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ABSTRACT OF THE DISSERTATION 

The PI3K/mTOR/eIF4E Signaling Network in B Cell Differentiation 

By 

Honyin Chiu 

Doctor of Philosophy in Biological Sciences 

University of California, Irvine, 2018 

Professor David A Fruman, Chair 

 

 As humans, we have evolved to build a complex humoral immune response against 

infection. The process of differentiating B cells into antibody secreting cells is highly regulated 

and when dysfunctional can lead to various human malignancies. Central to both an effective 

host response and disease progression is the PI3K/AKT/mTOR network and targeting this 

pathway has already led to some success in treating certain B-cell malignancies and autoimmune 

diseases. However, there are still many questions about how this process is regulated by this 

signaling network. This thesis investigates the immunomodulatory effects of pharmacological 

and genetic perturbations on B cell function.  

 Chapter 2 of this thesis characterizes the effects of novel PI3Kδ and PI3Kδ/γ inhibitors 

on B cell function and differentiation. I show in vitro that B cell survival, proliferation, and 

plasmablast differentiation are reduced at nanomolar concentrations of these inhibitors. PI3Kδ 

was found to be the dominant isoform involved and the inhibitors also potently increased 

antibody class switching.  

 Chapter 3 provides mechanistic investigation of mTORC1 and mTORC2 function in 

antibody class switching in vitro. I tested both rapamycin and mTOR kinase inhibitors (TORKi) 
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and found that they had opposite effects on antibody class switching. Genetic deletion of Raptor 

and Rictor for mTORC1 and mTORC2 inhibition in B cells phenocopied the effects of the 

inhibitors.  

 In Chapter 4, I further investigate the mechanism of mTORC1 in B cell differentiation 

and characterized the two downstream substrates S6Ks and 4E-BPs, and their effects on antibody 

class switching. The main finding of this chapter was that mTORC1 promotes switching in part 

by inhibiting 4E-BPs, thereby elevating eIF4E activity and cap-dependent translation to increase 

expression of AID protein. 

 Chapter 5 characterizes the effects of reduced eIF4E protein on antibody class switching 

in normal B cells and tumorigenesis in a mouse model of leukemia. These experiments 

demonstrate that primary B cells can regulate their ratio of 4E-BPs to eIF4E but reduced eIF4E is 

rate-limiting for tumorigenesis.  

 The work presented here establishes the contributions of the PI3K/mTOR/eIF4E 

signaling network to B cell differentiation and provides insight in how the humoral immune 

response is regulated.  
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CHAPTER 1 

Introduction 

This chapter contains a figure taken from our review article published in Cell, 170: 605–635 

(2017) entitled “The PI3K pathway in human disease” (1) and text from a book chapter 

published in Encyclopedia of Signaling Molecules, 2nd Edition, Springer. pp 1-12 (2018) 

entitled “Phosphoinositide 3-Kinase”. 

 

PI3K/mTOR/eIF4E signaling is highly activated in many cancers and various pathway 

components are attractive targets for cancer therapies. However, this pathway is also important 

for normal immune function and dysregulated in immune diseases. Therapies targeting the 

signaling network may affect B cell survival, proliferation and differentiation. The goal of my 

thesis is to better understand how this central pathway regulates B cell differentiation, 

particularly antibody class switching, and how perturbation of this pathway impacts primary B 

cell function. A better understanding of PI3K/mTOR/eIF4E signaling in B cell function has 

potential to improve therapeutic approaches for B cell immunodeficiencies and antibody-driven 

autoimmune diseases. 

 

B Cells and Humoral Immunity 

The humoral immune response is important for effective pathogen elimination and is 

mediated by plasma cells that have undergone B cell differentiation. This process is initiated 

when the B-cell receptor (BCR) binds antigen and also requires costimulatory signals from other 

immune cells. The B cell then undergoes clonal expansion and differentiates to secrete antigen-

specific antibodies of various classes with distinct effector functions (2). Immunoglobulin M  
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Figure 1.1 Model for activated B cell differentiation. B cells function in humoral immunity by 

secreting antibodies. When naïve B cells bind to antigen, they can either quickly become 

plasmablasts or they can become germinal center B cells. During the germinal center reaction the 

heavy and light chain genes undergo somatic hypermutation, which after selection leads to 

production of higher affinity antibodies, while the heavy chain genes undergo class switch 

recombination to produce antibodies with varying effector functions. The activated B cells will 

also undergo several rounds of proliferation before completing differentiation to plasma cells or 

memory B cells. 

 

(IgM) and IgD are referred to as the non-class switched antibodies. These are normally expressed 

as surface transmembrane receptors on mature naïve B cells (Fig. 1.1) that have undergone 

successful rearrangement of immunoglobulin heavy and light chain genes during development. 

