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Glycerol monolaurate inhibition 
of human B cell activation
Micaela G. Fosdick1, Shannon Loftus2, Isabella Phillips2, Zeb R. Zacharias3 & 
Jon C. D. Houtman1,2,3*

Glycerol monolaurate (GML) is a naturally occurring antimicrobial agent used commercially in 
numerous products and food items. GML is also used as a homeopathic agent and is being clinically 
tested to treat several human diseases. In addition to its anti-microbial function, GML suppresses 
immune cell proliferation and inhibits primary human T cell activation. GML suppresses T cell 
activation by altering membrane dynamics and disrupting the formation of protein clusters necessary 
for intracellular signaling. The ability of GML to disrupt cellular membranes suggests it may alter 
other cell types. To explore this possibility, we tested how GML affects human B cells. We found 
that GML inhibits BCR-induced cytokine production, phosphorylation of signaling proteins, and 
protein clustering, while also changing cellular membrane dynamics and dysregulating cytoskeleton 
rearrangement. Although similar, there are also differences between how B cells and T cells respond 
to GML. These differences suggest that unique intrinsic features of a cell may result in differential 
responses to GML treatment. Overall, this study expands our understanding of how GML impacts 
the adaptive immune response and contributes to a broader knowledge of immune modulating 
monoglycerides.

Abbreviations
GML	� Glycerol monolaurate
BCR	� B cell receptor
BLNK	� B cell linker protein
IL-4	� Interleukin-4
IL-6	� Interleukin-6
TNFα	� Tumor necrosis factor-alpha

Glycerol monolaurate (GML) is a broad-spectrum antimicrobial agent, effective against fungi, enveloped viruses, 
gram positive bacteria, and select gram negative bacteria1–6. GML is a naturally occurring monoglyceride that is 
produced from triglycerides found in high concentrations in breastmilk and palm tree-oils such as coconut oil7,8. 
GML is used commercially in personal hygiene products and food items as a preservative. GML is also used as 
a homeopathic agent and is being tested for clinical applications, such as preventing HIV transmission, treating 
bacterial vaginosis, chronic sinusitis, acne, and preventing Toxic Shock Syndrome4,9,10 .

In addition to GML’s impact on microbes, recent studies have shown GML suppresses PBMC proliferation and 
inhibits T cell receptor (TCR) dependent T cell activation3,11,12. These studies have extensively analyzed how GML 
impacts several key signaling events in T cell activation. GML significantly alters T cell membrane dynamics by 
increasing of the amount of ordered and disordered lipid domains12. Disrupting the dynamics of these regions 
alters the cell’s ability to stabilize Linker for Activation of T cells (LAT) and PLCγ clustering, and decreases 
AKT and PI3K signaling12. Inhibition of protein clustering upon stimulation suppresses TCR dependent T cell 
activation and inhibits cytokine production12–14. Furthermore, GML alters cytoskeleton arrangement in T cells 
via disruption of the Arp2/3 complex that reduces cell adhesion and causes dysregulated filopodia formation13.

B cells also play a significant role in the adaptive immune system by producing antibodies needed for the 
prevention and elimination of infections. The primary activating receptor for B cells is the B cell antigen receptor 
(BCR) that binds directly to its antigen. Upon antigen binding, the BCR subunits are phosphorylated by Src-
family protein kinases. This leads to the phosphorylation of signaling molecules such as Bruton’s Tyrosine Kinase 
(BTK), phospholipase Cγ2 (PLCγ2), and B cell linker protein (BLNK), which form the BCR signalosome. Src 
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kinases also phosphorylate the costimulatory transmembrane protein CD19, which then activates the Phospho-
inositide 3-kinase (PI3K)-protein kinase B (AKT) signaling pathway15. Initial activation is also impacted by the 
signaling of other co-stimulatory molecules, such as CD40 and CD86, that allow B cells to engage with T cells 
and will contribute to proliferation and differentiation of naïve B cells into functional antibody producing cells 
and memory cells16–20. Transmembrane protein CD40 is an early co-stimulatory molecule that is present before 
BCR activation and interacts with CD40 ligand (CD154) on T cells that contributes to increased BCR activation 
signaling. Conversely, CD86 is a later activation marker that is the ligand for CD28 on T cells that contributes 
to survival signaling and differentiation of B cells18,20–22. CD69 is expressed in both B and T cells, is one of the 
earliest cell surface markers expressed after antigen receptor activation, is primarily associated with lymph node 
retention, and increases the likelihood of B cell and T cell interaction23–25. Actin rearrangement and membrane 
dynamics also play a key role in effective B cell activation. Upon BCR interaction with antigen, altered actin 
regulation pathways drive clustering of BCR signaling proteins26,27; such as PLCy2 that regulate actin associa-
tion with the plasma membrane, calcineurin that affects F-actin severing, and CD19-BTK that is associated with 
F-actin polymerization regulated by ARP 2/3 complex27. Actin rearrangement driven by the Arp 2/3 complex 
is utilized in B cells to stabilize immune synapse26,28. Ordered-phase like domains stabilize BCR micro-clusters 
aid in and stabilize protein clustering during activation19,29–31.

