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MFGM-enriched whey displays antiviral activity against common pediatric viruses in vitro
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Background: Among the most common mucosal viral infections in infants are rotavirus, one of the main causes of severe gastroenteritis in infants and children up to 5 years, and respiratory syncytial virus (RSV), one of the leading causes of lower respiratory tract infections. Both human milk and bovine milk derived factors may provide protection against mucosal viral infections. More recently, a similar activity of milk derived proteins was suggested for SARS-CoV-2. The goal of the current study was to test antiviral activity of the bovine milkfat globule membrane (MFGM) against rotavirus, RSV and SARS-CoV-2 and to further characterize MFGM-enriched whey to identify which components in MFGM-enriched whey may contribute to the inhibitory activity.

Methods: The effects of MFGM-enriched whey, its whey protein isolate counterpart (WPI, obtained from the same production process) and a conventional whey protein concentrate (WPC) on rotavirus (strains Wa and SA114F), RSV (strain RSV-A2) and SARS-CoV-2 (Alpha variant) infectivity were determined using MA104 cells, human alveolar basal epithelial (A549) cells and monkey kidney (Vero E6) cells, respectively. The compounds were characterized in detail by LC–MS/MS and 31P-NMR to determine protein and phospholipid composition, respectively.

Results: Relative to its WPI counterpart, MFGM-enriched whey demonstrated a dose-dependent inhibition for both rotavirus and RSV whereas for SARS-CoV-2 inhibition was only observed at the highest concentration tested. Label-free quantification (LFQ) and intensity based absolute quantification (iBAQ) of identified proteins revealed a clear difference between MFGM-enriched whey and its controls including enrichment of known MFGM proteins and non-MFGM proteins that are enriched simultaneously, some of which have previously been demonstrated to display anti-viral activity. Although not completely absent from other whey protein preparations, MFGM-enriched whey had the highest specific and total phospholipid levels.

Conclusion: MFGM-enriched whey displayed antiviral activity against multiple viruses of clinical importance. This study provides insights into the active components in MFGM-enriched whey and may contribute to previous clinical observations with MFGM-enriched formula demonstrating reduced respiratory and gastrointestinal infections in formula fed infants.
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Introduction

Human milk is a complex fluid composed of water, macronutrients, and a diverse range of bioactive components that provide functionality beyond their basic nutritional value. Human milk is the gold standard for feeding newborn infants, as it is tailored for the nutritional needs of the neonate and provides protection against environmental challenges during the early stages of development. As a biological system, human milk provides protection against microbial challenges by providing innate protection and contributing to the maturation of the adaptive immune system (1). Among the most common viral infections in early life are rotavirus, one of the main causes of severe gastroenteritis in infants and children up to 5 years, and respiratory syncytial virus (RSV), one of the leading causes of lower respiratory tract infections in infants. Systematic analyses of breastfeeding studies revealed that exclusive breastfeeding throughout the first 6 months reduced the risk for rotavirus infection and reduced the severity and symptoms of rotavirus infection in children under 5 (2). Similarly, breastfeeding confers protection against both the incidence and severity of RSV disease, particularly in those born prematurely, as well as the subsequent development of recurrent wheezing illness (3). Although not specific to infants, another clinically important mucosal pathogen is SARS-CoV-2. Similarly, for SARS-CoV-2 breastfeeding has also been suggested to provide protection, especially from mothers who were infected and/or received vaccination (4).

Antiviral activities of human milk are mediated by both innate and adaptive immune processes which, after consumption, can act locally or systemically (5). Passive immunity by human milk derived immunoglobulins, glycans such as human milk oligosaccharides and/or polar lipids provides a direct protection by neutralizing viruses at the nasopharyngeal and gastrointestinal mucosal interface (1). Furthermore, other factors in human milk, including cytokines and chemokines as well as a variety of immune cells, may target the immune system and thereby contribute to the protection of the neonate (6). Like human milk, bovine milk contains factors with antiviral decoy activities (7). Several bovine milk-derived factors, including lactoferrin, IgG, Mucin 1, individual milk derived polar lipids and the milkfat globule membrane (MFGM), have previously been demonstrated to contribute to the protection against rotavirus infections (8–11). Specifically for RSV, bovine milk derived IgG has been demonstrated to neutralize RSV and facilitate immune responses to RSV (12) whereas information related to other known antiviral bovine milk derived factors is more limited. Different than for rotavirus, bovine milk derived lactoferrin displayed no effect against RSV infection (13). This suggests that antiviral activity of lactoferrin may be more virus specific, as described for lactoferrin and its activity against bacterial pathogens (14). For SARS-CoV-2, generally, less studies have been performed with bovine derived factors. In vitro, lactoferrin displayed antiviral activity against severe SARS-CoV-2 infections, although in vivo effects proved less promising (15, 16).