After a naïve B cell encounters antigen, rapid proliferation ensues and a fraction of the daughter 

B cells quickly differentiate (within 4-7 days) into plasmablast cells and secrete mainly low 
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affinity IgM antibodies (Fig. 1.1). Other activated B cells become germinal center (GC) B cells 

and through T cell-dependent interactions undergo somatic hypermutation (SHM) to diversify 

and produce higher affinity antibodies. They can also undergo class switch recombination (CSR) 

to produce the class-switched antibodies IgG, IgA and IgE (3) (Fig. 1.1).  

There are several subsets of B cells, each of which has a distinct differentiation program 

depending on its location and developmental programming. Marginal zone (MZ) B cells, resident 

in the marginal zone of the spleen, are the first to encounter bloodborne antigen. MZ B cells 

rapidly differentiate into plasmablasts independent of T-cell help, although there is emerging 

evidence for other accessory cell signals (4, 5). Similarly, B-1 cells that reside mainly in body 

cavities are programmed to quickly differentiate into plasmablasts independent of T-cell co-

stimulation. While MZ B cells have the potential to form germinal centers, the more common 

subset is the follicular B cells found in the follicles of the spleen and other secondary lymphoid 

tissues (lymph node, Peyer’s Patch). Follicles are B-cell areas located next to T-cell rich regions 

and contain follicular dendritic cells (FDCs) that can retain and display intact antigens to the B 

cells. The follicular structures are organized by stromal CXCL13 chemokine, a ligand for the 

CXCR5 receptor that is constitutively expressed by follicular B cells. The T-cell regions are 

organized by stromal secretion of CCL19 and CCL21, which are ligands for the receptor CCR7 

expressed on T-cells. Following activation by antigen, B and T cells upregulate CCR7 (6) and 

CXCR5 (7), respectively, to facilitate their migration towards the follicle borders and initiate T 

cell:B cell cognate interactions. Additionally, T follicular helper (TfH) cells subsequently lose 

expression of CCR7 which allows them to localize into follicles and germinal centers (8).  

GC formation produces an organized structure with histologically disparate dark and light 

zones. The dark zone contains proliferating B cells termed centroblasts, and it is the predominant 
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site for somatic hypermutation. Centroblasts that come out of cell cycle migrate to the light zone 

(now termed centrocytes) where CSR occurs. The B cells also undergo selection in the light zone 

by competing for binding to antigen on FDCs and for interaction with the CD4+ TfH cells. 

Those clones with mutations improving affinity for antigen are able to acquire more antigen from 

the FDCs and present peptides more effectively to CD4+ TfH cells, thereby receiving a stronger 

signal promoting survival, proliferation, and differentiation. The resulting B cells that survive 

selection then either become plasma cells that secrete these antibodies to fight off the infection or 

become long-lived memory B cells that initiate a faster response during a second infection. 

During the GC response, SHM and CSR play a central role in antibody maturation. These 

two processes require activation-induced cytidine deaminase (AID), a DNA mutator protein that 

catalyzes the deamination of deoxycytidine (dC) residues into deoxyuridine (dU). This results in 

a mismatch dU:dG pair which then can be processed as a point-mutation for SHM or as double-

strand breaks to initiate CSR (9). In humans, AID deficiency causes hyper-IgM syndrome where 

patients produce elevated levels of IgM and are deficient in class-switched antibodies (10). On 

the other hand, aberrant AID activity is associated with autoimmunity and cancer (11). In 

autoimmune systemic lupus erythematosus, dysregulation of AID leads to increased SHM, CSR, 

and auto-antibody production (12). In chronic lymphocytic leukemia (CLL), increased AID is 

associated with drug resistance (13). As a DNA mutator, AID expression is confined to activated 

B cells and is highly regulated at the transcriptional, post-transcriptional, and post-translational 

levels (14–17). It is not known whether AID expression is regulated at the level of mRNA 

translation, which I aimed to explore as part of my thesis work.  
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Figure 1.2 B cell activation signals through the PI3K/AKT/mTOR pathway. PIP3 

production by class IA PI3K recruits AKT to be phosphorylated at the plasma membrane by 

PDK1 (not shown) and by mTORC2. Active AKT then phosphorylates FOXO proteins which 

reduces transcription of FOXO target genes in the nucleus. AKT can also promote mTORC1 

activation via intermediates not shown. 

 

PI3K Signaling and B Cell Function 

When a B cell is stimulated by antigen, the BCR initiates signaling pathways that promote 

growth and proliferation.  One of the key signaling events is activation of phosphoinositide-3-

kinase (PI3K) (Fig. 1.2). PI3K is a lipid kinase composed of a catalytic and regulatory subunit. 

In mammals, there are four class I catalytic isoforms p110α, β, γ, and δ. p110α, β, and δ can 

associate with regulatory subunits such as p85α encoded by PIK3R1, p85β encoded by PIK3R2, 

or p55γ encoded by PIK3R3. p110γ associates with regulatory subunits p101 or p87. p110α and 

p110β are ubiquitously expressed while p110δ and γ expression is enriched in immune cells. 

