuged to analyze the cellular composition of 

the cell pellet. Lung, spleen, and TBLNs were dispersed into single cells as previously 

described (Artiaga et al., 2014). Leukocytes obtained from homogenized or digested tissues 

were treated with an ammonium chloride-based lysis buffer to eliminate residual red blood 

cells. Immune cell populations were characterized using either a BD Accuri C6, BD 

LSRFortessa (BD Bioscience) or Attune NxT (Thermofisher, Grand Island, NY) flow 

cytometer after cells were blocked with polyclonal rat IgG antibody and stained as 

previously described (Artiaga et al., 2016a). Antibodies and tetramer reagents used to 

characterize iNKT cells, αβ T cells, γδ T cells, and NK cells are described in Supplemental 

Table 1. Data were analyzed using FlowJo software v9 (Treestar, Palo Alto, CA).

2.5. Multiplex immunoassay of cytokines and chemokines

Bronchoalveolar lavage fluid (BALF) collected during necropsy was analyzed for IL-1β, 

IL-4, IL-6, IL-8, IL-10, IL-12, IFN-α, IFN-γ and TNF-α using a Cytokine & Chemokine 9-

Plex Porcine ProcartaPlex™ array (Thermo Fisher Scientific, Waltham, MA) according to 

the manufacturer’s instructions. The plates were read by xMAP®-based reader platform 

MagpixTM (Luminex Corporation, Austin, Texas). The cytokine levels were determined 

according to their standard curves using MilliplexTM Analyst 5.1 Flex software 

(VigeneTech Inc, Carlisle, MA).

2.6. Virus and viral titers

Influenza virus encoding the original consensus sequence of the pandemic H1N1 A/

California/04/2009 strain (designated CA04) was generated by reverse genetics and 

recovered as previously described (Solórzano et al., 2005). Virus titers were calculated as the 

median TCID50 and viral titers expressed as TCID50/ml and TCID50/g as appropriate. 

TCID50 values were determined by infecting Madin Darby Canine Kidney (MDCK) cells in 

96-well microtiter plates with serial dilutions of virus. MDCK cells were cultured using 

serum-free DMEM (ThermoFisher Scientific, Grand Island, NY) treated with 1.0 μg/ml of 

trypsin-TPCK (Worthington Biochemical Company, Lakewood, NJ) at 33 °C. TCID50 was 

calculated according to the method of Reed and Muench (Reed and Muench, 1938).

2.7. Lung histology

At necropsy, the right lung was perfused via the trachea with 10% neutral phosphate-

buffered formalin at 30cm H2O pressure and processed as described previously (Artiaga et 

al., 2016a). Briefly, seven sections of the cranial, middle and caudal of right lung lobe that 

would fit in a 2.5 × 4 cm embedding mold were cut and embedded in paraffin. Sections from 

paraffin blocks were cut at 7 μm and were stained with hematoxylin and eosin (H&E). Each 

section was scored for severity of bronchiolitis and pneumonia using similar methods as 

previously described (Artiaga et al., 2016b). Briefly, bronchiolitis was scored according to 
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aggregates of lymphocytes and macrophages in bronchiolar walls in focal or multifocal 

distribution. Each section was scored from 0 to 3; 0: no lesions, 1–3: low to high density 

aggregates. Pneumonia was scored from seven sections per pig according to the lesions, 0: 

no lesions, 1–3: small to large sized lesions. The sum total of lesion scores for seven sections 

for each pig are displayed.

2.8. Statistical analysis

For virus titers and lung pathology, data were analyzed using PROC GLIMMIX of SAS 

(v9.4, SAS Institute Inc., Cary, NC) blocking by batch. Viral titer data were log transformed 

in order to address the heteroscedasticity and non-normally distributed residuals of 

untransformed data and analyzed for repeated measures. When the F-test for a main effect or 

interaction was significant (P< 0.05), multiple comparisons were done using Tukey’s test. 

All other variables were analyzed in GraphPad Prism (version 8.4 for Macintosh, GraphPad 

Software Inc., La Jolla, CA). If data residuals were normally distributed, a multiple 

comparison Tukey’s test was conducted in two-way ANOVA. For data with residuals non-

normally distributed, a non-parametric Kruskal-Wallis analysis of variance was conducted 

and differences between groups were analyzed by Dunn’s multiple comparisons test. A 

significant difference was declared at P < 0.05. Differences in iNKT cells, cytokines levels 

and viral titers in airway tissues were analyzed using a nonparametric Kruskal-Wallis test 

with GraphPad Prism (version 8.0 h for Macintosh, GraphPad Software Inc., La Jolla, CA). 

