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Abstract 
B cell lymphocytes are an immune cell able to generate antigen specific 

responses. B cell activation occurs through two different receptors, the B cell receptor 

and CD40, by interaction of antigen and CD40 Ligand, respectively. Following activation 

through the BCR and CD40, B cells undergo the energetically demanding processes of 

proliferation and differentiation into either memory cells, which provide a rapid and 

strong response to a secondary infection, or plasma cells, that produce large amounts 

of antigen specific antibodies. The immune cell most similar to B cells – T lymphocytes 

– require a metabolic change to aerobic glycolysis following activation to support 

effector function and memory differentiation. Due to the similarities in effector and 

memory classes of the two cell types, we hypothesized that a metabolic change must 

also occur in B cells to allow for their proliferation and differentiation to memory cells.  

Specifically, we examined alterations in mitochondrial mass to indicate a metabolic 

transition after activation. To do this, we stained cells with MitoTracker Green stain and 

quantified mitochondrial content by flow cytometry. We previously demonstrated that 

mitochondrial mass increased following stimulation through the BCR and CD40 in the 

Ramos cells – a germinal center-like Burkitt’s Lymphoma B cell. To generalize these 

results, we repeated these experiments in BL41, another Burkitt’s lymphoma B cell line. 

However, we found no increase in mitochondrial mass in BL41 following stimulation 

through BCR and CD40. We therefore investigated if strength of signaling could effect 

the cell types differently, and preliminary data suggests that increased BCR stimulation 

in BL41 may increase mitochondrial mass. We also asked whether a viral CD40 mimic – 

the Epstein-Barr Virus (EBV) protein LMP1 – can regulate mitochondrial mass in BL41 

cells. LMP1 signaling did not increase mitochondrial mass. These results could motivate 
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future studies investigating the mechanism through which mitochondrial mass increases 

in Ramos cells in response to BCR and CD40 activation, using BL41 as a negative 

control.  
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Introduction  

CD40 and BCR regulate B cell function  

 B lymphocytes are highly specialized immune cells that play a critical role in the 

adaptive immune system. Two critical regulators of B cell function are the B cell 

receptor (BCR) and CD40, which are both expressed on the B cell surface. Signaling 

through these two receptors during different stages of the B cell life cycle activate B cell 

response. The BCR is a membrane bound immunoglobulin, meaning it takes the same 

form as an antibody, which is unique to this cell type. B cells originate in the bone 

marrow where they undergo a genetic recombination to create a variable region of the 

BCR.1 The cells are able to produce very specific BCRs to a wide range of antigens 

through different genetic recombination events.  

During development in the bone marrow, signaling through the BCR indicates 

autoreactivity and results in apoptosis.1 Surviving cells leave the bone marrow as 

mature naïve B cells and travel through the blood stream to secondary lymph organs; 

the lymph nodes and spleen. Here, T cell dependent activation in B cell follicles, called 

germinal centers, expose the BCR to antigen and produces the first activation signal, 

which induces changes in gene expression to begin the immune response. This leads to 

clonal expansion, and somatic hympermutation of the BCR.2 Cells that produce a BCR 

with increased affinity for antigen undergo differentiation into plasma cells or memory 

cells, while those that do not undergo apoptosis. Plasma cells are released into the 

blood stream and secrete antigen-specific antibodies. The antibodies travel through the 

blood stream and carry out a number of roles including tagging foreign material for 

phagocytosis, neutralizing pathogens by interfering with their infection mechanism on 
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the surface, and activating the complement system.3 Memory B cells remain quiescent 

until a secondary infection at which point they provide a faster and stronger antibody 

response. This characteristic of B cells is the targeted mechanism for vaccinations to 

work, especially as the ability to successfully fight some diseases is directly dependent 

on the amount of antibodies produced.4 After the B cells undergo clonal expansion and 

differentiation, they migrate to a new zone of the germinal center where they receive 

differentiation and survival cues.5 These signals are produced by CD40L on a T helper 

cell binding CD40 on the B cell surface. The BCR and CD40 signaling produce specific 

downstream effects in B cells, and may be connected to a larger network of dynamic 

cellular metabolic changes. We aimed to investigate the metabolic reprogramming 

events necessary to support metabolically demanding proliferation and differentiation, 

and therefore used germinal center-like B cells for these experiments.6 

The importance of BCR and CD40 is highlighted by viral mimics of these 

receptor’s signaling. Epstein Barr Virus (EBV), the most common human viral infection, 

has two membrane bound proteins, LMP2a and LMP1, which mimic BCR and CD40 

signaling, respectively.7 When expressed, these proteins are constitutively active, 

meaning they provide constant signaling within the cell.8, 9 In fact, in B cell lymphomas 

that have lost the ability to express a high affinity BCR, most cells are EBV positive and 

express LMP2a.10 In transgenic mice the LMP2a signal can replace the survival signals 

normally mediated by the BCR, allowing these cells to evade apoptosis.11, 12 One model 

for EBV infection in B cells proposes that EBV infects naïve B cells inducing LMP1 and 

LMP2a expression, whose signaling is able to drive proliferation through a germinal 

center-like reaction to establish infection in memory B cells.7 EBV infects approximately 
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95% of the population asymptomatically and is associated with a number of tumors, 

although its precise role in the oncogenic process is unclear.13 Understanding a 

metabolic shift that allows EBV to undergo this germinal center-like reaction of clonal 

expansion and differentiation to establish infection could provide a target mechanism for 

EBV-related tumorigenesis.  