PI3K activity is important in a variety of central cellular functions including growth, 

proliferation, differentiation and survival. In B cells, class I PI3K activation is necessary for B 

cell receptor (BCR) dependent proliferation and sufficient for BCR dependent survival (18–20). 

When the BCR is stimulated, active PI3K produces 3’-phosphorylated phosphoinositides 
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including PI-3,4,5-P3 (PIP3) and PI-3,4-P2 that then act as second messengers to recruit 

cytoplasmic proteins to the cellular membrane. One of the downstream targets, AKT (also 

known as PKB), is recruited to the membrane and phosphorylated to become activated (Fig. 1.2) 

(18). AKT has many downstream substrates, one of which the transcription factor family 

Forkhead Box Subgroup O (FOXO) plays an important role in B cell development and 

differentiation (21). Active AKT phosphorylates and inhibits FOXO, thereby down-regulating 

transcription of its target genes (Fig. 1.2). The PI3K pathway is opposed by the lipid phosphatase 

PTEN, which dephosphorylates PIP3 and PI-3,4-P2 to terminate the signal. 

PI3Kδ is the dominant isoform in B cells critical for lymphocyte development, survival, 

activation and differentiation. However, the remaining Class I isoforms have also been found to 

play some roles in B cell development and activation. Inhibition of either PI3Kα or β using 

isoform-selective compounds partially reduces signaling and functional responses in activated B 

cells (22). PI3Kα also has partially overlapping roles with PI3Kδ in B cell development (23). 

Little is known about the role of PI3Kγ in B cells and the effects of chemical inhibition of PI3Kγ 

on B cell function has not been reported. One study reported that mice lacking both PI3Kδ and 

PI3Kγ had greater defects in B cell survival and proliferation compared to PI3Kδ knock-out 

alone (24). In chapter 2 I address whether dual inhibition of both PI3Kδ/γ can have greater 

effects on B cell function than inhibition of PI3Kδ alone.  

B cell differentiation is directed depending on the level of PI3K/AKT signaling and 

inactivation of FOXO transcription factors (18). Elevated PI3K signaling through the loss of 

PTEN strongly suppresses class switch recombination while increasing the frequency of cells 

differentiating into IgM-secreting plasmablasts (25). This was shown to be a FOXO dependent 

mechanism as FOXO deficient B cells have severe defects in CSR and expression of 
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constitutively active FOXO proteins restores CSR in PTEN-deficient cells (25). Conversely, 

PI3Kδ inhibition increases AID expression and CSR and reduces plasmablast differentiation 

(25).  

While these studies were done in genetic models of mice, naturally occurring human 

mutations have been found that disrupt PI3K signaling and cause certain immune diseases. A 

homozygous premature stop codon in exon 6 of PIK3R1 results in the absence of p85α and leads 

to a severe defect in B cell development and agammaglobulinemia (26). A gain-of-function 

mutation in the p110δ protein in which the glutamic acid residue 1021 is replaced by a lysine 

(E1021K) causes elevated PI3K signaling in patients with Activated PI3Kδ Syndrome (APDS) 

(27). A similar immunodeficiency termed APDS2 was found to be caused by splice site 

mutations in PIK3R1 affecting the p85α subunit leading to loss of p85α-mediated inhibition of 

p110 activity (28). Lymphocytes from these patients have increased levels of PIP3 and 

phosphorylated AKT protein and are prone to activation-induced cell death (AICD). This leads 

to primary immunodeficiency characterized by recurrent respiratory infections, airway damage, 

lymphopenia, increased circulating transitional B cells, altered immunoglobulin levels in serum 

and impaired vaccine responses. Selective p110δ inhibitors IC87114 and GS-1101 can reduce the 

mutant PI3K activity in vitro which suggests that this may be a therapeutic approach for patients 

(28).  

The mechanism by which PI3K signaling directs B cell differentiation and GC formation 

is still under investigation. One study reported that unequal PI3K signaling in sibling B 

lymphocytes bifurcates transcriptional networks that direct the fate of the daughter cells (29). 

This asymmetric division leads to one daughter cell differentiating into an antibody-secreting 

plasma cell while the other maintains a germinal center or memory cell fate. PI3K and FOXO1 
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transcription factor activity have also been shown to direct B cells cycling between the 

proliferative state of the germinal center (GC) dark zone and the non-proliferative state in the 

light zones (30, 31). PI3K activity was found to be restricted to the light zone while nuclear 

FOXO1 was largely absent. A fraction of cells in the light zone fate that did express FOXO1 

were destined for dark zone re-entry as FOXO1 is needed to instruct the dark zone gene 

program. FOXO1 deletion or increased PI3K activity lead to loss of architectural polarity and 

lack of dark zones while impairing somatic hypermutation and class switching.  