Differences between groups were analyzed by Dunn’s multiple comparisons test. A 

significant difference was declared at (P < 0.05). Lung pathology, viral titers in nasal swabs, 

and immune cell populations in peripheral blood (PB) and tissues were analyzed with the 

PROC MIXED procedure of SAS (v9.3, SAS Institute Inc., Cary, NC) for regression 

analysis. Groups were compared using the Turkey’s test when a main effect or interaction 

term was determined to be significant (P < 0.05).

3. RESULTS

3.1. α-GalCer administered systemically but not intranasally increases iNKT cells in the 
respiratory tract

After recognizing CD1d-bound α-GalCer, iNKT cells secrete large quantities of cytokines 

over a 24 h period, upon which they begin to proliferate (Crowe et al., 2003; Wilson et al., 

2003). We previously published that α-GalCer injected into the neck muscle of pigs 

increases the frequency of iNKT cells in PB that peaks 9 days after injection [Figure 6A in 

(Artiaga et al., 2014)]. We also showed that α-GalCer administered by this route increases 

the frequency of iNKT cells in the lung tissue, BALF and TBLNs [Figure 1D in (Artiaga et 

al., 2016a)]. To determine whether increasing pulmonary iNKT cell levels can change the 

course of an IAV infection in swine, we infected pigs with 106 TCID50 of CA04 H1N1 9 

days after they were intramuscularly injected with 100 μg/kg α-GalCer (αGC i.m./CA04). A 

separate group of pigs were administered the same amount of α-GalCer by the intranasal 

route (αGC i.n./CA04) to compare how iNKT cell activation at the site of infection would 

affect virus replication and disease. For comparison, additional groups of pigs were mock-

injected with vehicle and mock-infected with virus free media (Mock/Mock), mock-treated 
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and CA04 infected (Mock/CA04), and α-GalCer injected and mock-infected (αGC i.m./

Mock).

Flow cytometry was used to assess iNKT cells in blood, BALF, and tissues using a mouse 

CD1d tetramer reagent loaded with the α-GalCer analog PBS57, which cross-reacts with the 

invariant TCR of porcine iNKT cells (Supplemental Figure 1). Analysis of PB at 8 days 

post-treatment found that the frequency of iNKT cells was significantly increased by i.m. but 

not i.n. administration of α-GalCer. Analysis of PB during the challenge period found that 

iNKT cells remained elevated in αGC i.m./CA04 pigs, peaking at 3 days post infection 

(d.p.i.) and at levels 11-fold higher than Mock/Mock pigs. In contrast, iNKT cells in αGC 

i.m./Mock pigs peaked at −1 d.p.i. and returned to baseline levels by the end of the challenge 

period (Figure 1A–C). Analysis of tissue samples at 7 d.p.i. found higher frequencies of 

iNKT cells in the lung, BALF, spleen, and TBLN of αGC i.m./CA04 pigs that were on 

average respectively 10-, 9-, 4-, and 3-fold higher than in Mock/Mock pigs (Figure 1A, D & 

E). Although iNKT cell frequencies tended to be higher in tissue samples from αGC i.m./

Mock pigs, their levels were not significantly higher than Mock/Mock pigs. iNKT cell 

frequencies remained low and stable for Mock/Mock, Mock/CA04, and αGC i.n./CA04 

pigs. These results indicate that i.m. application of α-GalCer and virus exposure 

synergistically increased iNKT cell levels in PB and tissues of pigs, and especially the lung.

In a separate study, we investigated whether intranasal administration of α-GalCer 2 days 

before CA04 inoculation would alter the course of disease. Pigs were infected with 106 

TCID50 of CA04 IAV 2 days after they were administered 100 μg/kg of α-GalCer by the 

intranasal route (αGC i.n./CA04). Additional pigs were mock-injected and mock-infected 

(Mock/Mock), mock-treated and CA04 infected (Mock/CA04), and α-GalCer treated and 

mock-infected (αGC i.n./Mock). Peripheral blood iNKT cell frequencies remained stable for 

all treatment groups throughout the experiment (not shown). We observed that iNKT cells 

tended to be 2 to 4-fold higher in BALF and tissues of α-GalCer-treated pigs compared to 

Mock/Mock pigs at 5 d.p.i. (Figure 1F & G). However, the only significant differences we 

observed were between αGC i.n./Mock and Mock/Mock pigs in TBLNs and between αGC 

i.n./Mock and Mock/CA04 pigs in BALF. Thus, it appears that α-GalCer delivery via the 

intranasal route had only a modest effect on iNKT cell levels in the lung that did not 

synergize with CA04 infection.