 

Mitochondrial functions beyond ATP  

The metabolic processes that occur in the mitochondria, including the citric acid 

cycle, fatty acid oxidation and the electron transport chain, together serve the energetic 

demands of the cell. Regulation of these processes varies across immune cell 

subtypes. These subsets range from B cells to T cells to macrophages, but differences 

in metabolism also occur within these groups between even smaller classes, such as 

effector and memory cells. Generally, cells demonstrate low rates of oxygen and 

glucose consumption preceding activation through surface receptors, and then show a 

wide array of metabolic profiles after this event. These differences have led to the 

hypothesis that, in immune cells, mitochondrial metabolism may play an additional cell 

fate-determining role by acting as an input signal for differentiation rather than as a 

consequence to changing cell identity.14 

 In addition to generating ATP that supplies the bioenergetic needs of a cell to 

support proliferation and growth, mitochondrial intermediates are necessary to control 

signaling pathways and gene expression in the cell. For example, mitochondrial reactive 

oxygen species (mROS) are able to diffuse into the cytoplasm and change the 

activation of various transcription factors. In particular, in T cells, mROS can activate 
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NF-κB and NFAT, which change cell function by way of gene expression.15 Similarly, 

the mitochondrial metabolites α-ketoglutarate and succinate levels are able to regulate 

gene expression by inhibition or promotion of histone demethylation.16 This is because 

these molecules act as the substrate and product of histonedemethylase enzymes.17 

Finally acetyl-CoA is required for histone acetylation and is a central metabolite of 

mitochondrial metabolism.14 The role of mitochondria as signaling organelles is still 

being explored, but the metabolic profiles and the role of mitochondria in different 

immune cell subtypes is better comprehended.  

 

T cell phenotype is controlled by metabolism 

In the closely related T cell, another cell in the adaptive immune system that has 

subsets of cells for attack and memory, metabolic reprogramming is well understood. 

Moreover, this reprogramming facilitates the immune cells unique functions. For 

example, oxidative phosphorylation is predominately used to make energy in a naïve 

cell, but following activation the cell switches to anabolic metabolism allowing for the 

generation of effector molecules, such as cytokines, and clonal expansion.18 Essential 

for CD4+ helper T cell activation is the generation of mROS following T cell receptor 

(TCR) stimulation.19 The importance of mROS in activation is further supported by the 

recruitment of mitochondria to the immune synapse.20 In contrast, memory T cells 

develop through modulation of fatty acid metabolism and, in cytokine stimulated 

memory cells, rapid secondary response to infection is possible due to increased 

mitochondrial mass compared to naïve T cells.21, 22 Mitochondrial remodeling also acts 

as a signaling mechanism in T cells. Effector T cells have independent mitochondria 
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while memory T cells have fused networks. Moreover, imposing mitochondrial fusion on 

effector T cells gives memory cell characteristics.23 The distinction in metabolic profiles 

of effector and memory T cells, and the importance of mitochondrial mass in both, 

demonstrate how mitochondria may be signaling organelles in the germinal center 

processes of B cell proliferation and differentiation.  

 

Metabolic Reprogramming in B cells is less characterized 

 It is reasonable to speculate that there may be similarities in the metabolic profile 

between short-lived plasma cells and memory B cells, and effector T cells and memory 

T cells, respectively.  Studies in murine models have already demonstrated changes in 

cells that suggest these similarities to the T cell. For example, activation of mouse B cell 

through the BCR has been show to increase glucose metabolites, indicating increased 

glycolysis.24 There is accumulating evidence that murine B cells can increase their 

mitochondrial mass in response to LPS, BCR, CD40 and L-4 stimulation. Mitochondrial 

ROS, a critical signaling metabolite for T cells, has also been shown to be important for 

germinal center and splenic B cell proliferation and activation, and increased production 

of mROS is supported by an accumulation of mitochondrial mass following CD40 and 

BCR stimulation.25, 26 Additionally, naïve murine splenic B cells have been shown to 

increase mitochondrial mass following stimulation with lipopolysaccharide (LPS).27 LPS 

binds toll-like receptor-4 (TLR-4), inducing a signaling cascade that culminates in the 

activation of transcriptional activator NF-κB. Another study observed two unique 

populations with regards to mitochondrial mass in murine splenic cells following 

stimulation with anti-CD40 and IL-4. One population had high mitochondrial content and 
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had undergone class switch recombination, while the other had intermediate levels of 

mitochondrial mass and expressed a surface marker of plasma cells, indicating 

differentiation.28 Additionally, in murine germinal center cells that overexpress Myc, 

mitochondrial mass increases from both anti-CD40+IL-4 stimulation and anti-IgM 

stimulation, consistent with a role of Myc in mitochondrial biogenesis.25 These results 

suggest a dynamic role for mitochondrial function and the importance of increased 

mitochondrial mass in directing cell activity following B cell activation through a variety 

of receptors. 

