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Abstract 

Lentiviral Vectors (LV) are emerging tools for genetic therapies and novel cancer 

treatments. While effective, LV-based therapies have extremely large costs associated 

with their manufacturing and delivery. LV technology descends from human 

immunodeficiency virus (HIV), whose lipid envelope has been previously measured and 

shown to have a direct impact on its transduction efficiency. We developed a rapid, robust, 

and sensitive untargeted lipidomics pipeline to analyze novel LV biotherapeutic products 

and demonstrate its utility on HEK 293T packaging cells and concentrated culture media 

containing LV. The impact of 48 hours of LV production on the lipidome of HEK 293T cells 

was measured and compared to the expression of Vesicular stomatitis virus G protein 

(VSV G) over the same timeframe. 151 lipids were identified in HEK 293T packaging 

cells, 84 of which had fold changes with FDR-corrected P<0.05 compared to HEK 293T 

treated with media. It was found that fold changes with FDR-adjusted P<0.05 after VSV 

G expression and LV production were highly correlated (R2=0.89). Concentrating LV in 

culture media led to the identification of 102 lipids, half of which being determined to be 

unique LV virion lipids after subtracting the media lipidome. Our approach can be readily 

used to study the lipid dynamics of large-scale LV production and be rapidly translated 

into targeted methods to quantify individual lipid components or applied to other viral 

vector platforms.  
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Introduction 

Lentiviral Vectors (LVs) are biotechnology tools used to deliver genetic material 

encoding critical functional proteins engineered from the Retroviradae family of viruses, 

including human immunodeficiency (HIV) 1 and 2. LVs are critical tools in emerging gene 

and cell therapies due to their wide tropism and in their ability to deliver genes to dividing 

and non-dividing cell types. Currently, LVs are used in 9.9% of gene therapies undergoing 

clinical trials world wide1. Their ability to infect both dividing and non-dividing cells, stably 

integrate transgenes into host genomes, and deliver large amounts of genetic material 

provides flexibility and assurance for both clinical use and research2,3. In 2017, 

Tisagenlecleucel was approved by the U. S. FDA manufactured by Novartis and sold 

under the name Kymriah to treat relapsed acute lymphoblastic leukemia (ALL) in patients 

up to 25 years old4,5. While Tisagenlecleucel is very effective, it also has a very high cost 

of $475,000 USD per dose6. Manufacturing this biotherapeutic product under current 

good manufacturing processes (GMP) requires as many as 9 steps with specialized 

facilities and equipment7. LVs are typically produced using adherent HEK 293T cells8,9 in 

bioreactors to achieve the high titers required for transduction10.  

Studies exploring the origins and properties of the HIV-1 lipid envelope, which third 

generation LV technology is descended from, have been published over the course of 

several decades. The lipid dynamics associated with the production and transduction of 

third generation LV remain unreported. In 1985, it was discovered that HIV-1 derives its 

lipid envelope from the host cell’s plasma membrane as it buds away11. Later, it was found 

that the HIV-1 envelope is also enriched in cholesterol and specific classes of 

phospholipids compared to the host cell, creating a highly ordered membrane12,13. In the 
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early 2000s, liquid chromatography mass spectrometry (LCMS) instrumentation and 

additional techniques were used to show that the HIV-1 envelope was comprised of 

phosphatidylcholine (PC), phosphatidylserine (PS), phosphatidylinositol (PI), 

sphingomyelin (SM), and cholesterol, forming from coalescing lipid rafts on the host 

plasma membrane14–16. However, the composition of the HIV-1 viral envelope is critical 

for efficient transduction of host cells15,17,18. This suggests lipid composition of clinical 

grade LV should be monitored as a means of quality assurance for the final product or as 

a strategy to optimize the manufacturing process and lower production costs. 

 Advancements in LCMS technology and data processing pipelines have enabled 

the efficient realization of novel lipidomics analysis techniques. LCMS instruments are 

highly sensitive and automated enabling high-throughput analysis using small amounts 

of sample, which is critical for LV due to their high cost of manufacturing. Using untargeted 

lipidomics platforms, it becomes possible to identify and quantify hundreds of lipids in a 

single sample and gain a thorough understanding of the dynamic characteristics exhibited 

by lipids.19 The Lipid MAPS structure database currently contains 47581 unique lipids and 

continues to grow with new lipid structures being reported each year20. In silico databases 

like Lipid Blast21 and Lipid Match22 provide automated, high-throughput searching of 

tandem MS spectra and dramatically reduce the time spent identifying large numbers of 

peaks created by feature finding tools. Comprehensive and reproducible pipelines for 

lipidomic profiling have been demonstrated for human plasma23 and cell culture24,25. 