The PI3Kδ isoform is mainly expressed in hematopoietic cells and is hyperactivated in B-

cell malignancies as a key oncogenic driver. Thus, when targeting the PI3Kδ isoform, one can 

selectively block signaling in leukocytes with minimal effects on other tissues and organs. In 

2014, the PI3Kδ inhibitor idelalisib (also known as CAL-101 and GS-1101) was the first PI3K 

inhibitor approved by regulatory agencies for treatment of cancer. Idelalisib is currently 

approved for use in patients with relapsed/refractory chronic lymphocytic leukemia (CLL, in 

combination with rituximab), relapsed follicular lymphoma, and relapsed small lymphocytic 

lymphoma (as monotherapy) (32). Leniolisib, a novel PI3Kδ inhibitor, has also shown disease 

improvement at tolerated doses in APDS patients with hyperactive PI3Kδ (33).  

PI3Kγ is also mainly expressed in immune cells and has largely non-overlapping 

functions with PI3Kδ. In general, PI3Kδ is more important in lymphocyte function whereas 

PI3Kγ is important for innate immune cell migration and function. Therefore, efforts were made 

to target both with a dual δ/γ inhibitor, IPI-145, which had efficacy in animal models of arthritis, 

asthma, and lupus (34). Pre-clinical studies with IPI-145 (also known as duvelisib) also showed 

efficacy against cancer in several models. IPI-145 was successful in killing primary CLL cells 

and overcoming resistance against the BTK-inhibitor, ibrutinib (35). IPI-145 also showed 
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clinical activity in a phase I trial in patients with cutaneous (CTCL) and peripheral T-cell 

lymphoma (PTCL) as well as in the pre-clinical mouse models (36). As a combination therapy, 

IPI-145 enhanced responses to PD-L1 blockade in tumor models of head and neck cancers (37).  

 

mTOR Signaling and B Cell Function 

The mammalian/mechanistic target of rapamycin (mTOR) is a serine/threonine kinase 

that is evolutionarily conserved from mammals to yeast. It is a member of the PI3K-related  

kinase family and integrates growth factor and nutrient signals to promote many cellular 

processes including mRNA translation, lipid biogenesis, and nucleotide synthesis in most cell 

types. mTOR is activated downstream of PI3K and plays a complex role in which it is involved 

both upstream and downstream of AKT. Upstream of AKT, the mTOR kinase forms the mTOR 

complex 2 (mTORC2) defined by the rapamycin-insensitive companion of TOR (Rictor) subunit 

and also consisting of the mammalian lethal with Sec13 protein 8 (mLST8), the endogenous 

inhibitor DEP-domain-containing mTOR-interacting protein (Deptor), mammalian stress-

activated protein kinase interacting protein (mSIN1) and protein observed with rictor-1 (Protor) 

(Fig. 1.3). Downstream of AKT, mTOR forms the mTOR complex 1 (mTORC1) defined by the 

regulatory-associated protein of mTOR (Raptor) subunit and containing mLST8, proline rich  

Figure 1.3 Schematic diagram of mTORC1 and mTORC2. The most well-known substrates 

of the two complexes and different classes of mTOR inhibitors are shown (1).  
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AKT substrate 40 kDa (PRAS40) and Deptor (Fig. 1.3). mTORC2 phosphorylates serine473 in 

the hydrophobic domain of AKT which is important for its activation however the functional 

importance is still debated. mTORC1 is activated by AKT and other signals to promote 

biosynthetic processes necessary for growth and proliferation (Fig. 1.2) (38). Rapamycin 

allosterically binds to and inhibits mTORC1 formation however does not completely inhibit 

mTORC1 kinase activity, with differential effects on phosphorylation of distinct mTORC1 

substrates (39). Prolonged treatment of rapamycin also leads to mTORC2 inhibition (40).  

Rapamycin is a bacterial macrolide isolated in 1975 based on its anti-fungal activity from 

the soil microbe Streptomyces hygroscopicus (41), and later discovered to be a potent 

immunosuppressant (42). It was found to inhibit proliferation and differentiation in both 

mammalian T and B lymphocytes (43–45). In T cells, mTOR deficiency was found to block 

differentiation into T helper 1 (Th1), Th2, or Th17 effector cells and increase differentiation into 

Foxp3+ regulatory T cells (46) which supports the use of rapamycin as a clinical 

immunosuppressant for organ transplantation. The mode of rapamycin action in B cells has not 

been as well characterized as in T cells, but recent efforts have led to novel insights about 

mTORC1 function in B cells.  

Genetic studies with conditional deletion of mTOR or Raptor in splenic B cells showed a 

decrease in high affinity antibody production in mice; however, these mTORC1-inactivated B 

cells have a proliferative defect. These studies demonstrated that inhibition of mTORC1 

prevented initial B cell activation and further differentiation. It is now appreciated that mTORC1 

signaling is important for the later stages of lymphocyte differentiation as well (47–49). 