It remains unknown if human B cells are able to modify their metabolism 

following stimulation through the BCR and CD40. Due to the similarity in murine and 

human cells, we anticipated that germinal center B cells would increase their 

mitochondrial mass to accommodate metabolic demands of clonal expansion and 

acquire a differentiated identity. We also expected that stimulation of the CD40 EBV 

mimic, LMP1, in BL41 cells will result in a mitochondrial mass increase to support clonal 

expansion. Correspondingly, initial results indicated a mitochondrial mass increase in 

the Ramos cell-line, and a potentially synergistic relationship between the BCR and 

CD40 in increasing mitochondrial mass. However, here, we attempt to generalize these 

results by duplicating the studies in a different cell line, BL41, and find that 

mitochondrial mass does not increase. In addition, we see no increase in mitochondrial 

mass increase as a result of LMP1 stimulation in BL41 cells.  
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Methods 

Reagents 

The recombinant human CD40 ligand MEGACD40L (CD40L; Enzo Life 

Sciences) was reconstituted with sterile water to 0.1 mg/mL and stored at -20˚C. F(ab’)2 

goat anti-human IgM+IgG (anti-IgM; Bioscience, 1 mg/mL), stimulated BCR signaling, 

was stored at 4˚C. Mouse anti-human NGFR (BioLegend, 0.5 mg/mL) and goat anti-

mouse IgG (Jackson ImmunoResearch, 1.8 mg/mL) were used to crosslink the chimeric 

NGFR.LMP1 molecule. Phycoerythrin (PE) mouse anti-human NGFR (BioLegend, 100 

µg/mL) stained for the expression of NGFR. PE mouse anti-human CD54/ICAM 

(BioLegend, 100 µg/mL), PE mouse anti-human CD69 (BioLegend), and their isotype, 

PE mouse IgG1 (BioLegend 200 µg/mL) were used to stain to confirm cell stimulation. 

MitoTracker Green (ThermoFisher) was reconstituted with DMSO to 1 mM and stored at 

-20˚C. Propidium Iodide (Sigma-Aldrich, 1 mg/mL) was diluted in sterile water to 10 

µg/mL. Propidium Iodide and 7-AAD (BioLegend, 50 µg/mL) were used as viability 

stains.  

 

Cell Lines 

The EBV- Ramos Burkitt’s Lymphoma cell line was acquired from ATCC. The 

EBV- BL41 Burkitt’s Lymphoma cell line as well as the BL41 line stably expressing 

NGFR.LMP1 (BL41 NGFR.LMP1) were kindly provided by Dr. Olivia Martinez at 

Stanford University. Ramos and BL41 cells were cultured in RMPI-1640 with 10% heat-

inactivated fetal calf serum and 50 units/mL penicillin-streptomycin added, and kept in a 
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5% CO2 humidified 37˚C incubator. Growth media for BL41.NGFR-LMP1 was 

additionally supplemented with 0.7 mg/mL Geneticin/G418 (Sigma). 

 

Cell Stimulation 

To stimulate CD40 or the BCR, a final concentration of 50 ng/mL MEGACD40L 

or 5 µg/mL anti-IgM, respectively, was added unless otherwise indicated. Cells 

expressing NGFR.LMP1 were stimulated with 1 µg/mL mouse anti- human NGFR and 

incubated at room temperature for 30 minutes before crosslinking with 2 µg/mL goat 

anti-mouse IgG. For all stimulations, cells were plated at a final concentration of 1 

million cells/mL in a final volume of 1.8 mL for all BCR and CD40 experiments, and 1 

mL for NGFR crosslink experiments. Cells were incubated in a 5% CO2 humidified 37˚C 

incubator. 