Lipidomics studies for biomarker discovery and lipid signatures have been applied to 

Alzheimer’s26 and Parkinson’s27 disease cohorts, toxicological studies28, as well as 

several cancer groups such as cervical29 and prostate30. Lipidomics workflows typically 
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use Bligh-Dyer31, Folch32, or Matyash33 methods, and HPLC separation using C18 

columns. Mobile phases typically consist of water and isopropanol, with acetonitrile and 

methanol also being commonly employed34; volatile ammonium salts, such as ammonium 

formate, acetate, and fluoride are usually added as well to improve separation and 

improve ionization of neutral lipids35. Efforts to standardize and implement “best practices” 

for lipidomics sample preparation, data acquisition and data processing have been 

proposed36 and have been tested on various LCMS platforms and laboratory 

environments37,38 to provide guidance and ensure consistency in the lipidomics 

community.  

With the emergence of new genetic therapies and their pursuit of approval, it is 

increasingly important to incorporate lipidomics and targeted lipid analysis as a crucial 

quality control measure for clinical-grade LVs as lipid envelope composition is shown to 

be critical for efficient transduction. In order to meet this requirement, we present a 

comprehensive lipidomics method that focuses on HEK 293T packaging cells and LVs. 

By employing this method, we can reveal and understand the lipid dynamics involved in 

the production of high-titer clinical-grade LVs using bioreactors. This work enhances the 

understanding of biomanufacturing techniques and holds the potential to be employed as 

a quality control metric during the manufacturing of biological therapies. 
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Experimental Section 

Chemicals and Materials: Fetal bovine serum (FBS), dimethyl sulfoxide (DMSO), 

phosphate buffered saline (PBS), 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 

(HEPES), ViraPower LV plasmid set, OPTI-MEM and Optima LCMS grade solvents 

(water, methanol and isopropanol) were purchased from Fisher Scientific (Ottawa, ON), 

sodium acetate, ammonium formate and myriocin were purchased from Sigma-Aldrich 

(St. Louis, MO/Mississauga, ON, Canada). Chloroform was purchased from Caledon 

Laboratories Ltd. (Georgetown, ON, Canada). Dulbecco's Modified Eagle Medium 

(DMEM) was purchased from Corning (Corning, NY, USA). Synthetic lipid standards 

lysophophatidylcholine (LPC) 13:0, lysophosphatidylethanolamine (LPE), 

phosphatidylcholine (PC) 19:0/19:0 and cholesteryl ester (CE) 17:0 were purchased from 

Avanti Polar Lipids, Inc. (Alabaster, AL, USA). Polyethyleneimine (PEI) was purchased 

from VWR (Mississauga, ON, Canada). 

Cell Culturing: HEK 293T cells were cultured in 6-well plates or in T75 flasks in DMEM 

supplemented with 10% FBS, 34 mM HEPES, 100 μg/ml penicillin and 100 μg/ml 

streptomycin for 48 hr with 70-90% confluency at 37◦C. For myriocin-treated samples, 

myriocin was dissolved in DMSO and added to culture media at 10 µM, then incubated 

for an additional 48 hr. For LV production, transfection mix was prepared with pLP1, pLP2, 

pLENTI VSV-G and pLENTI FL (Fluc transgene) plasmids in OPTI-MEM:PEIpro at a 1:1 

µg DNA to µL PEIpro and incubated for 15 min before adding to 6-well plates or T75 flask 

culture media. For HEK 293T cells cultured in 6-well plates, the following steps were 

performed: samples were centrifuged in the plates at 900 x g for 5 minutes, the culture 

media was removed from each well, and the cells were washed twice with 2 mL of PBS. 
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Cells were scraped into 500 µL PBS and transferred into microtubes; PBS was removed 

from the cells by centrifugation (900 x g, 4 min). Cell pellets were snap-frozen with dry ice 

and stored at -80◦C until lipids were extracted. To harvest LV for lipidomics, culture media 

was removed from T75 flasks and duplicate flasks were pooled together, then centrifuged 

at 900 x g for 10 min. The supernatant was subjected to ultracentifugation at 76653 × g 

and 4◦C for 90 min. Pelleted LV was reconstituted in 110 µL OPTI-MEM media and stored 

at -80◦C until analysis. 