There are many similarities in the signaling pathways that are activated in both T and B cells. Upon TCR or 
BCR stimulation, protein clustering is induced to amplify intracellular signaling, including enhanced PI3K-AKT 
pathway, increased calcium signaling, and altered cytoskeleton rearrangement. However, B cells differ from T 
cells in key signaling proteins. LAT and SLP76 are essential in early T cell signaling; the B cell corollary to these 
signaling proteins is BLNK, which facilitates the formation of protein clusters32. Furthermore, B cells’ trans-
membrane protein CD19 serves a similar function as transmembrane CD28 in T cells, essential in the activation 
of the PI3K-AKT pathway15,33,34. While both lymphocytes undergo calcium signaling, T cells use PLCγ1 while 
B cells use PLCγ2 to induce calcium influx. These differences contribute to overlapping and unique activation 
events in B cells compared to T cells.

While GML’s impact has been described in T cells, no studies have examined how other immune cell types 
respond to GML treatment. To better understand how GML impacts other cells central to the adaptive immune 
response, we investigated how GML affects B cell activation. We explored several critical steps in B cell activation, 
including signaling protein phosphorylation, protein clustering and signalosome formation, cytokine produc-
tion, and expression of cell surface markers. GML inhibits B cell cytokine production and early signaling events. 
In addition, GML induces dysregulated filopodia formation and changes in membrane dynamics in human B 
cells. Thus, we observed that GML inhibits B cell activation with a similar yet distinct mechanism as described 
previously in T cells. These data show that GML can inhibit activation of both classes of lymphocytes and may 
have a broader impact on the immune response.

Results
Glycerol monolaurate suppresses cytokine production and cell surface activation mark-
ers.  Previous studies have shown that GML significantly inhibits cytokine production in TCR-stimulated T 
cells12. To get a broader understanding of how GML impacts other immune populations, the effect of GML on 
B cell function was evaluated via BCR-induced cytokine production. We treated primary B cells isolated from 
PBMCs with varying dosages of GML. These cells were then stimulated overnight with plate bound anti-IgM 
antibody and soluble Interleukin-4 (IL-4). GML treatment had no impact on cell viability (Supplemental Fig. 1). 
Supernatants were tested for Interleukin-6 (IL-6) and Tumor Necrosis Factor-alpha (TNF-α) by ELISA. Both the 
10 ug/mL and 20 ug/mL treatment doses of GML significantly reduced BCR-induced IL-6 and TNF-α cytokine 
production (Fig. 1A,B). It is important to note that while TNF-α levels are higher than expected at baseline, 
GML treatment reduced TNF-α cytokine levels to baseline levels produced in non-stimulated B cells. We further 
investigated how GML would affect B cell activation with the addition of BCR independent stimulation with 
the Toll like receptor-7 (TLR7) agonist R848 (Fig. 1C). Interestingly, treatment with GML significantly inhibited 
IL-6 cytokine production in R848- co-stimulated B cells compared to vehicle controls.

