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Extended Data  1 

“An Immunostimulatory Glycolipid That Blocks  2 

SARS-CoV-2, RSV, and Influenza Infections In Vivo” 3 

Materials and Methods  4 

Data reporting 5 

Power analysis based on guidelines by Institute for Laboratory Animal Research were used to 6 

predetermine sample size to estimate minimum number of animals required to detect significant 7 

effect of 7DW8-5 glycolipid, if one is detected. The experiments were not randomized, and the 8 

investigators were not blinded to allocation during experiments and outcome assessment. 9 

 10 

Ethics statement 11 

All animal experiments were carried out in strict accordance with the Policy on Humane Care and 12 

Use of Laboratory Animals of the United States Public Health Service. The protocol was approved 13 

by the Institutional Animal Care and Use Committee (IACUC) at The Columbia University (Animal 14 

Welfare Assurance no. D16-00003) and the Washington University School of Medicine (Animal 15 

Welfare Assurance no. A3381–01).  Virus inoculations were performed under anesthesia that was 16 

induced and maintained with ketamine hydrochloride and xylazine, and all efforts were made to 17 

minimize animal suffering. Mice and hamsters were euthanized with CO2, with every effort made 18 

to minimize suffering. 19 

 20 

Animals 21 

Female BALB/c mice with 10-15 weeks of age and female C57BL/6 mice with 14-15 weeks of 22 

age, as well as female BALB/c mice lacking CD1d1 and CD1d2 genes (strain: C.129S2-23 

Cd1tm1Gru/J) and female C57BL/6 mice lacking IFN-𝛾𝛾 (strain: B6.129S7-Ifngtm1Ts/J) were 24 

purchased from The Jackson Laboratory (Bar Harbor, ME) and maintained under specific 25 

pathogen-free conditions in the animal facility at Columbia University Irving Medical Center. 26 

Heterozygous 8-9 weeks old female K18-hACE C57BL/6J mice (strain: 2B6.Cg-Tg(K18-27 

ACE2)2Prlmn/J) were obtained from The Jackson Laboratory and housed in a pathogen-free 28 

animal facility at Washington University School of Medicine. Male Syrian hamsters with 5-6 weeks 29 

of aged were purchased from Charles River Laboratories (Wilmington, MA) and housed in an 30 

enhance biosafety level 3 (BL3) facility at Washington University in St. Louis.  31 
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 32 

Glycolipids 33 

Glycolipid 7DW8-5 with chemical formula [(2S,3S,4R)-1-O-(α-D-galactopyranosyl)-N-(11-(4-34 

fluorophenyl) undecanoyl)-2-amino-1,3,4-octadecanetriol)] was synthesized as previously 35 

described5. Glycolipid α-galactosyl ceramide (α-GalCer) with chemical formula [N-[(3S,4R)-3,4-36 

dihydroxy-1-[(2S,3R,4S,5R,6R)-3,4,5-trihydroxy-6-(hydroxymethyl)oxan-2-yl]oxyoctadecan-2-37 

yl]hexacosanamide] and control lipids with chemical formula 18:1 caproylamine PE [1,2-dioleoyl-38 

sn-glycero-3-phosphoethanolamine-N-(hexanoylamine)] and 18:1 biotinyl PE [1,2-dioleoyl-sn-39 

glycero-3-phosphoethanolamine-N-(biotinyl) sodium salt] were purchased from Avanti Polar 40 

Lipids. 41 

 42 

Cells and viruses 43 

Vero-E6 (ATCC Cat #1586) and Vero-TMPRSS2-ACE2 cells (gift from Emory University) were 44 

cultured at 37 oC in Dulbecco’s Modified Eagle medium (DMEM) supplemented with 10% fetal 45 

bovine serum (FBS), 10 mM HEPES pH 7.3, and 100 U/ml of penicillin–streptomycin. The SARS-46 

CoV-2 MA10, Delta variant (B.1.617.2) and Omicron variant (B.1.1529) viruses were obtained 47 

from BEI (cat # NR-55329, NR-55691 and NR-56475). Omicron stock was propagated in Vero-48 

TMPRSS2 cells as described3 while other SARS-CoV-2 isolates were propagated in Vero E6 cells 49 

for this study as described43. All work with infectious SARS-CoV-2 was performed in approved 50 