Lipid Extractions: Lipids were extracted using a modified Bligh-Dyer protocol39,40. Briefly, 

pellets were removed from storage and transferred to conical 10 mL glass centrifuge 

tubes (Kimble 73785-10). A matrix blank and 125 µL FBS were also extracted as quality 

assurance samples. 1 mL water with 0.1 M sodium acetate and 2 mL methanol with 2% 

acetic acid (v/v) were added to each tube followed by bath sonication for 5 min. A solution 

of lysophophatidylcholine (LPC) 13:0 (10 µM), lysophosphatidylethanolamine (LPE) 13:0 

(20 µM), phosphatidylcholine (PC) 19:0/19:0 (10 µM) and cholesteryl ester (CE) 17:0 (20 

µM) was prepared in chloroform and 40 µL was spiked into each sample. The final 

concentrations were 1.6 µM for LPC 13:0 and PC 19:0/19:0 and 3.2 µM for LPE 13:0 and 

CE 17:0 in each sample. 1.5 mL chloroform was then added to each tube and shaken for 

2 min, then centrifuged (528 x g, 2 min). The chloroform layer was carefully removed by 

Pasteur pipette and transferred to a new 10 mL glass centrifuge tube. The water/methanol 

layer was then extracted two more times with 1 mL chloroform with each chloroform layer 

combined with the previous extractions for a total of 3.5 mL per sample. The chloroform 

was then evaporated under a stream of nitrogen and 250 µL of 45:45:10 methanol, 

ethanol and toluene was added to each tube, vortexed, incubated at 30◦C for 10 min, 
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centrifuged (528 x g, 2 min) and transferred to an amber HPLC vial with a 250 µL glass 

insert. For pelleted LV samples, the 250 µL was further concentrated to 85 µL. 

Titer Determination: Titers were determined using a high-throughput assay based on Fluc 

transgene expression.41 Briefly, HT1080 cells were cultured in a 96-well plate at a seeding 

density of 5x103 cells/well. Dilutions of a standard LV-Fluc stock were prepared in cell 

culture media at concentrations ranging between 5x104 LV/mL and 5x107 TU/mL. HT1080 

cells were transduced with the LV standard dilutions or with the media containing 

harvested LV-Fluc, centrifuged at 900 x g for 5 min and incubated for 72 hr; luminescence 

readings were then taken for each sample. A standard curve was constructed by plotting 

luminescence values for the 4 LV stock dilution wells with the LV concentration 

(Supporting Figures S1). The resulting linear equations were used to determine 

experimental titers.  

Data Acquisition: Additional LCMS method parameters are outlined in the Supporting 

Information. All data were acquired on an Agilent 6546 QToF mass spectrometer with an 

Agilent 1260 HPLC. An Agilent Poroshell 120, EC-C18 2.7 um, 2.1x100 mm column 

heated to 45◦C was used for analyte separation, 5 and 10 µL injection volumes were used 

for positive and negative polarities, respectively. Injections were separated using a binary 

mobile phase gradient, solvent A contained water:methanol (1:1 v/v) with 10 mM 

ammonium formate, and solvent B was methanol:isopropanol (1:3 v/v) with 10 mM 

ammonium formate. The flow rate was constant at 0.4 mL/min, injections in positive 

polarity used the following HPLC gradient program: 0 min 20% B, 0.35 min 20% B, 0.4 

min 32% B, 9.6 min 44% B, 9.7 min 65% B, 11.5 min 65% B, 26.8 min 82%, 27.3 min 

87% B, 37 min 96% B, 37.1 min 100% B, 44 min 100% B. Injections in negative polarity 
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used a modified gradient program: 0 min 20% B, 0.35 min 20% B, 0.4 min 32% B, 9.6 

min 44% B, 9.7 min 65% B, 11.5 min 65% B, 30.0 min 86% B, 30.1 min 100% B, 39 min 

100% B. The HPLC was run at 20% B for 5 minutes following each injection to re-

equilibrate the column. Technical triplicates for each sample in both polarities were 

recorded. Blank samples of methanol were analyzed every 15 injections to ensure sample 

carry-over was not observed and an in-house standard of FBS extract was also injected 

at the same interval as a positive quality control check. Once triplicates were recorded for 

each sample in both polarities at the MS-level only, replicates for each sample were 

pooled together and analyzed using a data-dependent analysis (DDA) method with the 

iterative injections feature activated.  