In addition to cytokine production, the effect of GML on cell surface markers was also tested. B cells were 
treated with GML or EtOH control and activated using anti-IgM antibody and soluble IL-4 for 24 h. Cells were 
then stained for CD86, CD40, and CD69 and analyzed using flow cytometry (Fig. 2A,B). Interestingly, these 
cell surface markers of activation were not impacted to the same degree as cytokine production. Cells treated 
with GML had significantly reduced CD86 and CD40 surface expression compared to cells treated with vehicle 
control (Fig. 2B). However, GML treatment had no impact on CD69 cell surface abundance (Fig. 2B). These data 
suggest while GML suppresses cytokine production and reduces expression of some cell surface markers, GML 
may have varying effects along the activation pathway.

Glycerol monolaurate alters B cell membrane dynamics.  GML is thought to increase the levels of 
both ordered and disordered regions of the membrane via incorporating into the membrane and preventing free 
diffusion of lipids into and out of ordered regions12. Importantly, lipid membrane dynamics and lipid micro-
domains play a distinct role in B cell activation19,29,35,36. To examine the impact of GML on lipid dynamics, B 
cells were stained using the order/disorder sensing membrane dye Di-4-ANEPPDHQ (Fig. 3A). After treating 
primary B cells for 10 min with varying concentrations of GML, cells were stained with Di-4-ANEPPDHQ and 
analyzed using flow cytometry. Order and disorder were normalized to untreated cells. B cells treated with GML 
had a significant dose dependent increase in membrane disorder compared to vehicle treated controls (Fig. 3B). 
However, there were no significant changes detected in ordered membrane regions when compared to vehicle 
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control (Fig. 3B). These data suggest that GML may disrupt B cell signaling through changes lipid membrane 
dynamics, although it appears to act with a different mechanism than its effects on membrane domains in T cells.

Glycerol monolaurate inhibits BCR‑induced phosphorylation.  BCR dependent activation leads to 
phosphorylation of key signaling proteins, such as CD79 and AKT, which are needed to transmit membrane 
activation events across the cytoplasm to the nucleus. To determine how GML affected B cell signaling dur-
ing activation, primary human B cells were pre-treated with GML or EtOH control and activated for 10 min 
using anti-IgM. Cell lysates were analyzed via quantitative immunoblotting. Phosphorylated CD79, a subunit 
of the BCR, was used as a measure of early signaling, while phosphorylated AKT was used as a surrogate for 
downstream signaling. Vehicle control treated cells responded to stimulation with unstimulated vehicle control 
treated cells exhibiting significantly less CD79 and AKT phosphorylation than stimulated vehicle control treated 
cells (Fig. 4A,B). Cells treated with GML had reduced responses to BCR stimulation, with significantly less phos-
phorylation of both CD79 and AKT in GML treated cells compared to vehicle control treated cells (Fig. 4A,B). 
Inhibition of CD79 and AKT phosphorylation in GML-treated B cells demonstrates GML inhibits early BCR 
dependent signaling cascades.

Glycerol monolaurate inhibits BCR induced protein signalosome formation.  Changes in phos-
phorylation of CD79 and downstream AKT led to the question of how GML impacts earlier signaling events. B 
cell activation through the BCR induces protein clustering required to transmit signals to the cytoplasm15,29,30. 
To investigate how GML affects this phenomenon in B cells, TIRF microscopy was used to image protein clus-
tering at or near the membrane. Cells were pre-treated with GML or EtOH as a vehicle control and stimulated 
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Figure 1.   Glycerol Monolaurate inhibits BCR dependent and independent induced cytokine production. 
Primary human B cells were treated with 1, 10, or 20 ug/mL GML, or EtOH. Cells were stimulated overnight 
with 5 ug anti-IgM antibody and 20 ng soluble IL-4. Supernatants collected were analyzed via ELISA to 
determine levels (A) TNF-α and (B) IL-6. (C) Independent BCR induced IL-6 production was tested with the 
addition of a TLR7 agonist, R848. Data presented is normalized to the positive EtOH control, represented by 
the dotted line, and collected from 5 distinct donors. One-Sample T-test with theoretical value 1 was used to 
determine statistical significance. *p < 0.05, **p < 0.01.
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with plate bound anti-IgM antibodies for 10 min. The cells were fixed and permeabilized and then stained for 
phosphorylated CD79, total CD19, phosphorylated BLNK, or total AKT using specific antibodies. Protein clus-
ters were imaged using TIRF microscopy and analyzed by ImageJ. Compared to EtOH treated controls, GML 
treated cells had slight but significantly decreased pCD79 (BCR) and CD19 clustering, suggesting that GML 
impacts the clustering of the BCR after stimulation (Fig. 5A,B). BCR-mediated pBLNK and AKT clustering were 
also significantly decreased compared to EtOH controls (Fig. 5A,B). Interestingly, pBLNK and AKT clustering 
appeared to be more potently suppressed by GML treatment than BCR clustering with a larger difference in aver-
age MPI between GML treatment groups and vehicle control treatment groups observed for pBLNK and AKT 
compared to BCR components (Fig. 5A,B). Together, these data demonstrate GML alters early protein clustering 
downstream of BCR activation.