Rapamycin at low doses that preserve B cell proliferation can maintain IgM production while 

suppressing germinal center formation and class switching (48, 50). Supporting this, in Chapter 3 
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we show that low concentrations of rapamycin in vitro suppressed switching with minimal 

effects on proliferation. Deletion of Raptor post-activation (using inducible Cre or Cγ1-Cre) also 

reduced germinal center B cells and antigen specific IgG1 while maintaining IgM (51). In the 

germinal center, mTORC1 signaling is cyclic and controls entry into the light and dark zones 

(52) and hypoxia diminishes mTORC1 signaling in the dark zone regions (53). Adding further 

complexity, our laboratory showed that low concentrations of mTOR kinase inhibitors (TOR-

KIs) promote rather than inhibit antibody class switching. Mechanistic investigation and deletion 

of Rictor in B cells showed that this increase in CSR was due to inhibition of mTORC2 (54). 

These findings contrasted with another group which had found that Rictor deletion using Vav-

Cre or Cre-ERT2 systems reduced survival and impaired class switching (55). These deletion 

systems varied in efficiency which could explain the conflicting results.    

While our lab has shown that mTORC2 inhibition reduces AKT activity, thereby 

increasing FOXO activity to drive CSR, the mechanism by which mTORC1 promotes CSR is 

not well-defined. Chapter 4 of my thesis aims to address this question by investigating two well-

characterized mTORC1 substrates regulating gene expression, the S6Ks and the eIF4E-binding 

proteins (4E-BPs) (39).  

mTORC1 activates S6Ks to promote fundamental cellular processes important for cell 

growth, while mTORC1 phosphorylation of 4E-BPs releases eIF4E to form the eIF4F complex 

that promotes translation of certain cap-dependent mRNAs (Fig. 1.4) (56). In fibroblasts and 

other cell types, mTORC1-regulated growth and proliferation are controlled separately; S6Ks 

promote cell growth while the 4E-BP-eIF4E axis controls proliferation. In lymphocytes, 

however, activation, growth and proliferation are coupled through the 4E-BP axis while S6Ks 

are mainly dispensable (57). Additionally, rapamycin reduces 4E-BP1 phosphorylation to a  
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Figure 1.4 mTORC1 promotes eIF4F formation and cap-dependent translation through the 

phosphorylation of inhibitory 4E-BPs. 4E-BPs inhibit cap-dependent translation by binding to 

the cap binding factor, eIF4E. Phosphorylation of the 4E-BPs leads to dissociation from eIF4E 

and allows it to recruit the scaffolding protein eIF4G and eIF4A to form the translation initiation 

complex known as eIF4F. eIF4G then recruits other factors of the cap-initiation complex (not 

shown). High levels of eIF4F activity promote translation of a subset of mRNAs with specific 

5’UTR features. 

 

variable extent in different cell types whereas lymphocytes highly express the 4E-BP2 isoform 

whose phosphorylation is effectively inhibited by Rapamycin (57). This might explain the 

mechanism by which rapamycin is a selectively potent immunosuppressant while unable to block 

and only delaying cell cycle progression in fibroblasts and many cancer cell lines which have 

higher amounts of the rapamycin-insensitive 4E-BP1 (39).  

Several new generations of mTOR inhibitors have been developed to have more complete 

inhibition of mTORC1 kinase activity compared to rapamycin and rapalogs. These include the 

mTOR kinase inhibitors (TORKi, previously termed TOR-KI—see Chapter 3) that fully inhibit 

mTORC1 and mTORC2 activity (58), and Rapa-links in which TORKi and rapamycin are 

chemically linked together to specifically target mTORC1 kinase activity. Our lab previously 

showed that TORKi were more effective than rapamycin at killing mouse and human leukemia 

cells (59). Rapa-links on the other hand showed better efficacy than rapamycin or TORKi against 

glioblastoma (60). Both TORKi and Rapa-links caused complete 4E-BP1 de-phosphorylation 

compared to rapamycin; however, cancer cells can become resistant to all mTOR inhibitors by 

downregulating 4E-BP expression (61, 62). This has provided one rationale for efforts to directly 
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target eIF4E and other components of the eIF4F complex. In chapter 4, we make use of a novel 

eIF4G-binding molecule (SBI-756) in studies of eIF4F function during B cell differentiation.  