3.2. Analysis of immune cells and cytokines

To determine whether α-GalCer or IAV infection induced downstream immune effects, we 

measured the frequencies of total T cells, CD4+ T cells, CD8+ T cells, CD4+CD8+ double-

positive T cells, γδ T cells, and NK cells (Supplemental Figure 2) in PB, BALF, lung, 

spleen, and TBLN when pigs were administered α-GalCer 9 days (Supplemental Figure 3 & 

Supplemental Tables 2–5) and 2 days (Supplemental Figure 4 & Supplemental Tables 6–9) 

before infection. No significant differences in cell types were detected among treatment 

groups in either experiment indicating that, apart from iNKT cells, prophylactic α-GalCer 

administration did not significantly alter leukocyte populations in blood or tissues. We also 

analyzed cytokine levels in BALF using a porcine multiplex array that detects IL-1β, IL-4, 

IL-6, IL-8, IL-10, IL-12, IFN-α, IFN-γ, and TNF-α. We found no significant differences 
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among treatment groups in either study with the exception of IFN-α, which was 

significantly increased in α-GalCer treated and infected pigs (αGC i.n./CA04) compared to 

mock-infected pigs in the second study (Figure 2).

3.3. Activating NKT cells before influenza infection does not affect lung inflammation

Lung tissues were examined to determine the impact of α-GalCer administration on 

influenza-induced pulmonary inflammation. In the first study that administered α-GalCer 

i.m. or i.n. to pigs 9 days before IAV challenge, cranial, middle and caudal sections of the 

right lung were collected on day 7 d.p.i.. All groups of pigs that were infected with CA04 

developed moderate levels of bronchiolitis and pneumonia. No significant difference in 

pathology scores was detected among IAV-infected pigs treated with vehicle or α-GalCer 

(Figure 3A & B), although pneumonia scores tended to be higher in αGC i.n./CA04 pigs 

than the other treated groups. There were also no differences in lung pathology score among 

IAV-infected pigs in the second study, where α-GalCer was administered i.n. 2 days before 

challenge and necropsies were performed at 5 d.p.i. (Figure 3C & D). It should be noted that 

some pigs in the Mock/Mock group of this second study had a low level of bronchiolitis and 

pneumonia due to a pre-existing bacterial infection. Collectively, these results indicate that 

therapeutically increasing and/or activating iNKT cells in the respiratory tract prior to 

infection does not reduce lung inflammation, but also does not induce immunopathological 

inflammation.

3.4. Prophylactic α-GalCer administration does not reduce viral replication or virus 
shedding

We measured virus titers in nasal swabs, BALF, and various tissues throughout the 

respiratory tract. In the first study that administered α-GalCer i.m. or i.n. to pigs 9 days 

before challenge, virus was detected in nasal swabs from 1 d.p.i., and peaked at day 5 d.p.i.. 

However, there was no difference in viral titers between pigs treated with vehicle or α-

GalCer delivered i.m. or i.n. (Figure 4A). Most pigs had undetectable levels of virus in their 

airway tissues by 7 d.p.i., probably because viral particles had been cleared by host immune 

responses at this time (data not shown). In the second study that intranasally administered α-

GalCer 2 days before infection, no significant difference in virus titers was detected among 

any of the virus infected pigs in nasal swabs collected daily, or BALF and airway tissues 

collected at 5 d.p.i. (Figure 4B & C). Collectively, these results indicate that virus replication 

and shedding is unaffected by prior treatment with α-GalCer.

4. Discussion

The current study evaluated whether prophylactically administering α-GalCer to pigs would 

increase their resistance against a subsequent influenza virus infection. Our premise was 

based on previous reports that iNKT cells make up a significant component of IAV 

immunity in mice and that therapeutically expanding and activating murine iNKT cells with 

α-GalCer before or during an IAV infection strongly increases influenza disease resistance 

in this species (Ho et al., 2008; Ishikawa et al., 2010; Kok et al., 2012; Lin et al., 2010). In 

addition, we previously showed that viral titers and lung pathology were significantly 

reduced in piglets intranasally treated with α-GalCer at the time of infection (Artiaga et al., 
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2016b). In our first experiment, pigs were infected with influenza 9 days after α-GalCer 

injection in order to synchronize virus infection with peak iNKT cell expansion (Artiaga et 

al., 2014). Although iNKT cell concentrations increased, including in the respiratory tract, 

our treatment failed to reduce virus shedding, viral replication in the airway or lung 

pathology. This may be because the anti-IAV effector functions of swine iNKT cells are 

quantitatively or qualitatively different to mouse iNKT cells or that the concentrations of 

iNKT cells we achieved did not reach a level sufficient to affect IAV-induced disease. 