 

Flow Cytometry for Surface Markers 

PE mouse anti-human CD54/ICAM, PE mouse anti-human CD69 or PE mouse 

IgG1κ were used to measure activation 24 hours post stimulation.  Samples were first 

washed with FACS buffer (0.1% NaN3, 1% Bovine Serum Albumin in phosphate-

buffered saline (PBS)) and then stained for 30 minutes on ice. Following staining 

samples were washed again with FACS buffer. Data (10,000-20,000 events per sample) 

was collected on a Millipore Guava easyCyte 5 Flow Cytometer. Data was analyzed 

using the Millipore Guava inCyte software. All samples were first gated on forward and 

side scatter to exclude cellular debris. 
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Flow Cytometry for Mitochondrial Mass 

After simulation, cells were washed with FACS buffer then stained with 

MitoTracker Green (100 nM) for 30 minutes in at 37˚C in a 5% CO2 humidified 

incubator. Following that incubation, samples were washed again with FACS buffer then 

stained with 7-AAD (50 µg/mL) for 5 minutes at room temperature in the dark prior to 

data (10,000-20,000 events per sample) being collected on a Millipore Guava easyCyte 

5 Flow Cytometer. Data was analyzed using the Millipore Guava InCyte software. 

Samples were gated on forward and side scatter to exclude cellular debris and then 

gated to exclude 7-AAD+, non-viable cells.  

 

Microscopy 

At 48 hours post-stimulation, cells were stained with MitoTracker Green (100 nM) 

for 30 minutes in at 37˚C in a 5% CO2 humidified incubator. Following that incubation, 

samples were stained with propidium iodide (10 µg/mL) for 5 minutes at room 

temperature. Cells were viewed at 1000X magnification with the Zeiss Axio Scope.A1 

light microscope.  Exposure was set to 60 for light photos and 460 for fluorescence 

photos. Pictures were overlaid using ImageJ Fiji image processing application.  
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Results 

ICAM and CD69 upregulation indicates CD40 and BCR activation, respectively 

First, it was necessary to ensure that MEGACD40L (CD40L) and F(ab’)2 goat 

anti-human IgM+IgG (anti-IgM) activate our B cells through CD40 and the BCR as 

expected. ICAM upregulation has previously been used to confirm successful activation 

of CD40 and the BCR29, 30; therefore, we analyzed ICAM expression by flow cytometry 

24 hours post-CD40L, anti-IgM and CD40L+anti-IgM treatment (Figure 1A).  In the 

germinal center-like BL41 Burkitt’s lymphoma B cell line, ICAM expression increases 

approximately 2.4-fold from CD40L treatment relative to unstimulated cells. Treatment 

with both anti-IgM and CD40L increased ICAM expression 2.6-fold compared to 

unstimulated cells. However, ICAM expression does not increase after anti-IgM 

treatment alone in BL41 cells (Figure 1B). Similar results were found in the germinal 

center-like Ramos Burkitt’s lymphoma B cell line (data not shown). Together, these 

results indicate that CD40L activates CD40 in BL41 and Ramos cells.  

Since ICAM staining was unable to indicate activation of the BCR in our cell 

lines, it was necessary to use another stain to confirm successful BCR activation. CD69 

is a cell surface activation marker of B cells31; consequently, we analyzed CD69 

expression by flow cytometry 24 hours post-treatment with different concentrations of 

anti-IgM (Figure 1C). In BL41 cells, CD69 expression increases in a dose-dependent 

manner after anti-IgM treatment, relative to unstimulated cells (Figure 1D).  However, 

under the same stimulation conditions, CD69 expression remained unchanged in 

Ramos cells (data not shown). Taken together, these data show that CD69 upregulation 

indicates successful activation of BCR in BL41. Therefore, these stains were performed 
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during subsequent experiments to confirm that activation was achieved before 

investigating mitochondrial mass. 

 

Mitochondrial mass increases in Ramos cells following CD40 and BCR stimulation 

Next, we sought to determine if activation of CD40 and BCR changes 

mitochondrial mass in our human germinal-center B cell lines. We have previously 

Figure 1: CD40 and BCR stimulation upregulates ICAM and CD69, respectively. (A-B) BL41 cells 
were stimulated using 50 ng/mL MEGACD40L (CD40L), 5 µg/mL anti-IgM or both (anti-IgM+CD40L). 
After 24 hours, ICAM expression was analyzed by flow cytometry. (A) Representative histogram plot. 
(B) ICAM fold change was calculated as median fluorescence intensity (MFI) of stimulated cells 
divided by that of unstimulated cells. The dotted line represents normalized ICAM expression of 
unstimulated cells. Mean fold change is shown from n=4 experiments and error bars represent 
standard deviation. (C-D) BL41 cells were stimulated as indicated using 2.5, 5, 10, or 20 µg/mL anti-
IgM. After 24 hours, CD69 expression was analyzed by flow cytometry. (C) Representative histogram 
plot. (D) CD69 fold change was calculated as MFI of stimulated cells divided by that of unstimulated 
cells. The dotted line represents CD69 expression of unstimulated cells. Mean fold change is shown 
from n=2 experiments and error bars represent standard deviation. Mean and SDs are shown, and 
statistical significance was determined by Student’s t test (* p < 0.05, ** p < 0.01). 
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demonstrated that the Ramos cells increased mitochondrial mass following stimulation 

through the BCR and CD40. Maximum activation was achieved at 48 hours post-CD40 

stimulation (Figure 2A).  At this timepoint, mitochondrial mass increased approximately 

1.5 and 1.3-fold following BCR and CD40 stimulation, respectively, compared to 

unstimulated cells (Figure 2B). Mitochondrial mass also increased approximately 2-fold 

following a combination of CD40 and BCR stimulation compared to unstimulated cells, 

which was significantly greater than CD40 alone.  