In general, MFGM has received considerable attention in early life nutrition because of its function as a multifactorial preparation comprised of milk polar lipids, cholesterol, and MFGM proteins (17). In infant formula, MFGM is added either through the addition of cream-serum derived MFGM fractions or MFGM-enriched whey (also termed whey protein lipid concentrate) (18). Clinically, MFGM-enriched whey is best studied, showing enhanced brain development and a reduced risk for upper respiratory infections in infants consuming an MFGM-enriched (and reduced protein concentration) formula (19, 20). The latter, at least to a certain extent, is mediated by oral microbiome changes (21). In combination with lactoferrin, MFGM-enriched whey was further demonstrated to reduce the incidence of respiratory-associated adverse events and diarrhea (22). MFGM-enriched whey thus displays activity against different bacterial and viral pathogens likely through the concerted action of multiple MFGM components that include bioactive proteins and polar lipids (18).

The goal of the current study was to test antiviral activity of MFGM-enriched whey against rotavirus, RSV and SARS-CoV-2 and identify which components in whey-derived MFGM may contribute to such activity by comparing activity and composition of different whey protein preparations.



Methods

On an industrial scale, MFGM-enriched whey is derived from the retentate fraction of cheese whey microfiltration. The permeate fraction is therefore MFGM depleted and by further (dia)filtration steps is produced into whey protein isolates (WPI). In this project, both MFGM-enriched whey and the corresponding WPI from the same production process was tested. Additionally, a conventional whey protein concentrate (WPC, not including the additional MFGM filtration step and therefore not MFGM-enriched or -depleted but containing conventional cheese whey MFGM levels) was tested specifically for rotavirus inhibition as an additional reference.


Rotavirus infection

The effect of MFGM-enriched whey (Vivinal MFGM, typically 72% (m/m) protein, 17.9% m/m lipids, FrieslandCampina, the Netherlands) Whey Protein Concentrate (WPC80, typically 80% (m/m) protein, 8% (m/m) lipids, FrieslandCampina, the Netherlands) and Whey Protein Isolate (WPI, Nutri Whey Isolate, typically 88% (m/m) protein, 0.4% (m/m) lipids FrieslandCampina, The Netherlands) on rotavirus infectivity was determined using African green monkey (MA104) cells (MOI of 0.002). Two rotavirus strains were tested including SA114F, a widely used simian strain belonging to the G3P[1] genotype (stock titer: 6.59 × 10^7 FFU/ml) and Wa, a human rotavirus strain belonging to the globally dominant G1P[8] genotype (stock titer: 5.26 × 10^6 FFU/ml) (23). All samples were solubilized and diluted in Dulbecco’s Modified Eagle Media (DMEM, Gibco, USA) and serially diluted following sterile filtration. Infectivity studies were performed as described previously (23). Briefly, confluent MA104 cells on 96-well plates were incubated overnight in serum-free DMEM media prior to infection. Rotavirus strains were activated with 10 μg/ml of trypsin at 37°C for 30 min. The dilutions of virus that yielded approximately 100–200 focus forming units (FFU) per well were prepared in DMEM media with and without test ingredients, and allowed to bind to MA104 cells for 1 h at 37°C. The inoculum was then removed, and cells were washed with serum-free media to remove unbound virus. Media with or without different dilutions of test ingredients were then added, and the infection was allowed to continue for 15 h. Following infection, cells were fixed with ice cold methanol and viral antigen was detected using an anti-rotavirus polyclonal rabbit primary antibody followed by a fluorescently conjugated anti-rabbit secondary antibody (Alexa Fluor 488 conjugated donkey anti-rabbit antibody, Thermo Fischer Scientific, USA). The number of infected cells was counted and determined as FFU per ml. For each assay, virus infectivity in the absence of any ingredients was used as the 100% infectivity control. Three technical replicates were included for each condition in every assay and all assays were repeated twice. A commercially available lactase-dehydrogenase (LDH) assay (Promega CytoTox 96® NonRadioactive Cytotoxicity Assay) was used to measure cytotoxicity of all test ingredients following the manufacturer’s instructions.