Data Analysis: Complete LCMS data processing parameters are outlined in the 

Supporting Information. Lipids were identified in pooled samples using Agilent Lipid 

Annotator with the software default settings. A list of abbreviations for all lipid classes 

detected in the analysis is provided in Supporting Table S1. MS-level only data files were 

converted to mzML format using MSConvert42 and imported into MZmine 3.3.043. All files 

were processed with the “Mass detection” module using the centroid detector. Identified 

lipids were extracted from the MS-level data using the “Targeted feature extraction” 

module. Feature list retention times (RTs) were normalized using the “Retention time 

calibration” module and then aligned using the “Join Aligner” module. The steps were 

performed on files for each polarity separately, then peak areas were exported from 

MZmine and combined into the same feature list. Features were removed from the 

dataset following the “modified 80% rule”44, where features are only kept if they are 

detected in 80% of samples from at least one treatment group. Feature lists were then 
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imported into R (R-4.0.3) normalized with normalizeCyclicLoess45–48, and batch corrected 

using removeBatchEffect both from the Limma Package (ver. 3.46.0). For HEK293T 

samples, missing values were imputed using the Quantile Regression Imputation of Left-

Censored (QRILC)49 method impute.QRILC from the imputeLCMD50 package (ver. 2.1). 

P values were calculated using Microsoft Excel. FDR correction of P values was applied 

using p.adjust in R. For LV data, missing values were zero-filled and the normalized non-

log2-transformed values from the culture media blank were subtracted from the LV-

containing media. Any values which became 0 or negative after this step were removed 

from the dataset. 
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Results and Discussion 

Considering the significant role of the lipid envelope in HIV transduction, it is crucial 

to gain a comprehensive understanding of the lipid dynamics involved in the 

manufacturing process of LVs. This knowledge will play a crucial role in assessing the 

quality of large batches of LV used in therapeutic applications. Methods commonly used 

for determining LV titer in biomanufacturing contexts include qPCR51,52, p24 quantification 

by ELISA53,54 and flow cytometry10. Vector copy number is also monitored to determine 

the risks associated with gene delivery and determine the therapeutic benefits for the 

treatment after LV transduction is completed55. Additional methods to assess the quality 

of clinical-grade LV are not currently employed in large scale LV manufacturing. There is 

a need for technologically advanced analytical techniques like LCMS to characterize 

additional aspects of the LV product including the identities and quantities of lipids 

incorporated into the particles.  
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Figure 1. Workflow used to determine the lipidomic profile of third generation LV 
and packaging cells 

 

To assess the lipid dynamics of LV production, a comprehensive LCMS lipidomics 

pipeline was developed (Figure 1). Lipids can be extracted using a number of protocols, 

however a modified Bligh-Dyer extraction40 was selected due to its ability to extract a wide 

variety of lipid classes with high-yields56. Once lipids were extracted from samples and 

prepared for LCMS analysis, they were injected in triplicate in random order. A visual 

representation of a batch is shown in Figure 1. Injections were first performed at the MS-

level only to maximize the number of data points along extracted ion chromatograms 

(XICs) and improve quantification. Methanol blanks were injected at regular intervals 
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between 10 and 20 injections depending on batch size to assess sample carry-over. A 

matrix blank and a sample of FBS were also extracted with every batch to determine false 

positive identifications in samples and to assess instrument performance. A complete list 

of lipids identified in FBS is shown in Supporting Table S4, as well as a dilution series of 

FBS extractions to assess the linear response range of the MS (Supporting Table S3 and 

Supporting Figure S3). 58 lipids were included in the FBS dilution series. The intensities 

of these lipids span 5 orders of magnitude and had an average RSD of 16.4%. 62% of 

lipids included in the series had R2>0.99 and 80% of lipids had R2>0.97, showing a wide 

linear dynamic range, allowing for the relative quantification of large amounts of spectral 

features. FBS extracts were injected at regular intervals during the batch with methanol 

blanks, as done previously23–25. Synthetic standards were also monitored in each injection 

during the batch to determine mass accuracy, retention time drift and signal intensity drift 

for feature extraction parameter optimization36. While other targeted instrument platforms 

may provide greater sensitivity, untargeted approaches such those described here 

acquire data and allow systematic analysis without any prior information about the 

sample57. Thus, hypotheses can be generated from these datasets that may be translated 

to validated and targeted methods in subsequent experiments. 
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Figure 2. The lipidome is comprehensively examined using both positive and 
negative polarities, long HPLC gradients, and iterative injections with rolling 

exclusion lists. A) Characteristic two-dimensional maps (m/z vs RT) of extracted MS 
features overlaid with total ion chromatograms (TICs) from pooled HEK 293T lipid 

extracts treated with 10 µM myriocin processed through our workflow in both positive 
and negative ionization mode. B) XIC of m/z 810.5998 from FBS revealing four distinct 

PC species, demonstrating the functionality of our optimized HPLC gradient. C) 
Relationship between the number of iterative injections for pooled samples and the 

number of lipids identified. 
 