To confirm these results, the experiments were replicated. Confirming our 

previous results, CD40L treatment resulted in a 1.4-fold increase in mitochondrial mass 

compared to unstimulated cells (Figure 2C). Similarly, mitochondrial mass increased 

approximately 2-fold after treatment with a combination of CD40L and anti-IgM, 

compared to unstimulated cells; this increase was again significantly greater than 

stimulation with CD40L alone. However, given the large variation in standard deviation 

anti-IgM treatment did not significantly increase mitochondrial mass as we had 

previously shown. No quantitative data is provided when describing T cell mitochondrial 

mass increase, and therefore cannot be used as a comparison. Together, these results 

confirm that mitochondrial mass increases following CD40 activation.  

Cellular proliferation and apoptosis are associated with changes in mitochondrial 

mass and mitochondrial processes. For example, mitochondrial proliferation appears to 

be an early event in the apoptotic pathway and mitochondrial mass also increases 

before proliferation to increase energy supply.32, 33 Additionally, increased mitochondrial 

production of the reactive oxygen species superoxides signals cellular proliferation, but 

an overwhelming amount triggers cell death.34 This close relationship between 
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mitochondrial function and these processes lead us to ensure mitochondrial mass 

changes could be attributed to the CD40 and BCR stimulation protocol and not cell 

death or proliferation. Stimulation of the BCR and BCR+CD40 showed significant 

decrease in proliferation (Figure 2D), so the increase in mitochondrial mass is not 

Figure 2: Ramos cells increase mitochondrial mass following CD40 and BCR stimulation. Ramos 
cells were stimulated using 50 ng/mL CD40L, 5 µg/mL anti-IgM or both. At 24 hours, stimulation was 
confirmed by upregulation of ICAM as in Figure 1. Fold change in mitochondrial mass, proliferation and 
viability were determined by dividing the MFI of stimulated cells by that of unstimulated. The dotted line 
represents normalized mitochondrial mass, proliferation, or percent dead of unstimulated cells. Error 
bars represent standard deviation. (A-C) Samples were stained with 50-100 nM MitoTracker Green at 
indicated time points. (A) Mean fold change in mitochondrial mass is shown from n=2 experiments for 10 
hours, n=5 experiments for 24 and 48 hours and n=4 experiments for 72 hours. (B) Mean fold change in 
mitochondrial mass is shown from n=4 experiments; experiments performed by Jay Hartman. (C) Mean 
fold change in mitochondrial mass is shown from n=3 experiments, aiming to replicate results of part (B). 
(D) Ramos cell concentration was determined by Trypan blue exclusion. Data is shown from n=3 
experiments. (E) At 48 hours post stimulation samples were stained with 50µg/mL 7-AAD for 5 minutes. 
Mean fold change is shown from n=3 experiments. Mean and SDs are shown, and statistical 
significance was determined by Student’s t test (* p < 0.05, ** p < 0.01, *** p < 0.001). 



 17 

attributed to a proliferating cell population. Interestingly, BCR+CD40 stimulation rescued 

cell proliferation over BCR stimulation alone. There was no significant change in dead 

cells following any stimulation (Figure 2E). However, BCR stimulation showed 

approximately 5.4-fold average increase in percent dead cells over unstimulated while 

CD40 stimulation lead to a 0.8-fold change relative to unstimulated. Stimulation of both 

receptors together resulted in a 2.5-fold average increase in dead cells over 

unstimulated, which may imply a rescuing affect of CD40 stimulation. Since these 

changes were not statistically significant, the increases in mitochondrial mass were not 

attributed to changes in proliferation or cell death.  

 

BL41 cells do not increase mitochondrial mass following CD40 and BCR stimulation 

To confirm that CD40 and BCR stimulation increase mitochondrial mass in a 

different Burkitt’s lymphoma cell line – BL41 – we used the same stimulation and 

staining protocol described above. Here, mitochondrial mass did not increase following 

treatment with CD40L, anti-IgM, or the combination of CD40L and anti-IgM over 

unstimulated cells (Figure 3A). Visualization with microscopy also demonstrated no 

change in mitochondrial mass from stimulation (Figure 3B). Unlike Ramos cells, 

stimulation did not result in a change in proliferation compared to unstimulated cells 

(Figure 3C). Additionally, there was no significant change in BL41 viability following 

stimulation (Figure 3D). Together these results indicate that mitochondrial mass does 

not increase in BL41 cells, creating a distinction between Ramos and BL41 in response 

to the same stimulation of CD40 and BCR with 50 ng/mL CD40L and 5 µg/mL anti-IgM.  
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Increased BCR stimulation induced mitochondrial mass increase in BL41 cells 

We next sought to determine if mitochondrial mass increase in response to anit-

IgM treatment might be dependent on the concentration of anti-IgM used in BL41 cells. 