Glycerol monolaurate alters B cell cytoskeleton rearrangement.  The activation of ARP2/3 com-
plex is necessary for the controlled filopodia formation needed for the orientation and migration of B cells 
through tissues, in addition to enhancing immune synapse formation26,27. GML has been shown to disrupt TCR-
induced regulation of ARP2/3 complex in human T cells and induce dysregulated filopodia formation13. To 
investigate how GML affected B cell cytoskeleton rearrangement, primary human B cells were pretreated with 
10 ug/mL GML and plated on an anti-IgM antibody coated chamber cover slips. Filamentous actin was quanti-
fied by staining with FITC-labeled phalloidin followed by TIRF microscopy. The average number and length of 
filopodia per cell was measured using ImageJ. Cells treated with GML had significantly more filopodia per cell 
and a significant increase in filopodia length compared to vehicle control treated cells (Fig. 6), suggesting that 
GML treatment dysregulates cytoskeleton rearrangement in B cells.
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Figure 2.   GML suppresses cell surface expression of survival costimulatory molecules. Primary human B 
cells were treated with 10 ug/mL GML or EtOH. Cells were stimulated for 24 h with 5 ug anti-IgM antibody 
and 20 ng soluble IL-4. After activation, cells were stained and analyzed on a Cytek Aurora. (A) Representative 
image of a single sample of data analyzed using FlowJo™ Software for Mac Version 10.8.1. Ashland, OR: Becton, 
Dickinson and Company; 2022 and Spectroflo Software for PC Version 3.0.3. Fremont, CA: Cytek Biosciences; 
2022. (B) Geometric Mean Fluorescence Intensity of samples were normalized to EtOH control group. Graphs 
represent compiled date from 5 experimental replicates. The statistical significance was determined using a one-
sample T-test with a theoretical value 1. *p < 0.05.
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Discussion
GML is known to inhibit TCR dependent T cell activation12,13. However, to better understand potential clinical 
uses of GML, it is important to understand if GML affects other cell types. In this study we explored how GML 
more broadly impacts the adaptive immune response by testing how it affects primary human B cells. Treatment 
with 10 ug/mL or above of GML resulted in an increase in membrane disorder and inhibits BCR dependent 
phosphorylation signaling cascades. As a consequence of disrupting these signaling cascades, GML treatment 
results in a significant decrease in signalosome formation/protein clustering, suppression of select activation cell 
surface markers, and ultimately cytokine production. Furthermore, treating primary human B cells with GML 
results in filopodia protrusions not seen in vehicle treated cells. Ultimately, this study conclusively shows that 
GML inhibits human B cell activation. 