BSL3 and A-BSL3 facilities at Columbia University Irving Medical Center or at Washington 51 

University using appropriate positive pressure air respirators and protective equipment. Madin-52 

Darby Canine Kidney (MDCK) cells (Cat # CCL-34) and HEp-2 cells (Cat # CCL-23) were 53 

purchased from the ATCC. Influenza A virus (H1N1) PR/8/34 strain (Cat # VR-95) and human 54 

respiratory syncytial virus (RSV) A2 isolate (Cat # VR-26PQ), purchased from ATCC were 55 

propagated and titrated in MDCK and Hep-2 cells, respectively under BSL2 condition. 56 

 57 

Nasal turbinate and lung homogenates  58 

Nasal turbinate was harvested from mice as described44.  Briefly, the skin was dissected and 59 

completely removed from the skull and nose, and the skull sectioned in the coronal plane. Then 60 

the remainder of the anterior skull was removed. After removing the posterior aspect of the skull 61 

base, the scissor was inserted into the posterior nasal cavity. The suture line was then incised 62 

bilaterally revealing the nasal septum. The scissor separated the two maxillas (laterally) and the 63 
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ethmoid bone (medially) along the distinct suture line. Finally, the upper palate and anterior nasal 64 

tip were removed to complete the dissection.  For the nasal turbinate from hamster, nasal 65 

turbinate was harvested by first removing the skin along the side of the nose and cheeks. The jaw 66 

was then cut exposing the hamster’s palate. A sagittal incision through the palate was made 67 

exposing the nasal turbinate which was removed via blunt forceps. The nasal turbinate was 68 

homogenized in 1 mL DMEM supplemented with 2% FBS, L-glutamine and 1% HEPES. 69 

Homogenate was centrifuged at 1,000 x g for 5 minutes.  Whole lung tissue was weighed after 70 

separation from bronchial tubes and other non-lung tissues, placed in BioMasher II tube 71 

(Diagnocine LLC) with 250 µL of DMEM media supplemented with 2% heat-inactivated FBS and 72 

manually homogenized by rotating the grinder back and forth until all the tissue was thoroughly 73 

homogenized.  Afterwards, the tissue homogenates in the tubes were centrifuged at 1000 x g at 74 

4-10oC for 10 min.  For both nasal turbinate and lung homogenates, the supernatant was collected 75 

and stored at −80°C for viral titer and viral load detection. 76 

 77 

Tissue viral load assays 78 

Lung and nasal turbinate homogenates of 7DW8-5- or saline-treated and challenged mice and 79 

hamsters collected in the ABSL3 facility was used to set up the TCID50 titration assay. Serial 2-80 

fold dilution of the samples were added to a 96-well plate seeded with 2 x 104 Vero-E6 cells at 81 

37°C under 5% CO2
43. Three days later, the wells were visually scored for cytopathic effect (CPE, 82 

as observed by light microscopy) of the cells at each dilution, to determine the end point TCID.  83 

For the PFU assay, Vero-TMPRSS2-ACE2 cells were seeded at a density of 1.25 x 105 cells/well 84 

in flat-bottom 24-well tissue culture plates. The following day, media was replaced with 200 85 

microliters of 10-fold serial dilutions of sample, diluted in DMEM+2% FBS. One hour later, 1 mL 86 

of methylcellulose overlay was added. Plates were incubated for 72 h, then fixed with 4% 87 

paraformaldehyde (final concentration) in PBS for 1 hour. Plates were stained with 0.05% (w/v) 88 

crystal violet in 20% methanol and washed twice with distilled, deionized water. Plaques were 89 

counted, and titers were calculated according to a previously described method45.  90 

For RSV titration, lung homogenates of saline or 7DW8-5 treated and challenged mice were 91 

serially diluted by 4-fold and overlaid on confluent layer of Hep-2 cells32. A virus control standard 92 

of the A2 isolate used to infect the mice was also serially diluted and run in parallel to compare 93 

the resulting CPE. Infected and control cells were incubated at 37°C under 5% CO2 for 5 days. 94 