Once MS-level data were acquired, pooled samples from each treatment group 

were injected in positive and negative polarity using a data-dependent acquisition method 

to identify each lipid species. The lipid identifications were formulated into a target list, 

which was then used for feature extraction on the MS-level samples. As a result, only an 

untargeted feature extraction step was performed on the pooled samples58. This 

dramatically reduced the complexity of the final dataset as only peaks from identified lipids 

were used in the data processing pipeline in contrast to typical untargeted lipidomics or 

metabolomics experiments, which consists of thousands of features59. Normalization of 
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the dataset was achieved using Limma’s cyclic LOESS method, which has been found to 

perform well on benchmark datasets47,48,60. Batch-effects were also corrected using the 

Limma package as a strong difference was observed between FBS extractions from 

repeats of the same experiment when examined by PCA (Supporting Figure S4). To 

improve the accuracy of the missing value imputation step, the modified 80% rule was 

performed on the final dataset to reduce the number of missing values, while still 

maintaining differential metabolites61. A missing not-at-random strategy was employed to 

impute missing values as the targeted feature m/z and RT extraction parameters were 

based on the evaluation of standards monitored throughout the batch, and identities were 

assigned from a pooled sample. Features that were not detected were assumed to be 

below instrument’s level of detection, which was manually set in the targeted feature 

extraction module of MZmine. The QRILC method was selected to impute missing values 

as it has been shown to perform well on validated datasets49. MS-level scans in both 

positive and negative polarities were performed sequentially for each sample rather than 

switch between single injections or use rapid polarity switching within a method to improve 

quantification and maximize coverage of the lipidome. Annotations for each polarity are 

shown in a representative pooled sample of HEK 293T cells in Figure 2A, highlighting the 

coverage obtained using both polarities. Longer HPLC gradients are beneficial for 

separating lipid isomers in untargeted lipidomics workflows23. An XIC of m/z 810.5998 ± 

10 ppm in FBS produces 4 resolved peaks, each identifying as PC isomers with the sum 

composition of 38:4 using Lipid Annotator (Figure 2B). Novel ion mobility instruments 

have been introduced and applied to untargeted lipidomics experiments, reducing 

analysis times and enhancing the separation of lipid isomers62. However, these platforms 
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are much less common, more expensive, and are less validated than traditional HPLC 

platforms62. To further increase lipidomic coverage, the iterative injections feature was 

implemented for the pooled samples. This feature enabled deep lipid identification 

coverage in a given sample without the need for selecting large numbers of precursor 

ions for MSMS in each DDA cycle. As a result, fewer precursors were selected per DDA 

cycle, thus increasing the quality of MSMS spectra used for annotation as relatively more 

time was spent accumulating transient spectra63. With 10 precursors selected per survey 

scan, there were no additional lipids identified in HEK 293T cells after 2 injections (Figure 

2C). Therefore, 2 iterative injections were performed per polarity for each pooled sample.  
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Figure 3. Validation of the lipidomics workflow using HEK 293T cells treated with 
10 µM myriocin for 48 hr. Bubble plot of the log2 fold change of lipids identified in HEK 
293T cells treated with 10 µM myriocin compared to a DMSO vehicle control. Significant 
lipid fold changes are bolded and labeled, confirming anticipated decreases in GM3 and 

sphingomyelin lipid species. 
 

To validate our pipeline, the lipidomic effects of treating HEK 293T cells for 48 hr 

with myriocin, a fungal toxin which inhibits the de novo synthesis of ceramides by blocking 

serine palmitoyltransferase, was investigated. Previous lipidomics experiments have 

shown ceramide-containing lipids decrease after myriocin treatment64,65. Using two 

iterative injections in each polarity, 158 lipids were included in the results after data 

processing; 73 were in positive polarity and 85 in negative polarity (Supporting Table S6). 

Following treatment with 10 µM myriocin, significant decreases were observed in several 

sphingomyelin species (SM) and a single monosialodihexosylganglioside (GM3) 

compared to vehicle control (DMSO) treated HEK 293T (Figure 3). While previous results 

showed ceramide species (Cer_NS), hexosyl ceramide (HexCer_NS) also decreased 
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after myriocin treatment64, only complex sphingolipid classes were found to be disrupted 

at 10 µM myriocin. Treatment with 2.5 µM myriocin showed no significant differences 

compared to DMSO-treated cells (data not shown). HEK 293T cells treated with both 2.5 

and 10 µM myriocin were viable after 48 hr as determined by resazurin assay (Supporting 

Figure S2A). Our data acquisition strategy and data processing workflow were successful 

in demonstrating previously known lipidomic perturbation as a result of myriocin 

treatment. As a result, our complete protocol indicated that the approach is efficient to 

accurately detect biological variation in lipids. 