There is a clear similarity between the impact of GML on B cells and T cells, with the suppression of cytokine 
release, decrease in protein clustering, and changes in lipid membrane dynamics suggesting a similar mechanism 
of action12–14. Interestingly, there are also noticeable differences in how GML affects these lymphocytes. Broadly 
speaking, GML appears to have a more severe impact on B cell signaling pathways when compared to its effects 
on TCR signaling. For example, in T cells, GML does not inhibit phosphorylation of Linker for Activation of T 
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Figure 3.   GML increases disorder in B cell membrane dynamics. B cells were pre-treated with various 
concentrations of Glycerol Monolaurate for 10 min. Cells were then stained using Di-4-ANEPPDHQ and 
analyzed by flow cytometry. Membrane order was measured using FL1 channel and Disordered membrane 
domains were measured using the FL3 channel. (A) Representative flow plot for each channel measured. 
(B) Mean fluorescent intensities averaged from 4 experiments with distinct donors. One Sample T-test with 
theoretical value 1 was used to determine statistical significance. *p < 0.05.
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cells (LAT) but does inhibit clustering of phosphorylated LAT12. In B cells, we not only see a significant decrease 
in phosphorylated BLNK clustering, but also a reduction of the phosphorylation of BLNK. One potential reason 
for this observation is the stimulation of IgM+ B cells, which are largely naïve B cells. In contrast, the T cells used 
in prior studies were previously activated before experimentation. While rested, this is considered an effector T 
cell, which are more sensitive to stimulation and can be activated using up to 10 times less antigen than what is 
necessary for naïve responses37,38. Sensitivity to stimulation may also explain the differential impact GML had on 
CD69 cell surface expression compared to CD86 and CD40. Interestingly, although CD40 and CD86 cell surface 
expression was suppressed by GML, the earliest cell surface marker for activation, CD69, was not affected by GML 
treatment. This may be a result of timing or a result of CD69 being more sensitive to lower doses of stimulation. 
However, while CD69 is the earliest marker of activation, CD86 and CD40 expression allow engagement with T 
cells and are required for the survival, proliferation, and activation of B cells16–19.
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Figure 4.   GML suppression of BCR induced phosphorylation of key signaling proteins. Cells were treated 
with EtOH or 10 ug/mL GML, stimulated with 5 ug/mL soluble anti-IgM antibody for 10 min. Cell lysates were 
tested using Western Blot analysis to determine phosphorylation of CD79 sub-unit of the BCR and T308 AKT. 
Blots were imaged and quantified using a Licor Odyssey imaging system. Samples were normalized to GAPDH 
and analyzed as a fold change with stimulated EtOH control set to 1. Data presented is 5 distinct donors 
compiled and analyzed using One-Sample T-test with theoretical value 1. *p < 0.05.
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This increased impact of GML on signaling in B cells could also be a result of the second key difference we 
discovered, specifically changes in membrane dynamics. When we analyze changes in membrane dynamics in B 
cells, there is a significant increase in the amounts of disordered lipid domains while ordered lipid domains are 
not substantially altered. This change in lipid membrane dynamics differs from the pattern described previously 
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Figure 5.   GML inhibits BCR induced signalosome formation. Cells were pretreated with 10ug/mL GML 
or EtOH control and stimulated for 10 min. on chamber glass slides coated with anti-IgM antibody. After 
stimulation, cells were fixed, permeabilized, and stained with anti-phosphorylated CD79, total anti-CD19, 
anti-phosphorylated BLNK, or total anti-AKT specific anti-bodies. Data presented was compiled from 3 
experimental replicates. (A) Protein clusters were imaged using TIRF microscopy. Scale bar in each image 
represents 10 µM. (B) Images were analyzed measuring MPI in ImageJ. Statistical significance was calculated 
using a T-test. *p < 0.05, **p < 0.01, ***p < 0.001.
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for T cells, where GML induces an increase in both ordered and disordered lipid domains12. One potential expla-
nation for this is the baseline of a B cell’s ordered regions. The association of the B cell receptor with lipid rafts 
varies depending on developmental and activation status of B cells36,39,40. It is possible that by using naïve B cells, 
we would not see as drastic changes to the ordered regions because they are smaller and more dispersed than in 
previously activated T cells. Interestingly, when testing naïve T cells, we saw a similar phenomenon with less of an 
increase in membrane ordered domains than seen previously in Th0 cells (data not shown). Several studies have 
shown lipid rafts and microdomains present in naïve cells increase in size and number after activation19,29,36,41,42. 
Alternatively, this could be evidence that B cells are more sensitive to membrane changes and the sharp increase 
in disordered lipid domains was enough to inhibit the early signaling phosphorylation. These differences in 
responses in B cells, suggest unique features of a cell and its activation status may result in differential responses 
to GML treatment in other cell types as well.