RSV infectivity assay

Comparable to the design applied by Nederend et al. (24), RSV infectivity of MFGM-enriched whey and WPI was determined using human alveolar basal epithelial (A549) cells and the RSV-A2 strain. All samples were solubilized in filtered Ham’s F12 nutrition mix (Thermo Fisher Scientific, United Kingdom). Uninfected and infected untreated cells were taken along as controls. In addition, rabbit monoclonal anti-RSV (Sino Biologicals, Germany) was used as a positive control and rabbit IgG isotype control (Thermo Fisher Scientific, United Kingdom) as a negative (isotype) control. Serial dilutions of the test ingredients were pre-incubated with RSV-A2 (MOI of 0.28) for 1 h before addition to the A549 cells. Subsequently, the A549 cells were exposed to these pre-mixes for 2 h after which fresh infection medium (without virus and compound) was added for an additional 24 h. The infection plates were washed with PBS, fixed for 30 min with 4% formaldehyde, washed again with PBS, and stored in PBS at 4°C until staining. For the immunostaining any residual formaldehyde was quenched with 50 mM ammonium chloride, after which the cells were permeabilized (0.1% Triton X100) and stained with an antibody recognizing RSV virus (AbCam, United Kingdom). The primary antibody was detected with an Alexa-647 conjugate secondary antibody (Thermo Fisher Scientific, United Kingdom), and nuclei were stained with Hoechst. Images were acquired on an CellInsight CX5 high content platform (Thermo Scientific, United Kingdom), and percentage infection was calculated using CellInsight CX5 software (infected cells/total cells × 100). Normalized percentages of inhibition were calculated using the following formula: Normalized % inhibition = 100 × [1 − (% infection sample − % infection uninfected control)/(%infection infected control − %infection uninfected control)]. To measure cytotoxicity of all compounds, an MTT reagent (Thermo Fisher Scientific, United Kingdom) was added to the assay cells in the absence of infection. Two hours later the cell precipitate was dissolved in a mixture of isopropanol and DMSO and signal read at 570 nm.



SARS-CoV-2 infectivity assay

Comparable to the design applied by Wotring et al. (25), the effect of MFGM-enriched whey and WPI on SARS-CoV-2 (Alpha variant SARS-CoV-2 Isolate USA/CA_CDC_5574/2020 (B.1.1.7 – UK variant), BEI Resources) infectivity was determined using monkey kidney (Vero E6) cells. All samples were solubilized in M199 medium (Thermo Fisher Scientific, United Kingdom). Uninfected and infected untreated cells were used as controls. Vero E6 cells (plated in 96 well plate and grown overnight) were 24 h pre-incubated with serial dilutions of the test ingredients, followed by a 24-h incubation with SARS-CoV-2 (MOI of 0.17). The infection plates were washed with PBS, fixed for 30 min with 4% formaldehyde, washed again with PBS, and stored in PBS at 4°C until staining. For the immunostaining, any residual formaldehyde was quenched with 50 mM ammonium chloride, after which the cells were permeabilized (0.1% Triton X100) and stained with an antibody recognizing the Nucleocapsid Protein (Thermo Fisher Scientific, United Kingdom). The primary antibody was detected with an Alexa-488 conjugate secondary antibody (Thermo Fisher Scientific, United Kingdom), and nuclei were stained with Hoechst. Images were acquired on a CellInsight CX5 high content platform (Thermo Scientific, United Kingdoms), and the percentage infection was calculated using CellInsight CX5 software (infected cells/total cells × 100). Normalized percentages of inhibition were calculated using the following formula: Normalized % inhibition = 100 × [1 − (% infection sample − % infection uninfected control)/(%infection infected control − %infection uninfected control)]. To measure cytotoxicity of all compounds, a MTT reagent (Thermo Fisher Scientific, United Kingdom) was added to the assay cells in the absence of infection. Two hours later the cell precipitate was dissolved in a mixture of isopropanol and DMSO and the signal was read at 570 nm.