 

Figure 4. LV-producing HEK 293T undergo significant changes in lipid 
abundances after 48 hr. A) Bubble plot of HEK 293T VSV G-expressing cells and LV-
producing cells after 48 hr compared to control HEK 293T (media). B) Correlation plot 
between fold changes of LV and VSV G, containing only the lipids that have significant 

fold changes in both treatments. C) Principal component analysis between the two 
treatment groups (LV & VSV G) and the control group (media). 

 
A complete untargeted lipidomics experiment was performed to monitor the effects 

of 48 hr of LV production on the HEK 293T lipidome (Figure 4). As a control, the Vesicular 
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stomatitis virus G (VSV G) protein, which third generation LV are pseudotyped with, was 

also expressed in HEK 293T cells, as VSV G can cause extracellular vesicle secretion66–

68. HEK 293T cells were determined to be viable after 48 hr of VSV G expression or LV 

production compared to control (media treated) cells (Supporting Figure S2B); LV titers 

were determined to be 1.25E6 LV/mL (Supporting Table S2). Among the three treatment 

groups, 151 lipids were included in the results after data processing, 75 in positive polarity 

and 76 in negative polarity (Supporting Table S5). 51 lipids were found to have significant 

(FDR-corrected P<0.05) fold changes after LV production, 33 lipids were found to have 

significant fold changes after VSV G expression. Comparing bubble plots examining the 

fold changes of lipids after VSV G expression compared to control HEK 293T, increases 

in PC and diacylglycerol (DG) species were observed, while ether-linked 

phosphatidylethanolamine (Ether PE) and triacylglycerol (TG) species were decreased 

(Figure 4A and Supporting Figure S6). Many lipids with short fatty acyl chains were found 

to be increased after VSV G production: PC 14:0_14:0, PC 14:0_16:0, PC 14:0_16:0 and 

DG 14:0_16:0 (supporting Figure S6). Consistently, PE and ether PE species with 

polyunsaturated acyl chains (20:4, 22:5 and 22:6) were found to be decreased after 48 

hr of VSV G expression. After 48 hr of LV production, Cer_NS, HexCer_NS, DG and 

ether-linked PC (Ether PC) species were found to be increased, while PC, ether PE, PI, 

and SM species showed a marked decrease overall (Figure 4A and Supporting Figure 

S7). These lipid subclasses were found to be highly enriched in the HIV envelope15,16,18, 

and suggests they are likely depleting from the HEK 293T plasma membrane during LV 

production. Consistent with VSV G expression, many lipids with polyunsaturated acyl 

chains also had negative fold changes (20:4, 22:5, 22:6) from the ether PE and PI 
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subclasses (Supporting Figure S7). Several lipid species with negative fold changes were 

identified with odd-chain fatty acids (15:0, 17:7, 17:1, 19:1) from the PC and PI 

subclasses. Long monounsaturated and saturated ceramide and sphingomyelin species 

were found to be increased after LV production, contrary to previous findings in HIV 

membranes15. Only 11 lipid species were identified with significant fold changes in both 

VSV G and LV production conditions, suggesting alternative mechanisms of action on the 

HEK 293T lipidome (Figure 4B and Supporting Table S8). A strong correlation (R2=0.89) 

was observed between the 10 common significant lipid species between both LV and 

VSV G treatments, suggesting that any lipid changes due to extracellular vesicle secretion 

may also be implicated in LV production or that the same lipid remodeling pathways are 

used by the cell to maintain homeostasis under each condition. PC 16:1_18:2 decreased 

in abundance (FC=0.2) after LV production but increased in abundance (FC=1.8) after 

VSV G production (Supporting Figure S8); it was removed from the correlation analysis 

as it was deemed an outlier. When lipid profiles were compared by principal component 

analysis (PCA), clear separations between LV, VSV G, and Media (control) groups were 

observed. This would suggest that the lipid dynamics of LV production are not associated 

with aberrations due to VSV G expression in HEK 293T cells (Figure 4C). 