In conclusion, this study demonstrates that GML effectively inhibits BCR-dependent B cell activation. This 
expands our understanding of how GML impacts the immune response on a broader scale. These studies suggest 
clinical use of GML would inhibit adaptive immune response by suppressing both B cell and T cell responses. 
This may shift the clinical use of GML from anti-microbial to an immune-suppressive compound that can 
potentially be used to prevent adaptive immune responses at cutaneous or mucosal surfaces, or sensitization to 
other active ingredients in topical products. Furthermore, these results further confirm that the mechanism of 
action of GML is not T cell specific, suggesting that it may impact other immune cells beyond B cells and T cells. 
These studies lay the foundation for future studies examining the effects of GML on the immune response, an 
area of interest for future research. Differences seen in this study suggest immune cells that are more sensitive 
to membrane changes may be more severely affected by GML treatment. In addition, our work suggests that 
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Figure 6.   GML alters B Cell cytoskeleton arrangement. Cells pretreated with 10 ug/mL GML or EtOH control 
were stimulated for 10 min on chamber glass slides coated with anti-IgM antibody, fixed, and permeabilized. 
Actin was stained with Phalloidin and imaged using TIRF microscopy. Images were analyzed by counting 
number of filopodia per cell and measuring filopodia length in ImageJ. Data compiled from 2 distinct donors. 
T-test was used to calculate statistical significance. ***p < 0.001.
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GML may impact the function of non-immune cell types involved in the immune response, such as epithelial 
cells, that are found at sites of potential GML treatment. Overall, this study expands our understanding of how 
GML impacts the adaptive immune response and contributes to a broader understanding of the application of 
immune modulating monoglycerides.

Materials and methods
Primary human B cell isolation.  PBMC’s were isolated from leukocyte reduction cone obtained from 
Degowin Blood Center at the University of Iowa Hospital and Clinics. Donors are anonymous and have pro-
vided written informed consent to allow their cells that are normally discarded to be used in research studies. 
The recruitment protocol and written informed consent document were approved by the Institutional Review 
Board for the University of Iowa. All samples were provided to investigators de-identified. Therefore, further IRB 
approval for the use of the cells by the investigators was not needed based on Federal Regulation 46.101.B4. All 
experiments were performed in accordance with approved guidelines. PBMC’s were isolated via density gradient 
using Lymphoprep (StemCell Technologies 07801). B cells were isolated from PBMCs using a negative selection 
Human B Cell Isolation kit (StemCell Technologies 17954) following the provided protocol. B cells were rested 
at 37 °C in Complete RPMI 1640 media until used and used within 5 h of negative selection.

enzyme‑linked immuno assay detection of cytokines.  B cells were treated with various concentra-
tions of GML or 0.009% EtOH as a vehicle control treatment in serum free RPMI 1640 media. They were stimu-
lated overnight with plate-bound 5 ug/mL IgM anti-body (Jackson ImmunoReserach 109-006-129) and 20 ng/
mL soluble recombinant IL-4 (BioLegend 574004). In addition, B cell receptor independent co-stimulation was 
tested using the addition of 5ug/mL TLR7 agonist R848 (Enzo ALX-420-038). Concentration of secreted IL-6 
in the supernatant was detected via standard TMB ELISA using purified anti-human IL-6 antibody (BioLegend 
501102) to capture and Biotin IL-6 (Biolegend 501201) for detection. Data presented is normalized to the posi-
tive EtOH control and collected from 3 to 5 distinct donors. One-Sample T-test with theoretical value 1 was used 
to determine statistical significance.