Mitochondrial mass may depend on the strength of BCR signaling, much like CD69 

Figure 3: Mitochondrial mass does not increase in BL41 cells following CD40 and BCR 
stimulation. BL41 cells were stimulated using 50 ng CD40L, 5 µg/mL anti-IgM or both. At 24 hours, 
stimulation was confirmed by upregulation of ICAM and CD69 as in Figure 1. Fold change in 
mitochondrial mass, proliferation, and viability were determined by dividing the MFI of stimulated cells 
by that of unstimulated. The dotted line represents normalized mitochondrial mass, proliferation, or 
percent dead of unstimulated cells. Error bars represent standard deviation. (A, C, D) At 48 hours 
post-stimulation, all samples were stained with 100 nM MitoTracker Green for 30 minutes and 50 
µg/mL 7-AAD for 5 minutes. (A) Mean fold change of mitochondrial mass is shown from n=4 
experiments. (B) At 48 hours post-stimulation, samples were stained with 100 nM MitoTracker Green 
(green) for mitochondria and 10 µg/mL Propidium Iodide (red) for viability. Cells were viewed at 1000X 
magnification on the Zeiss Axio Scope.A1 light microscope. Data is representative of n=2 experiments. 
(C) BL41 cell concentration was determined by Trypan blue exclusion. Data is shown from n=3 
experiments (D) Mean fold change is shown from n=3.  
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expression (Figure 1D). Anti-IgM treatment increased mitochondrial mass in a dose-

dependent manner (Figure 4A). In experiments described above, 5 µg/mL anti-IgM was 

used, but stimulation with 10 µg/mL anti-IgM increased mitochondrial mass most at 3-

fold larger compared to unstimulated cells (Figure 4B). However, treatment with 20 

µg/mL leads to only a 2.1-fold increase in mitochondrial mass over unstimulated cells, 

indicating that the dose dependency exists between 0 and 10 µg/mL before plateauing. 

Therefore, strength of BCR signaling affects mitochondrial mass, and in future 

experiments, 10 µg/mL anti-IgM may be a better concentration to use to stimulate the 

BCR in BL41 cells.  

 

Mitochondrial mass does not increase following LMP1.NGFR stimulation 

The Epstein-Barr Virus viral oncogene LMP1 is a constitutively active mimic of 

CD40.35 We demonstrated that CD40 stimulation in Ramos cells increased 

mitochondrial mass (Figure 2A-C). Therefore, we hypothesized that LMP1 signaling 

Figure 4: Upregulation of mitochondrial mass depends on strength of BCR signaling. BL41 cells 
were stimulated with 2.5, 5, 10, or 20 µg/mL anti-IgM as indicated. Stimulation was confirmed by 
upregulation of CD69 as in Figure 1. At 48 hours after stimulation, samples were stained with 100 nM 
MitoTracker Green and analyzed by flow cytometry. (A) Representative histogram plot. (B) Fold 
change was determined by dividing MFI of stimulated cells by that of unstimulated. The dotted line 
represents normalized mitochondrial mass of unstimulated cells. Mean fold change is shown from n=1 
experiments. 

 



 20 

could also increase mitochondrial mass in human B cells. To test this, we used 

genetically modified BL41 cells, which stably express a chimeric NGFR.LMP1 molecule 

that contains the extracellular domain of nerve-growth factor receptor (NGFR) and the 

Figure 5: Mitochondrial mass does not change after LMP1 signaling.  BL41 cells expressing a 
chimeric NGFR.LMP1 molecule were stimulated by adding 0.5 µg/mL mouse anti-NGFR antibody 
followed by the addition of 1.8 mg/mL goat anti-mouse antibodies. At 24 hours, stimulation was 
confirmed by upregulation of ICAM. (A) Cartoon of NGFR.LMP1 stimulation. (B) At 24 hours, stable 
expression of NGFR was confirmed. Histogram plot is representative of n=3 experiments. (C) 
Histogram plot is representative of n=3 experiments. (D-F) Fold change in mitochondrial mass, 
proliferation, and viability were determined by dividing the MFI of stimulated cells by that of 
unstimulated. The dotted line represents normalized mitochondrial mass, proliferation, or percent dead 
of unstimulated cells. Error bars represent standard deviation. (D) At 7, 24, 31, 48 and 55 hours post-
stimulation, samples were stained with 100 nM MitoTracker Green. Data shown from n=5 experiments 
for 48 hours, n=3 for all other time points. (E) BL41 NGFR.LMP1 cell concentration was determined by 
Trypan blue exclusion. Data is shown from n=3 experiments. (F) At 48 hours post-stimulation, samples 
were stained with 50 µg/mL 7-AAD for 5 minutes. Mean fold change is shown from n=3 experiments. 
Mean and SDs are shown, and statistical significance was determined by Student’s t test (* p < 0.05, 
** p < 0.01, *** p < 0.001). 
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signaling domain of LMP1 (Figure 5A). LMP1 is a constitutively active molecule and 