Characterization

Protein composition of MFGM-enriched whey, WPC and WPI was compared using LC–MS/MS-based proteomics. Before trypsinization samples were purified using protein aggregation capture (PAC) as described previously (26). After trypsinization, tryptic peptide solutions were loaded onto a 0.10 × 250 mm ReproSil-Pur 120 C18-AQ 1.9 μm beads analytical column (prepared in-house) at 825 bar. A gradient from 9 to 34% acetonitrile in water with 0.1% formic acid in 50 min (Thermo nLC1000) was used. MS spectra were measured with an Orbitrap Exploris 480. After each MS scan, MSMS spectra of the peptides were acquired (approximately 20 scans/s). Data was further analyzed using MaxQuant, enabling identification and label-free quantitative analyses. All samples were analyzed in triplicates.

Additionally, absolute quantification of IgG was performed using protein G affinity chromatography as described previously (27). 31Phosphorus-nuclear magnetic resonance spectrometry (31P-NMR) was performed to determine phospholipid profiles classified as Sphingomyelin, Phosphatidylethanolamine, Phosphatidylcholine, Phosphatidylinositol, Phosphatidylserine, Other and Total (Spectral Service GmbH, Germany) as described (28).



Statistical analyses

Data are expressed as mean ± SEM with individual datapoints unless stated otherwise. Viral infection results are presented as percentage infection relative to the negative control and ingredient dosing as per product. For RSV and SARS-CoV-2 experiments, which were dosed per protein, results were recalculated to be displayed as per product to enable comparison with the rotavirus dataset. Statistical analyses were performed applying ANOVA with Dunnett’s post hoc test using Minitab (Minitab, LLC, 2021). Multiplicity-adjusted p-values were determined and p-values < 0.01 were considered as statistically significant. Logarithmic inhibition curves (online Supplemental data) were fitted (non-linear) using Graph Pad version 10.2.3.




Results


Rotavirus inhibition

Initially, cytotoxicity of MFGM-enriched whey, WPC and WPI was determined. At all tested concentrations, MFGM-enriched whey, WPC and WPI did not display any cytotoxic activity against MA104 cells (Table 1). MFGM-enriched whey dose-dependently inhibited Wa rotavirus infection of MA104 cells (Figure 1A) significant at 0.063 mg/ml and higher. Relative to MFGM-enriched whey, the antiviral activity of WPC was lower and absent in WPI (Figure 1B). Antiviral activity of MFGM-enriched whey was also demonstrated for the SA114F strain at ~0.1 m/ml (Figure 1C).



TABLE 1 Cytotoxicity MA104 cells (Rotavirus).
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FIGURE 1
 MFGM-enriched whey dose-dependently inhibited rotavirus infection in MA104 cells. Inhibition of rotavirus infection, strain WA G1P[8], in MA104 cells by different concentrations of MFGM-enriched whey (A), MFGM-enriched whey (dark grey bars), the corresponding WPI (open bars) and WPC reference (light grey bars) (B). Inhibition of SA11-4F G3P[1] (open bars) and WA G1P[8] (dark grey bars) strains in MA104 cells by different concentration of MFGM-enriched whey (C). Means ± SEM significantly (p < 0.01) different from the media control (i.e., UT) are indicated with asterisks (**p < 0.01, ***p < 0.001). All measurements were performed twice in triplicate.




RSV inhibition

Initially, cytotoxicity of the samples was determined. At all tested concentrations MFGM-enriched whey and WPI did not display any relevant cytotoxic activity against A549 cells (Table 2). MFGM-enriched whey dose-dependently inhibited RSV infection of A549 cells (Figure 2). Relative to the control infected cells, antiviral activity of MFGM-enriched whey was significant at 0.2 mg/ml and higher. Antiviral activity was observed with WPI as well but not to the same extent as MFGM-enriched whey and only significant at the highest concentration tested (5.6 mg/ml).



TABLE 2 Cytotoxicity A549 cells (RSV).
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FIGURE 2
 MFGM-enriched whey dose-dependently inhibited RSV infection in A549 cells. Inhibition of RSV-A2 in A549 cells by MFGM-enriched whey (dark grey bars) and the corresponding WPI (open bars) at different concentrations. Means ± SEM significantly (p < 0.01) different from the media control (i.e., UT) are indicated with asterisks (**p < 0.01, ***p < 0.001). All measurements were performed in triplicate.




SARS-CoV-2 inhibition

Initially, cytotoxicity of the samples was determined. At all tested concentrations MFGM-enriched whey and WPI did not display any cytotoxic activity against Vero E6 cells (Table 3). Whereas no inhibition was observed with WPI, MFGM-enriched whey inhibited SARS-CoV-2 infection of Vero E6 cells significantly only at the highest tested concentration (13.9 mg/ml; Figure 3), at about a 200-fold higher concentration as observed with inhibition of rotavirus and about 70-fold higher as observed with RSV infection.