Cell surface marker expression.  B cells were treated with 10 ug/mL GML or 0.009% EtOH as vehicle 
control treatment in serum free RPMI 1640 media. They were stimulated for 24 h with 5 ug/mL anti-IgM anti-
body (Jackson ImmunoReserach 109-006-129) and 20 ng/mL soluble recombinant IL-4 (BioLegend 574004). 
Cells were then spun down at 500xg for 5 min, resuspended in PBS and plated in 96-well round bottom plates. 
Cells were stained with LIVE/DEAD Fixable Blue Dead Cell Stain in PBS at room temperature for 15 min pro-
tected from light. Cells were spun down and resuspended in Fluorescence-activated cell sorting (FACS) buffer 
(PBS + 2% FBS + 0.02% Sodium Azide) supplemented with CellBlox Blocking Buffer, rat/hamster/mouse serum, 
Brilliant Staining Buffer, anti-CD20 BUV805, anti-CD86 Super Bright 436, anti-CD45 AlexaFluor 532 (Ther-
mofisher #58-0459-42), anti-CD14 NovaFluor Blue 585 (Thermofisher #H019T03B04), anti-CD3 NovaFluor 
Blue 585 (Thermofisher #H002T03B04), anti-CD40 PE-Dazzle 594 (Biolegend #334342), anti-CD19 NovaFluor 
Red 700(Thermofisher #H004T03R03), and anti-CD69 FITC(Biolegend #310904). Cells were incubated in stain-
ing buffer for 30 min at room temperature protected from the light. Cells were then washed with FACS buffer 
and fixed with BD FACS Lysing Solution per manufacturer’s instructions. Fixed cells were resuspended in PBS 
and data were acquired on a Cytek Aurora. Data were analyzed using FlowJo and SpectroFlo software. Geomet-
ric Mean Fluorescence Intensity of samples were normalized to EtOH control group and statistical significance 
was determined using a one-sample T-test with a theoretical value 1.

Membrane order versus disorder measurement.  B cells were washed and resuspended in serum free 
RPMI without phenol red. Cells were treated with designated lipid or 0.009% EtOH loading control for 10 min 
at 37 °C. Cells were then stained with 1 uM Di-4ANEPPDHQ and mean fluorescence was analyzed using an 
Accuri C6 Flow Cytometer. “Ordered” membrane was read in FL1 channel and “disordered” membrane was read 
in the FL3 channel. Data is presented as a fold change normalized to EtOH set to 1. Data was compiled from 3 
individual experiments with distinct donors. Statistical significance was determined using One Sample T-test 
with theoretical value 1.

Immunoblotting.  Primary human B cells were treated with various concentrations of GML or 0.009% 
EtOH as a vehicle control in serum free RPMI 1640 media. Cells were then stimulated for 10 min with anti-
IgM (Jackson ImmunoReserach 109-006-129) and recombinant IL-4 (BioLegend 574004). Cells were lysed with 
2 × sample buffer, heated to 95 °C, and sonicated. Cell lysates were separated across a 4–15% polyacrylamide 
gel via gel electrophoresis and transferred to PVDF. The membranes were blocked with SEA BLOCK blocking 
buffer (ThermoFisher) diluted in PBS and incubated overnight at 4 °C with primary antibody. After washing, 
samples were incubated with secondary antibodies for 30 min at room temperature and then imaged and quanti-
fied using a Licor Odyssey. Samples were normalized to GAPDH and analyzed as a fold change with stimulated 
EtOH control set to 1. Data presented is 3 experimental replicates and analyzed using One-Sample T-test with 
theoretical value 1.

Total internal reflection fluorescence microscopy.  Primary B cells were treated with 10 ug/mL of 
GML, or 0.009% EtOH control and stimulated for 10 min with plate-bound anti-IgM antibody in serum-free 
media without phenol red on a cover glass 4-well chamber slide. Cells were then fixed with 4% paraformalde-
hyde for 30 min, permeabilized using 0.25% Triton X-100 for 5 min, blocked with SEA BLOCK blocking buffer 



10

Vol:.(1234567890)

Scientific Reports |        (2022) 12:13506  | https://doi.org/10.1038/s41598-022-17432-4

www.nature.com/scientificreports/

diluted with PBS, and then coated with appropriate reagents: CD19 (Invitrogen 4349181), Total AKT (Cell sign-
aling), pBLNK Tyr96 (Bios bs-3054R), phosphor-CD79A (Cell Signaling) and actin was stained with tetrameth-
ylrhodamine (TMR)-phalloidin (Sigma-Aldrich). Cluster formation was quantified in ImageJ by measuring 
Mean Pixel Intensity along a straight line across the widest part of the cell. Filopodia formation was analyzed by 
counting number of filopodia per cell in addition to measuring the length of filopodia using the ImageJ measur-
ing tool. Student’s T-test was used to calculate statistical significance.

Data availability
All data generated during this study are available from the corresponding author on reasonable request.
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