therefore it is difficult to study the affects of LMP1 signaling. NGFR.LMP1 acts as an 

inducible signaling molecule that creates a signal indistinguishable from full length 

LMP1.36 Addition of mouse anti-NGFR antibodies and cross-linking goat anti-mouse 

antibodies cluster these chimeric molecules to initiate LMP1 signaling (Figure 5A). At 24 

hours, NGFR expression was examined to demonstrate stable expression of the 

chimeric protein (Figure 5B). Similar to CD40 activation, ICAM upregulation signified 

LMP1 activation (Figure 5C). Cells were stained with MitoTracker Green at 7, 24, 31, 48 

and 55 hours post stimulation to determine the most appropriate staining time for 

mitochondrial mass. No increase in mitochondrial mass was observed at any time point 

except 31 hours (Figure 5D). Similarly, no increase in mitochondrial mass was observed 

in BL41 following CD40 stimulation (Figure 3A). At 31 hours, mitochondrial mass 

increased only 1.1-fold over unstimulated cells from stimulation of the CD40 mimic, 

LMP1. In contrast, when CD40 stimulation increased mitochondrial mass, it increased 

1.4-fold over unstimulated cells in Ramos. Any increases observed were not a result of 

increased proliferation as there was a significant decrease in proliferation as the time 

course progressed (Figure 5E). Cells showed no significant change in cell viability 

(Figure 5F). Together, these results indicate that the LMP1 signal in BL41 cells does not 

increase mitochondrial mass as CD40 signaling did in Ramos cells.  
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Discussion 

 Following stimulation of the BCR and CD40, B cells undergo the energetically 

demanding processes of differentiation and proliferation. It is unknown how human B 

cells modify their metabolic profile to accommodate these changes, but differences in 

naïve versus activated murine B cell mitochondrial mass lead us to hypothesize that 

mitochondrial mass would increase following B cell activation.27 Together, our results 

show that mitochondrial mass increases in Ramos cells following CD40 stimulation, but 

not in BL41 cells. It was confirmed that Ramos cells increased mitochondrial mass 

following CD40 stimulation, and that there was a synergistic relationship when activating 

both receptors. Additionally, our findings suggest that 10 µg/mL of anti-IgM may 

produce a larger increase in mitochondrial mass in BL41 cells than 5 µg/mL, which was 

the concentration used for all Ramos stimulations. In a preliminary trial, the 10 µg/mL 

concentration resulted in a 3-fold mitochondrial mass increase, rather than the 

approximately 1.5- fold resulting from 5 µg/mL anti-IgM, but more studies are required to 

determine if this is significant data. The higher concentration of anti-IgM was not used in 

Ramos cells because of the significant decrease in proliferation following anti-IgM 

stimulation at the current concentration. All mitochondrial mass experiments on Ramos 

and BL41 cells were performed at the 48-hour timepoint, which was previously 

determined to show the biggest change in mitochondrial mass following stimulation by 

timecourse experiments.  

We know that mitochondrial mass plays an important role regulating cell function 

in cell types related to human B cells. For example, CD8+ memory T cells have more 

mitochondrial mass than naïve CD8+ T cells that promotes quick proliferation and 
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glycolytic capacity.21 In murine B cells that were shown to increase mitochondrial mass 

following LPS stimulation, suppression of the glycolytic pathways was sufficient to 

disrupt antibody production.27 Additionally in murine B cells, stimulation through the 

BCR directly modulates glucose metabolism and promotes proliferation.17 Like murine B 

cells, human B cells are activated through the BCR and CD40 and therefore Ramos 

cells may be increasing mitochondrial mass to gain memory function, proliferate and 

produce antibodies. Confirming this could provide insight into how cells accommodate 

clonal expansion and lead to targeted methods for improved vaccination strategies. 