TABLE 3 Cytotoxicity Vero E6 cells (SARS-CoV-2).
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FIGURE 3
 MFGM-enriched whey reduced SARS-CoV-2 infection. Inhibition of SARS-CoV-2 in Vero E6 cells by MFGM-enriched whey (dark grey bars) and the corresponding WPI (open bars) at different concentrations. Means ± SEM significantly (p < 0.01) different from the media control (i.e., UT) are indicated with asterisks (**p < 0.01, ***p < 0.001). All measurements were performed in triplicate.




MFGM-characterization

To further understand the observed differences between the different whey samples, MFGM-enriched whey, the corresponding WPI and the reference WPC were characterized in detail for protein composition and phospholipid composition as components that may contribute to observed anti-viral activities. Proteomics characterization with label-free quantification (LFQ), to compare different whey samples, and intensity based absolute quantification (iBAQ), to compare protein identifications within a sample, was performed and top 20 identifications were plotted with (Figures 4A,C) and without (Figures 4B,D) the major whey proteins alpha-lactalbumin and beta-lactoglobulin. The latter was performed to enable a better visualization of minor whey proteins including those that can either be an integral part of the MFGM (e.g., butyrophillin, lactadherin, CD36, and xanthine dehydrogenase) or are, coincidingly, enriched within the MFGM enrichment process because of complex formation, protein–protein interactions (e.g., immunoglobulin related and lactoferrin), and or general physical appearance. Furthermore, because of its well-known protective activity against infections, IgG was quantified with a targeted analysis (Table 1) which showed higher levels of IgG in MFGM-enriched whey vs. WPC and WPI. 31P-NMR phospholipid profiles (Table 1) clearly demonstrate enrichment of major phospholipid species in MFGM-enriched whey vs. WPI and reference WPC. Compared to the reference WPC, MFGM-enriched whey had approximately 2.7 to 3.7-fold higher levels of phospholipids, whereas phospholipids were virtually absent in WPI (Table 4).
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FIGURE 4
 LC–MS/MS analyses LFQ (A) and iBAQ (C) intensity of top 20 most abundant proteins in MFGM-enriched whey (black bars, n = 3), the corresponding WPI (open bars, n = 3) and WPC reference (grey bars, n = 3). For a better visualization of less dominant proteins, LFQ (B) and iBAQ (D) intensity were also compared without including the two major whey proteins, alpha-lactalbumin and beta-lactoglobulin, in the dataset. Beta-lactoglobulin (P02754), Glycam-1 (P80195), Bovine serum albumin (P02769), Ig-like domain-containing protein (F1N160, F1MLW7), Ig-like domain-containing protein (A0A3Q1M3L6), Butyrophilin (P18892), Alpha-S1-casein (P02662), Lactadherin (Q95114), CD36 (P26201), Lactoferrin (P24627), Alpha-lactalbumin (P00711), Xanthine dehydrogenase (P80457), Fatty acid-binding protein (P10790), Kappa-casein (P02668), Ig-like domain-containing protein (G3N0V0, A0A3Q1N3I9), Polymeric immunoglobulin receptor (P81265), Ig-like domain-containing protein (G3MXB5, A0A3Q1LRW4), Perilipin-2 (Q9TUM6), Endopin 2 (A0A0A0MP92, A2I7N3), Lactoperoxidase (P80025).




TABLE 4 Phospholipid and IgG levels.
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Discussion

To prevent life-threatening pediatric infections, including those caused by rotavirus, RSV and SARS-CoV-2, vaccines have been developed (29, 30). Rotavirus vaccines are given to infants prior to 8 months of age and to prevent severe RSV disease in infants, maternal RSV vaccination or infant immunization with RSV monoclonal antibodies are recommended. Similarly, SARS-CoV-2 vaccines are available which have also proven effectiveness during pregnancy, whereas vaccination is generally not recommended in infants below 6 months (31). Investigation into non-vaccine methods that may provide protection, such as dietary factors including human and bovine milk-derived constituents, is also needed amongst others as at least for rotavirus protection (32), the protection vaccines provide varies between individuals and populations.