Viral CPE was observed under microscope for each dilution. Using the endpoint dilution method, 95 

the TCID50 was calculated per treatment group.  96 
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For influenza PR8 virus titration, lung homogenates of saline- or 7DW8-5-treated mice were 97 

harvested on day-5 post challenge with 200 PFU of PR8/A/34 virus per mouse. Homogenates 98 

were serially diluted by 3-fold and overlaid on a confluent layer of Martin Delaney Canine kidney 99 

(MDCK) cells. The PR8/A/34 isolate also serially diluted and used as positive control. Cells were 100 

incubated at 33oC/5% CO2 and supernatants were collected at 72h to determine viral 101 

neuraminidase activity from each well using a fluorescence assay46,47 with the NA-Fluor Influenza 102 

Neuraminidase Assay kit (Applied Biosystems). Production of fluorogenic product 4-103 

methylumbelliferone was read in a Spectramax i3X microplate reader using excitation wavelength 104 

of 360nm and emission wavelength of 450nm. Negative controls using uninfected cell 105 

supernatants serve as blank for the assay. Endpoint for each sample was calculated as 3-fold or 106 

higher increase of the neuraminidase activity compared to the controls. TCID/g of lung was 107 

calculated for each sample and plotted using GraphPad Prism v9.3.  108 

 109 

Treatment with anti-IFN-𝜸𝜸 antibody 110 

For IFN-𝛾𝛾 neutralization, anti-mouse IFN-𝛾𝛾 antibody (BioXCell; clone XMG1.2) or a rat IgG1 111 

isotype control (BioXCell; clone HRPN) was administered to mice by intraperitoneal injection at 112 

Day -1 (0.5 mg) and Day 0 (0.5 mg) relative to MA10 inoculation. 113 

 114 

Harvesting bronchoalveolar lavage 115 

Bronchoalveolar lavage (BAL) was harvested as described48.  Briefly, after euthanizing the 116 

mouse, the animal was placed on its back on a surgical plate. After making an incision in the neck 117 

skin near the trachea using a scalpel, the trachea surrounded by sternohyoid muscle was 118 

exposed. After placing a cotton thread under the trachea using pincers, the middle of the exposed 119 

trachea between two cartilage rings was carefully punctured with a 26 G needle. Then, the 120 

catheter of about 0.5 cm was inserted into the trachea and stabilized by tying the trachea around 121 

the catheter using the cotton thread placed.  A 1 mL syringe loaded with 1 mL of sterile balanced 122 

salt solution with 100 μM EDTA was connected to the catheter and the salt/EDTA solution was 123 

gently injected into the catheter. The solution was then gently aspirated while massaging the 124 

thorax of the mouse. The syringe was removed from the needle and the recovered lavage fluid 125 

was transferred into a 15 mL tube placed on ice.  126 

 127 

Cytokine and chemokine measurements  128 
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Sera, as well as supernatants were collected by centrifugation of nasal turbinates (NT), 129 

bronchioalveolar lavage (BAL), and lung homogenates (LH) of mice treated with 7DW8-5 one day 130 

before.  Sera and supernatants were also collected from mice treated with saline one day before. 131 

The sera and supernatants were analyzed for cytokines and chemokines by Eve Technologies 132 

Corporation (Calgary, AB, Canada) using their Mouse Cytokine /Chemokine 31-Plex Array 133 

(MD31). 134 

 135 

Harvesting lung mononuclear cells 136 

Lung mononuclear cells (MNCs) were harvested as described49. As shown in Extended Data 137 

Figure 3A, lungs were first perfused with PBS containing collagenase IV and DNase1. Single cell 138 

suspensions were prepared by mechanical dissociation of lung tissue through a 70-μm nylon 139 

mesh, followed by being layered on Ficoll-Paque (Sigma) and centrifuged at room temperature 140 

for 20 min at 900 g. After collecting lung MNC from the gradient interphase, the cells were 141 

incubated with anti-mouse Fc receptor antibody (BioLegend, Cat # 101320) to block nonspecific 142 

antibody binding. Each sample was then stained with phycoerythrin-labeled anti-mouse CD45 143 

antibody (BioLegend, Cat # 103106) for 30 min. Just before sorting cells, DAPI (x10,000 dilution) 144 

was added. Viable cells were sorted by FACS Aria II by gating DAPI negative CD45 positive cells, 145 

followed by analyzing using FlowJo v10.8.1 software, as shown in Extended Data Fig. 3b. 146 