Although monitoring the lipidomic dynamics in packaging cells associated with LV 

production provides a detailed overview of the processes involved in manufacturing 

clinical-grade LV, a comprehensive lipidomic analysis of the final LV product would yield 

crucial insight from a quality control perspective. To study the lipid composition of the LV 

product itself, HEK 293T cells were cultured in 15 mL T75 flasks (Figure 1) with titers 

averaging 4.53E7 LV/mL (Supporting Table S1) and two flasks were pooled together for 
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each lipid extraction to provide enough abundance for the analysis. Concentration of LV 

from culture media was achieved by ultracentrifugation at 76653 × g for 90 min, which 

produced a small pellet that was resuspended in OPTI-MEM media. The same volume 

(110 µL) of OPTI-MEM media was analyzed in isolation using our pipeline to determine if 

any lipid contamination could be introduced at the pellet resuspension stage. No lipids 

were identified in either positive or negative polarity when searching the two data-

dependent acquisition files with iterative injections (data not shown) and had a similar TIC 

to a methanol blank (Supporting Figure S5). To determine the background lipid profile of 

the serum-containing culture media used to grow and maintain HEK 293T during LV 

production, the same number of untransfected HEK 293T cells were seeded in parallel 

T75 flasks and incubated for 48 hr. After centrifugation and extraction, this media blank 

sample was incorporated into the lipidomics analysis and pipeline. The difference in TICs 

show that LV production creates a large increase in lipid abundances compared to culture 

media from untransfected cells and suggests that this method allows for the 

characterization of the LV product (Figure 5A).  
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Figure 5. The LV lipid profile was obtained by subtracting the lipid profile of 
untransfected culture media; many neutral lipids were detected in LV. The lipid 
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profile of LV was obtained after 48 hr of production in HEK 293T cells. A) TIC of 
untransfected cell media (grey) from HEK 293T cells overlaid with a TIC of the LV 

lipidome (black). B) Scatter plot showing identified lipid features and their log2-
normalized peak areas from LV after the untransfected media lipid profile was 

subtracted. C) Scatter plots showing the annotated lipids in untransfected culture media 
and the lipid features that are only detected in LV. 

 
To determine the composition of the LV product, a background subtraction strategy 

was employed to highlight key lipids associated with LV. One software-based approach, 

called BLANKA, was proposed by Cleary, et al. to highlight differentially expressed 

metabolites in microorganisms cultured in liquid or solid media with high background 

signal caused by peptides, sugars and lipids69. Using BLANKA, a background media 

sample is selected and the m/z intensities at each MS scan in the background are 

subtracted from the biological sample’s MS scans at the same timepoint. While BLANKA 

was not directly used in this present study, a similar approach was used to subtract the 

background signal from LV data files. Once all media background and LV datafiles were 

processed using the pipeline described above, the average peak areas of lipids identified 

in the media were subtracted from the LV samples. Any lipids that had peak areas less 

than zero were removed from the analysis. Media blanks and LV replicates were 

normalized separately to avoid artificially increasing the peak areas of lipids identified in 

the media, since they are at lower intensities than those extracted from LV. Figure 5B 

shows the lipid profile of LV after background subtraction, which consists of 102 lipids 

from 14 different classes. We observed that many of the lipid subclasses shown to be 

enriched in the HIV envelope were also present in the manufactured LV samples including 

SM, ether PC, ether PE, PC, and PI species15,16,18. Cholesterol ester (CE), diacylglycerol 

(DG) and triacylglycerol (TG) species were still present in LV after the background 

subtraction step. These lipid classes are not typically known to be viral envelope 
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components. LPC and FA species are not previously known to be incorporated into the 

LV envelope, but were also observed after the background subtraction step in the LV lipid 

profile (Figure 5B) and were detected in the media from untransfected control cells (Figure 

5C).. PC 16:1_18:2, which experienced a large decrease in abundance (FC=0.2) after LV 

production and increase after VSV G production in HEK 293T cells (Supporting Figure 

S8), was not detected in the concentrated LV samples. This suggests that this lipid is 

depleted in HEK 293T cells without incorporation into the LV envelope, possibly due to 

complex lipid remodeling processes to either maintain homeostasis during LV production 

or to provide fatty acid chains to other LV-envelope lipid species. The 16:1 alkyl chain 

was observed in some lipid species uniquely detected in LV, such as in PE 16:1_18:1 

and as ether-linked chains in lipid species like EtherPC 16:1e_16:0, EtherPC 16:1e_18:1, 

EtherPE 16:1e_16:1, EtherPE 16:1e_20:1, EtherPE 16:1e_20:3, EtherPE 16:1e_22:3, 

EtherPE 16:1e_22:4 and EtherPE 18:2e_16:1 (Supporting Table S7). The 18:2 chain was 

less prominent in unique LV lipids, with the only instance of it being EtherPE 18:2e_16:1. 