 These studies were performed on Burkitt’s lymphoma cancer cell lines, which 

may not be the best model for studying metabolism because metabolic changes are a 

common feature of cancerous tissue. For example, the Warburg effect is a well-

characterized cancerous metabolic phenotype in which ATP production is produced 

primarily through glycolysis instead of oxidative phosphorylation independent of oxygen 

levels.37 Ramos and BL41 cells are easy to culture and grow a rapid rate that makes 

them convenient for experimentation. However, their proliferation rate could introduce 

error in the analysis of cell metabolism as we attempt to generalize our findings to 

healthy B cell activation. Additionally, each DNA replication cycle risks new mutations 

and therefore rapid expansion results in increased incidence of such mutations, which 

spread through the tumor population by genetic drift.38 Previous studies have also found 

physiological differences between Ramos and BL41 cells, as we have here with 

mitochondrial mass. For instance, when stimulated with anti-µ antibody, Ramos cells 

activate a caspase-independent apoptosis while BL41 cells activate caspase-8-

dependent apoptosis.39, 40 To truly generalize our results these studies must be 
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performed in primary B lymphocytes. It may also be of interest to repeat the studies in B 

cell lines that are in different phases of the B cell life cycle, since outcomes of activation 

are different at different points.2 For example, lymphomas vary in identity based on the 

point in the life cycle during which they occurred, expression and signaling of the BCR, 

and their interaction with cells in their environment.41 The ability of the B cell life cycle to 

dictate cellular processes could drive future studies in B cells at different stages.    

Future studies may seek to investigate the potential pathways that are activated 

in Ramos cells to increase mitochondrial mass. Mitochondria are dynamic organelles 

that use three processes to implement changes of mass, shape and cellular localization. 

These include mitochondrial biogenesis, mitochondrial-selective autophagy, and 

dynamic fission and fusion events. Mitochondrial biogenesis increases mitochondrial 

mass by creating new mitochondria. This process is centrally regulated by PCG1α, a 

transcriptional coactivator that initiates transcription of genes necessary for 

mitochondrial DNA replication, such as ESRRA and CYCS.42 Mitochondrial-selective 

autophagy, or the elimination of damaged mitochondria, is initiated by expression of 

proteins NIX, FUNDC1 or PINK1 on the outer mitochondrial membrane that mark it for 

degradation.43-45 Inhibition of this pathway may also lead to increased mitochondrial 

mass. Finally, mitochondrial fission events are regulated by DRP1 and fusion events are 

regulated by MFN1/2 and OPA1.46, 47 Increase in mitochondrial fusion events can 

reduce mitochondrial-selective autophagy and therefore increase mitochondrial mass.26 

All three of these events are conducted by particular known proteins, and therefore the 

presence of these proteins could indicate a pathway for mitochondrial mass increase. 

Additionally, strength of signaling and activation could play a role in mitochondrial 



 25 

dynamics as our preliminary data suggests. We found that 10 µg/mL anti-IgM increased 

mitochondrial mass almost 3-fold, while stimulation with 5 µg/mL did not increase it. If 

this is not the case, future studies could use BL41 as a negative control for Ramos 

experiments. Additionally, differences between these cell types may help identify 

genetic factors involved in future experiments. 

It is hypothesized that EBV is able to establish chronic infection by signaling 

through its two viral receptors that mimic the BCR and CD40.7 Therefore, we aimed to 

determine if the CD40 mimic, LMP1, would increase mitochondrial mass.  Our data 

show only a slight increase in mitochondrial mass after stimulating the LMP1 in BL41 

cells. This may be a result of only having this construct expressed in BL41 cells, which 

did not increase mitochondrial mass following stimulation through CD40 according to 

our data. Future studies should aim to successfully insert the construct into Ramos cells 

to determine if cell line is the only determinant in this discrepancy. If the construct is 

stably express in Ramos cells and still no mitochondrial mass increase is observed, 

differences in the CD40 and LMP1 signaling pathways could point toward the 

mechanism or pathway for regulating mitochondrial mass. Additionally, to gain a more 

complete understanding of the EBV infection mechanism it will be necessary to stably 

express the EBV BCR mimic, LMP2a, in both cells lines to begin studying its role in 

mitochondrial mass regulation. Inflammation and cytokine production are also often 

associated with EBV cancers, which are indications of BCR activation in healthy B cells 

and therefore could be related to LMP2a signaling.7 

This work begins to help classify the metabolic profiles of subsets of human B 

cells. Understanding the metabolic changes through which B cells undergo could 
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provide insight into all human B cell function, including antibody production as a result of 

vaccination. Avenues for improved vaccination techniques rely not only on an 

understanding of the pathogen but also of the immune cells they hope to invoke. 

Additionally, this study aimed to better understand pathways through which cells alter 

metabolism that may play a role in tumorigenesis. Cancer cells are able to divide 

uncontrollably in a manner that mirrors the phenotype of clonally proliferating B cells 

following activation. In fact, low levels of constituent engagement of CD40 has been 

suggested to help sustain proliferation in a variety of cancers, and therefore could be 

related to the same pathways of metabolic change investigated in this study.48 There 

are many different associated blood and B cell cancers, such as multiple myeloma, that 

are more closely related to this work. Understanding how the cell is able to enter and 

then exit a state of rapid division could be critical in developing methods to treat these 

diseases.  
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