Indeed, iNKT cell concentrations are approximately 10-fold lower in pigs and humans than 

in most inbred mouse strains (Artiaga et al., 2014; Berzins et al., 2011), while porcine iNKT 

cells do not expand to the same levels as murine iNKT cells after α-GalCer stimulation 

(Harada et al., 2004; Rampuria and Lang, 2015; Renukaradhya et al., 2011; Schäfer et al., 

2019; Thierry et al., 2012; Yang et al., 2019). It is notable that a previous study has reported 

that only patients with high iNKT cell frequencies appeared to benefit from iNKT cell 

therapy (Giaccone et al., 2002). Another possibility is that our α-GalCer treatments induced 

iNKT cells to become anergic. This phenomenon occurs in mouse and human iNKT cells 

after strong activation, and is characterized by a reduced ability to produce IFNγ after re-

stimulation for up to three weeks after activation (Hayakawa et al., 2004; Kojo et al., 2009; 

Parekh et al., 2005). In the current study, α-GalCer-expanded iNKT cells remained at least 

partially functional because their levels increased significantly after IAV infection, probably 

because of indirect stimulation by virus-induced cytokines, such as IL-12 (Taniguchi et al., 

2003). Nevertheless, preexposure to α-GalCer may have diminished iNKT cell effector 

functions below a level necessary to impact IAV-induced disease. Indeed, we previously 

found less plasma IFNγ in pigs after a booster compared to a primary administration of α-

GalCer (Artiaga et al., 2014).

Our second experiment delivered α-GalCer intranasally just 2 days before virus infection in 

order to determine whether disease could be altered in the immediate aftermath of iNKT cell 

activation. This treatment strategy has been reported to induce a wide range of early-innate 

immune responses in the pulmonary mucosa (Courtney et al., 2011), which is the site of 

infection (Janke, 2014). We chose this approach because i.n. administration of α-GalCer 

significantly reduced virus replication in pigs when delivered at the time of infection 

(Artiaga et al., 2016b). Also, therapeutically activating iNKT cells shortly before infection 

has been demonstrated to limit the severity of disease in mice infected with IAV and other 

diseases. They include a study where the α-GalCer analog C34 increased the survival of 

mice challenged with IAV one day later (Lin et al., 2010) as well as a study which found that 

administration of α-GalCer 30 hours prior to sepsis induction, reduced pulmonary 

inflammation and injury and increased survival in a mouse model of polymicrobial sepsis 

(Bolognese et al., 2018). Also, α-GalCer administration i.n. 24 h before Streptococcus 
pneumoniae infection was shown to fully protect mice from mortality and rapidly eliminated 

the pathogen from alveolar spaces (Ivanov et al., 2012). In our study, it was not surprising 

that iNKT cell levels did not increase when α-GalCer was administered i.n. 2 days before 

infection as iNKT cells did not increase in a previous study that used i.n. administered α-

GalCer to modulate an ongoing IAV infection (Artiaga et al., 2016b). The potential reasons 

why our second treatment strategy did not affect disease outcome include that the effects of 

iNKT cell activation may have dissipated by the time the pigs became infected, as iNKT 
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cells are known to induce potent but short-lived cytokine responses. Also, it is possible that 

α-GalCer may have rendered iNKT cells anergic by the time the pigs were infected, as 

described above.