High eIF4F activity contributes to sustained proliferative signaling, evasion of growth 

suppression, resistance to programmed cell death, replicative immortality, angiogenesis, invasion 

and metastasis (63). Increased eIF4E and/or eIF4G expression has been linked to advanced 

disease and decreased patient survival (64, 65), and mTORC1/eIF4E activity preferentially 

translates mRNAs involved in metastasis and invasion (66). eIF4F and protein synthesis were 

also found to be drivers in PI3K/AKT/mTOR driven lymphomagenesis (67) as well as anti-

BRAF and anti-MEK resistance in BRAF(V600)-mutant melanoma, colon, and thyroid cancer 

cell lines (68). This makes cap-dependent translation an attractive target for cancer therapy (64), 

and efforts are underway to develop small molecule inhibitors of eIF4F for oncology (69, 70). As 

proof of concept, in a mouse model of Kras-driven lung disease, haploinsufficiency of Eif4e 

(encoding eIF4E) significantly reduced cellular transformation. While Eif4e homozygous knock-

out is embryonic lethal, these Eif4e heterozygous mice had normal development and protein 

synthesis suggesting that only in cancer does eIF4E activity become a limiting factor (71). In 

Chapter 5, we further explore this with primary mouse B cell function and tumorigenesis in a 

mouse leukemia model.  

While several studies have investigated the role of mTORC1/eIF4E in cap-dependent 

translation of cancer cells, only recently has translational regulation been gaining attention in 

lymphocyte activation and differentiation (72, 73). Several groups have shown that mTOR 

signaling regulates the translational landscape in cancers through 5’UTR features of mTOR 

responsive mRNAs (66, 74, 75). While in Chapter 4 we identified a candidate mRNA, the Aicda 
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transcript encoding AID, which other mRNAs are regulated by the mTOR/4E-BP/eIF4E axis 

during B cell differentiation is a remaining question. 

The PI3K/mTOR/eIF4E network is complex in that each component plays different roles 

in directing B cell differentiation and all these signals are integrated to contribute to the overall 

outcome of B cell function. Investigation of this pathway in promoting effective host immune 

response and the effects of pathway inhibitors on B cell antibody responses will have significant 

implications for human related disease.  
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CHAPTER 2 

The Selective PI3K p110 Inhibitor IPI-3063 Potently Suppresses B Cell Survival, 

Proliferation and Differentiation  

This chapter contains text and figures from a manuscript published in Frontiers of Immunology, 

8, p. 747 (2017) (1).  

 

Abstract 

 The class I PI3Ks are important enzymes that relay signals from cell surface receptors to 

downstream mediators driving cellular functions. Elevated PI3K signaling is found in B cell 

malignancies and lymphocytes of patients with autoimmune disease. The p110 catalytic isoform 

of PI3K is a rational target since it is critical for B lymphocyte development, survival, activation, 

and differentiation. In addition, activating mutations in PIK3CD encoding p110 cause a human 

immunodeficiency known as activated PI3K delta syndrome (APDS). Currently idelalisib is the 

only selective p110 inhibitor that has been FDA approved to treat certain B cell malignancies. 

p110 inhibitors can suppress autoantibody production in mouse models but limited clinical 

trials in human autoimmunity have been performed with PI3K inhibitors to date. Thus, there is a 

need for additional tools to understand the effect of pharmacological inhibition of PI3K isoforms 

in lymphocytes. In this study, we tested the effects of a potent and selective p110 inhibitor, IPI-

3063, in assays of B cell function. We found that IPI-3063 potently reduced mouse B cell 

proliferation, survival, and plasmablast differentiation while increasing antibody class switching 

to IgG1, almost to the same degree as a pan-PI3K inhibitor. Similarly, IPI-3063 potently 

inhibited human B cell proliferation in vitro. The p110 isoform has partially overlapping roles 

with p110 in B cell development but little is known about its role in B cell function. We found 
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that the p110 inhibitor AS-252424 had no significant impact on B cell responses. A novel dual 

p110/ inhibitor, IPI-443, had comparable effects to p110 inhibition alone. These findings 

show that p110 is the dominant isoform mediating B cell responses and establish that IPI-3063 

is a highly potent molecule useful for studying p110 function in immune cells.  

 

Introduction 

Phosphoinoside-3-kinase (PI3K) enzymes are lipid kinases that produce 3’-

phosphorylated phosphoinositides, which act as second messengers to relay signals from cell-

surface receptors to downstream mediators. The class I PI3Ks produce phosphatidylinositol-

3,4,5-triphosphate (PIP3) that recruits cytoplasmic proteins to the membrane to drive downstream 

signaling responses. Class IA PI3Ks are heterodimers composed of two subunits, a regulatory 

subunit (p85) and one of three catalytic subunits (p110, p110, p110). The class IB PI3K is 

composed of unique regulatory subunits (p101 or p84) with the catalytic subunit p110. Whereas 

p110 and p110 are ubiquitously expressed, p110δ and p110γ expression is mainly restricted to 

leukocytes. The importance of PI3K activation in various cancers has led to development of 

many small molecule PI3K inhibitors targeting individual isoforms or subgroups (2). 