CE 16:1, CE 18:2, PC 16:0_18:2 and EtherPE 18:2e_18:1 were detected in both the 

media blank and the LV sample. This suggests that remodeling processes may have 

resulted in both the 16:1 and 18:2 fatty acids being incorporated into the final LV product 

without PC 16:1_18:2 being directly incorporated into the LV envelope. Lipids with long 

poly-unsaturated chains (20:3, 20:4, 22:5, 22:6) from the PC, ether PC and ether PE lipid 

subclasses were detected in the LV sample, which are not found in previous studies of 

the HIV envelope15,16,18. Many lipids with short, saturated acyl chains, such as 14:0 and 

16:0, were identified with significant fold changes in HEK 293T cells that had produced 

LV for 48 hr. However, only one instance of a 14:0-containing lipid species (EtherPC 
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16:0e_14:0) was detected in LV. Other lipid species from the PC, PE, PS and PI 

subclasses were detected with at least one 16:0 acyl chain. In addition to this, several 

ceramide-containing species, such as Cer_NS d18:1_16:0, SM d33:1, SM d34:1, SM 

d36:2, were detected in LV and experienced significant (FDR-adjusted P<0.05) fold 

changes in HEK 293T cells after 48 hr of LV production. 

Concentrating LV using ultracentrifugation is rapid and requires minimal sample 

preparation. Alternative methods for isolating viruses include ultracentrifugation with 

sucrose or iodixanol gradients and detergent cushions15,18,70. The use of detergents 

complicates LCMS protocols and the reproducibility of sucrose or iodixanol gradients can 

be challenging, requiring specific technical skills; thus a single ultracentrifugation step 

proved optimal. By employing a data-driven blank subtraction method, the lipid profile of 

LV can be compared between different production conditions or different viral vector 

platforms in a straightforward manner. Using this strategy, hypotheses surrounding 

different aspects of LV production can be tested to improve our understanding of large-

scale LV production for therapeutic use. 102 lipids were identified after subtracting the 

media background from the LV sample, 52% being unique to LV and of these, 79% 

representing phospholipids and sphingolipids (Figure 5C and Supporting Table S7). Of 

these lipids, 20 have log2 abundances >10 and may serve as potential quality assurance 

metrics or as target additives to increase the efficiency of LV production in 

biomanufacturing processes.  
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Conclusions 

We have introduced a sensitive, rapid, reproducible, and high-throughput pipeline 

to measure the lipid profile of third generation LV and HEK 293T packaging cells. This 

workflow can be used as a tool to both understand the dynamics of producing LV at the 

large scales required for therapeutic doses and to monitor the LV lipid composition from 

a quality assurance standpoint. Rather than acquiring data using a data-dependent 

MSMS method for all injections, our pipeline uses MS-level scans solely for feature 

extraction to improve quantification and performs a smaller number of data dependent 

MSMS injections on pooled samples to simplify the feature annotation process. Using a 

targeted list of identified lipids and avoiding a full untargeted extraction on each sample 

reduces the complexity of the dataset, as typically <300 features are considered for all 

statistical analysis, compared to typical untargeted workflows, which extract thousands of 

features. This is increases efficiency when pre-processing raw LCMS data and facilitates 

any optimization to peak picking settings. VSV G expression was used as a control for 

lipid disruption due to extracellular vesicle release in HEK 293T cells and lipid fold 

changes with its expression correlated with the lipid dynamics arising due to LV 

production. Upon LV production, 148 lipid species in HEK 293T cells were found to 

experience significant (FDR-adjusted P<0.05) fold changes compared to controls. PC, 

SM, PI, ether PC, ether PE and ceramide species were impacted the most significantly, 

suggesting that these lipids are implicated in the production of LV and that they may serve 

as potential targets to increase biomanufacturing output. LV was isolated via 

ultracentrifugation and analyzed yielding 102 lipids, 53 being found only in LV. These 

lipids represent a valuable list of targets to further study from transduction efficiency and 
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quality assurance standpoints. These methods can be employed to reveal the lipid 

dynamics of clinical-grade LV production and enable targeted methods to quantify specific 

lipid components incorporated into final LV-based biotherapeutic formulations. These 

methods may also be translated to other viral vector platforms, such as Adeno-associated 

viral vectors, which are emerging as valuable lifesaving gene and cell therapy 

technologies. 
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Data Availability 

Raw data files used in the article are deposited on MassIVE (University of California, San 

Diego: https://massive.ucsd.edu/ProteoSAFe/static/massive.jsp) as dataset number 

MSV000094299. 
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