MFGM-enriched whey is a complex preparation containing many different proteins and polar lipids with potential immunomodulatory and antiviral components (17). In vivo observations with infant formula containing MFGM-enriched whey include reduction of upper respiratory infections, a lower incidence of diarrhea and overall reduction in use of antipyretic medication as compared to non-enriched formula (20, 22). In this study, MFGM-enriched whey clearly demonstrated a dose-dependent inhibition for rotavirus and RSV relative to its WPI counterpart from the same production process. For SARS-CoV-2, MFGM antiviral activity was only observed at a concentration about 200-fold higher than with rotavirus and about 70-fold higher than with RSV, although these differences could be attributed to differences in multiplicities of infection for each virus, cell lines used and different mechanisms of action. Although additional mechanisms related to immune regulation by MFGM-enriched whey have likely contributed in vivo, our data and other in vitro studies (9, 33, 34) suggest a direct antiviral activity of MFGM-enriched whey may also have contributed to observed effects in previous in vivo studies. A limitation of the in vitro approach, however, is that observed in vitro antiviral activity does not perse translate to prevention of a viral infection in vivo as, e.g., known for lactoferrin and SARS-CoV-2 (15, 16). In addition, for future studies a digestion step could be included specifically for the gastrointestinal viruses to investigate the effect of digestion, although previous studies have demonstrated that, at least some of the active components in MFGM-enriched whey such as immunoglobulins may survive digestion (35).

With respect to rotavirus infection, the results with MFGM-enriched whey from this study are in line with previous in vitro studies (9, 33, 34). Fuller et al. employed both whey and cream derived MFGM to investigate inhibition of a neuraminidase-sensitive group A porcine OSU rotavirus strain (serotype P9[7]G5). Monaco et al. used MFGM-enriched whey to explore inhibition of a neuraminidase-sensitive group A porcine OSU rotavirus strain (serotype P9[7]G5) and a neuraminidase-sensitive group A human rotavirus strain (Wa; tissue culture adapted, VP7 serotype [G1]). Parron et al. used MFGM from both bovin e and ovine sources to study inhibition of a WC3 bovine rotavirus strain. Thus, to date different rotavirus strains have been used to demonstrate rotavirus inhibition by MGFM. In the current study we add to this knowledge by showing that both rotavirus SA114F, a commonly used laboratory strain belonging to the G3P[1] genotype, and Wa which represents the globally dominant human G1P[8] genotype, are inhibited by MFGM-enriched whey. Although a conventional WPC (without MFGM enrichment) also showed activity against rotavirus, MFGM-enriched whey, overall, displayed a higher inhibitory activity. Furthermore, considering differences in protein concentrations, observed difference in antiviral activity between the ingredients may even be larger when correcting for protein. To the best of our knowledge, this is the first study that demonstrates the capacity of MFGM-enriched whey to inhibit RSV and, similar, the lack of activity for SAR-Cov2. Combining these in vitro results further provide mechanistic support to previously observed clinical effects demonstrating a reduced infection in infants consuming MFGM-enriched formula.

The proteomics comparison of MFGM-enriched whey with its WPI counterpart (i.e., from the same production process and MFGM-depleted) and a WPC reference (i.e., conventional cheese whey protein concentrate without MFGM enrichment or depletion) in the current study supports this further. The proteomics analyses revealed that MFGM-enriched whey is, relative to its WPI counterpart and reference WPC, enriched in typical MFGM proteins including butyrophilin, lactadherin, CD36, xanthine dehydrogenase and fatty acid-binding protein. The results further demonstrate that, other whey proteins such as Glycam-1, IgG (and Immunoglobulin related sequences), BSA, Lactoferrin and Osteopontin are also selectively enriched as their apparent in situ molecular weight (amongst others determined by the formation of multimers, protein–protein interactions, or their general physical appearance during the production process) are enriched in the retentate fraction during MFGM separation. Some of these identified proteins have previously demonstrated to impact viral infections (36) and together with antiviral activity of milk polar lipids such as phosphatidylserine and sphingomyelin (37) are likely contributing to the overall antiviral activity of MFGM-enriched whey.

Overall, the results from the current study demonstrate that MFGM-enriched whey displays antiviral activity to common pediatric viruses in vitro. Although not providing direct evidence by, e.g., purifying individual MFGM proteins and/or phospholipids, the proteomics and polar lipid analyses from the current study provide further insights into the complex composition of MFGM and suggest that multiple components can contribute to the observed antiviral activity.
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