Elevated PI3K signaling is commonly detected in malignant B cells and in peripheral 

lymphocytes from patients with antibody-driven autoimmune diseases like lupus (3). Both 

genetic and pharmacological studies have implicated p110 to be critical for B lymphocyte 

development, survival, activation, and differentiation (4–6). Moreover, activating mutations in 

PIK3CD encoding p110 cause a human immunodeficiency known as APDS, which is 

associated with chronically activated lymphocytes that undergo apoptosis or senescence (7,8). 

Therefore, p110 has been extensively studied as a potential target for treating B cell 
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malignancies, B cell-mediated autoimmune diseases and potentially APDS. Impressive responses 

in clinical trials of idelalisib (previously known as GS-1101 or CAL-101) led to FDA approval 

of this drug for treatment of certain B cell malignancies (9). 

Other p110 inhibitors have shown activity in animal models of autoimmunity. For 

example, IC87114 reduced autoantibody production in a rat model of collagen-induced arthritis 

(10). Another recently developed p110 inhibitor, AMG319, reduced KLH-specific IgM and IgG 

production in vivo (11) while duvelisib (IPI-145), a dual p110/ inhibitor, showed potent 

activity in reducing inflammation in collagen-induced arthritis, ovalbumin-induced asthma, and 

systemic lupus erythematosus rodent models (12). Currently however, there are no approved 

treatments targeting p110 in B-cell mediated autoimmune diseases. Additional p110 inhibitors 

with high potency and selectivity are needed as research tools for B cell biology and as potential 

lead compounds for B cell-driven diseases. Characterizing the effects of isoform-selective PI3K 

inhibitors on normal B cell function will provide insight toward finding effective therapeutic 

windows that can target B cell malignancies while maintaining effective host defense, and may 

justify clinical exploration of these inhibitors in treating B cell mediated autoimmune disease.  

Previous studies have demonstrated that p110 is not the only PI3K isoform that 

contributes to B cell function. We used isoform-selective compounds to show that acute 

inhibition of either p110 or p110 partially reduce signaling and functional responses in 

activated B cells (13). Genetic analysis has shown partially overlapping roles of p110 and 

p110 in B cell development (14). Little is known about the role of the class IB isoform p110 in 

B cells. In T cells, p110 plays a role in early development and is important for trafficking of 

activated effector cells (15,16). One study reported that mice lacking both p110 and p110 had 
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greater defects in B cell survival and proliferation compared to p110 knockout alone (17). The 

effects of chemical p110 inhibition on B cell function have not been reported. 

In this study we utilized a novel, potent and selective p110 inhibitor, IPI-3063 (Table 

2.1) that has good pharmacokinetics in mice (12). Here we tested the effects of IPI-3063 on 

mouse B cell survival, proliferation and differentiation. We found that IPI-3063 is highly potent, 

modulating B cell responses at low nanomolar concentrations to an extent similar to a pan-PI3K 

inhibitor. In contrast, a selective chemical inhibitor of p110 had no effect in various assays of B 

cell function. We also tested a novel dual p110/ inhibitor, IPI-443 (Table 2.1), to determine 

whether p110 inhibition increases the effects beyond blockade of p110δ alone. Dual inhibition 

of p110/ with IPI-443 had comparable effects to IPI-3063 on B cell function. These results 

confirm that p110 is the dominant isoform that mediates B cell responses to diverse stimuli and 

establish that IPI-3063 is a highly potent molecule to probe p110 function in immune cells. 

 

Table 2.1 Summary of IC50 values for IPI-3063 

and IPI-443 using purified enzymes 

PI3K 

isoform 

        Biochemical IC50, nM (n) 

IPI-3063 IPI-443 

p110 1171 ± 533 (6) 990 ± 695 (6) 

p110 1508 ± 624 (5) 4005 ± 2563 (6) 

p110 2.5 ± 1.2 (5) 6.3 ± 3.2 (6) 

p110 2187 ± 1529 (4) 23.4 ± 12.3 (6) 

 

Materials and Methods 

PI3K Enzymatic Assay (done by collaborators at Infinity Pharmaceuticals)  
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Human recombinant PI3K− (cat. no. 14-602-K), − (cat. no.  14-603-K), − (cat. no. 14-604-

K) and − (cat. no. 14-558-K) were purchased from Millipore.  Phosphatidylinositol 4,5 bis 

phosphate (diC8-PtdIns(4,5)P2) was purchased from Avanti Polar Lipids, Inc.  PI3K−  and  

are heterodimers consisting of full length p110, p110 or p110δ catalytic subunit and the p85 

regulatory subunit. PI3K- is a monomer of the p110 catalytic subunit. Sample of kinase (10 

nM -, –, and –, 20 nM -) were incubated with inhibitor for 30 minutes at room temperature 

in reaction buffer (15 mM HEPES pH 7.4, 20 mM NaCl, 1 mM EGTA, 0.02% Tween 20, 10 

mM MgCl2, 0.2 mg/ml bovine--globulins) followed by addition of ATP/diC8-PtdIns(4,5)P2 

mixture to give final concentrations of 3 mM ATP and 500 μM diC8-PtdIns(4,5)P2.  Reactions 

were incubated at room temperature for 2 hours, with PI3K activity assessed via the Promega 

ADP-Glo Max assay kit (cat. no. V7002) according to the manufacture’s instruction. Plates were 

read on Envision plate reader in luminescence mode.   