 147 

Single cell 5’ transcript and TCRαβ enriched library preparation on the 10x Chromium and 148 
sequencing 149 

The scRNA-Seq and scTCR-Seq libraries were prepared using the 10x Chromium single-cell 5’ 150 

reagent kits v2 (Dual Index), per manufacturer’s instructions. In brief, after cell sorting, single-cell 151 

suspensions were loaded into the Chromium controller to make nanoliter-scale droplets with 152 

uniquely barcoded 5’ gel beads called GEMs (gel bead-in emulsions). After GEM-RT, GEMs were 153 

cleaned up by Dyna beads MyOne Silane beads (Thermo Fisher Scientific, 37002D). According 154 

to the manufacturer’s instructions, the cDNA was amplified and size-selected by SPRI-beads 155 

(Beckman Coulter, B23317). Finally, the 5’ transcript and TCR-seq libraries were pooled and 156 

sequenced with the Illumina NovaSeq 6000 system. 157 

 158 

Data processing of scRNA-seq and TCR-seq 159 
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FASTQ files were processed by Cell Ranger v.6.1.2 (10x Genomics) software using the GRCm38 160 

(GENCODE vM23/Ensembl 98) genome as a reference. The data analyzed in R using the Seurat 161 

v.4.1.0 package were merged and integrated using an anchor-based single-cell data integration 162 

method in Seurat50. Cells with mitochondrial RNA content greater than 5% were excluded. 163 

Variable feature genes were set at 2000 genes. Once the data sets were integrated, the data 164 

were input into a principal component analysis (PCA) based on variable genes. The same 165 

principal components were used to generate the Uniform Manifold Approximation and Projections 166 

(UMAPs). Clusters were identified using shared nearest neighbor–based (SNN-based) clustering. 167 

For the clustering analysis, the function RunUMAP, FindClusters, and FindNeighbors in Seurat 168 

were used. Single cell TCR sequencing was aligned and quantified using the cellranger-vdj 169 

software (v.6.1.2). For the data analysis, the output file filtered_contig_annotations.csv was used.  170 

 171 

Reporting summary 172 

Further information on research design is available in the Nature Research Reporting Summary 173 

linked to this paper. 174 

 175 

Data availability 176 

Materials used in this study will be made available but may require execution of a materials 177 

transfer agreement. All the data are provided in the paper or the Supplementary Information. 178 
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  222 

Extended Data Fig. 1. Lack of antiviral effect of 7DW8-5 on SARS-CoV-2 (USA/WA1) in VeroE6 
cells as scored by reduction in cytopathic effect in vitro.  Remdesivir (RDV) served as a positive control 
for the assay. Compounds 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-(hexanoylamine) (PE) 
and 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-(biotinyl) (B-PE) were included as lipid 
antigens known to bind to human CD1d. 
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Extended Data Fig. 2.  Minimal induction of IFN-λ by 7DW8-5.  BALB/c mice (N=5) were given 2 
µg of 7DW8-5 intranasally. Twenty-four hours later, supernatants of nasal turbinates (NT) and lung 
homogenates (LH) were harvested from 7DW8-5-treated and saline-treated mice. Sera were also 
collected. The level of IFN-λ was then analyzed by Mouse IL-28B/(IFN lambda 3) ELISA and the 
concentrations plotted (pg/mL). The fold increase with 7DW8-5 treatment is shown at the top of the 
graph. 
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c 

Extended Data Fig. 3. Single-cell analysis of mononuclear cells derived from the lungs of mice 
treated with 7DW8-5 or saline. (a) Experimental design and workflow. (b) Gating strategy used to 
sort live CD45+ cells. (c) Profiling of marker genes across 18 distinct populations immune cells from 
lung homogenates of 7DW8-5-treated mice. 
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 225 

 226 

Extended Data Fig. 4. Chemical structures of glycolipids used in the study:  7DW8-5 and its parental 
compound, 𝛼𝛼-galactosylceramide, along with an inactive control 18:1 caproylamine phosphatidylethanolamine 
(PE).  
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