In conclusion, therapeutically activating and/or expanding pulmonary iNKT cells before 

IAV-infection did not alter the course of influenza infection in pigs even though a similar 

approach reduced disease in mice. Our work suggests that this strategy may also be 

ineffective in humans because people are more similar to swine than mice for IAV infections 

as well as innate and adaptive immune defense systems, including iNKT cells.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

IAV Influenza A virus

iNKT cell invariant natural killer T cell

α-GalCer α-galactosylceramide

TCR T cell receptor

MDSC myeloid-derived suppressor cells

CA04 A/California/04/2009

HAI hemagglutination inhibition assay

i.v. intravenous

i.m. intramuscular

i.n. intranasal

MDCK Madin Darby Canine Kidney

PB peripheral blood

BALF bronchoalveolar lavage fluid

NALT nasal associated lymphoid tissue
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TBLN tracheobronchial lymph nodes
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Figure 1. 
Flow cytometric analysis of iNKT cell levels. (A-E) Frequency of iNKT cells in peripheral 

blood (PB) and tissues in Experiment 1 when pigs were administrated α-GalCer (αGC) i.m. 

or i.n. 9 days prior to infection with CA04. (A) Representative flow cytometry plots showing 

iNKT cells in PB at 3 d.p.i. and various tissues at 7 d.p.i.. (B) Frequency of PB iNKT cells 

as a percentage of lymphocytes at −10, −5, −1, 3, 5 d.p.i.. (C) Fold change of iNKT cell 

frequency compared to the same pig at −10 d.p.i.. (D) Tissue and BALF iNKT cells as a 

proportion of lymphocytes at 7 d.p.i.. (E) Fold change of tissue and BALF iNKT cell 

frequency compared to the average iNKT cell frequency of Mock/Mock pigs. (F-G) 

Frequency of iNKT cells in tissues in Experiment 2 when pigs pigs were treated with α-

GalCer i.n. 2 days before challenge with CA04. (F) Frequency of iNKT cells in BALF and 
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various tissues as a proportion of total lymphocytes collected at 5 d.p.i.. (G) Fold change of 

tissue and BALF iNKT cells compared to the average iNKT cell frequency of Mock/Mock 

pigs. Data are represented as mean ± SEM. Differences in PB iNKT cell levels were 

analyzed using the Kruskal-Wallis test and the Dunn’s test was used to compare treatments 

at each time point and within each tissue. *P < 0.05.
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Figure 2. 
Intranasal α-GalCer (αGC) administration 2 days prior to challenge increased IFN-α 
concentrations in the BALF of IAV infected pigs. IFN-α levels were measured using a 

multiplex immunoassay at 5 d.p.i.. Data are represented as mean ± SEM. Differences 

between different groups were analyzed using a nonparametric Kruskal-Wallis test, *P < 

0.05.
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Figure 3. 
Therapeutically activating iNKT cells prior to IAV infection does not alter lung pathology. 

Pathology was assessed by evaluating H&E stained lung sections from pigs administered α-

GalCer (αGC) i.m. or i.n. 9 days prior to infection (A & B) or i.n. 2 days prior to infection 

(C & D). (A & C) Bronchiolitis score; (B & D) Pneumonia score. Data are presented as 

mean ± SEM. Data were analyzed using the SAS PROC GLIMMIX procedure and 

differences between groups were analyzed using Tukey’s test, *P < 0.05.
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Figure 4. 
Virus titers are unaffected by prophylactically treating IAV infected pigs with α-GalCer 

(αGC). (A) Viral titers in nasal swabs from pigs in Experiment 1 that administrated α-

GalCer (αGC) i.m. or i.n. 9 days prior to infection with CA04. (B-C) Viral titers in nasal 

swabs (B) and tissues 5 d.p.i. (C) from pigs in Experiment 2 that administered αGC i.n. 2 

days before infection. Data are represented as mean ± SEM. Data were analyzed using the 

SAS PROC GLIMMIX procedure in SAS. No significant differences were detected among 

the infected groups.
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Table 1.

Setup for Experiment 1

Treatment (Day -9)† Challenge Designation N

Mock (PBS + DMSO) Mock Mock/Mock 4

αGalCer (i.m.) Mock αGC i.m./Mock 5

Mock (PBS + DMSO) CA04 H1N1 Mock/CA04 5

αGalCer (i.m.) CA04 H1N1 αGC i.m./CA04 5

αGalCer (i.n.) CA04 H1N1 αGC i.n./CA04 5

†
Treatments were administered 9 days before challenge
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Table 2.

Setup for Experiment 2

Treatment (day -2)† Challenge Designation N

Mock (PBS + DMSO) Mock Mock/Mock 4

αGalCer (i.m.) Mock αGC i.m./Mock 6

Mock (PBS + DMSO) CA04 H1N1 Mock/CA04 6

αGalCer (i.n) CA04 H1N1 αGC i.n./CA04 6

†
Treatments were was administered 2 days before virus infection.
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