 

pAKT S473 ELISA Assay (Infinity Pharmaceuticals, for data in Table 2) 

Phospho-Akt1 (S473) sandwich ELISA antibody kit (Cell Signaling Technology, cat. no. 7143) 

was utilized to analyze pAKT signal in cells as described previously by Winkler et al.11 Briefly, 

SKOV3 and 786.0 cells were seeded into 96 well cell culture-graded plates at a density of two 

million per 200 μl culture media per well. Raji and Raw264.7 were seeded at the same density in 

FBS-free media. After overnight incubation at 5% CO2 and 37°C, the cells were treated with 

inhibitor for 30 minutes. Raji cells were stimulated with 10 μg/mL anti-human IgM (Jackson 

ImmunoResearch) for 30 minutes and Raw264.7 cells with 25 nM C5a (RnD Systems) for 3 

minute in the presence of inhibitor. SKOV3 and 786.0 cells were not stimulated. Media was then 
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aspirated and 50 μL/well of ice-cold lysis buffer was added. pAKT level was determined 

according to the manufacture’s instruction. 

 

Mice and reagents  

C57BL/6 mice were bred at the University of California, Irvine, and used at between 6 and 12 

weeks of age. All animals were studied in compliance with protocols approved by the 

Institutional Animal Care and Use Committees of the University of California, Irvine. The 

p110δ-selective PI3K inhibitor IPI-3063 and p110/ PI3K inhibitor IPI-443 were synthesized at 

Infinity Pharmaceuticals. These compounds and the pan-PI3K class I inhibitor GDC-0941 (LC 

laboratories) were dissolved in DMSO. The p110 PI3K inhibitor AS-252424 (Chemdea) was 

dissolved in ethanol. Inhibitors were included throughout the indicated cell treatment periods. 

 

Mouse B cell culture 

Mouse splenic B cells were purified by negative selection (eBioscience Magnisort Mouse B cell 

enrichment kit). B-cell purity was >95% as measured by FACS analysis (FACSCalibur and 

CellQuest software; BD Biosciences) using anti-B220 antibody (BioLegend). Purified B cells 

were seeded at a final concentration of 0.5 or 0.25 × 10^6 cells per milliliter. For plasmablast 

differentiation, B cells were stimulated with 5 μg/mL LPS (Sigma) for 72 h, and for IgG1 CSR, 

B cells were stimulated 5 μg/mL anti-CD40 (HM40-3) agonistic antibody (eBioscience), or 5 

μg/mL LPS (Sigma), together with 5 ng/mL mIL-4 (R&D Systems) for 96 h. All B cells were 

cultured in RPMI 1640 supplemented with 10% (vol/vol) heat-inactivated FCS, 5 mM Hepes, 2 

mM L-glutamine, 100 units/mL penicillin, 100 μg/mL streptomycin, 50 μM 2-mercaptoethanol.  
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Western Blotting Analysis 

Analysis was performed on western blots using ImageJ to measure mean fluorescence intensities 

(MFI) of each band. Phosph-AKT S473 and phospho-ERK1/2 signal was normalized with actin 

measurements and fold change was calculated using the stimulated/no drug control.  

 

Flow cytometry, CFSE labeling, and antibodies  

Before cell surface staining, cells were incubated with TruStain fcX in FACS buffer (0.5% BSA 

+ 0.02% NaN3 in 1× HBSS) to block Fc receptors for 10 min on ice. Staining with antibodies 

was subsequently performed, also with FACS buffer and on ice for 20 min. Flow cytometry 

antibodies and other reagents used were as follows: B220 (RA3-6B2), IgG1 (A85-1), CD138 

(281-2), and 7-Aminoactinomycin D. CFSE labeling of B cells to track proliferation was 

performed by resuspending cells to a concentration of 10 × 10^6 cells per milliliter with a 

concentration of 2.5μM CFSE. Flow cytometric data were analyzed using FlowJo software 

(TreeStar). 

 

Immunoglobulin ELISA 

For cell culture ELISA to measure total IgM, supernatants from purified B cells stimulated with 

LPS were collected after 3 d and diluted 1:1000 in 2% (wt/vol) BSA in PBS. Nunc Maxisorp 

plates (Thermo Fisher) were coated with anti-mouse IgM (RMM-1; BioLegend) at 10 μg/mL in 

50 μL of total sample in PBS and allowed to incubate overnight at 4 °C. Diluted supernatant 

samples were incubated on coated plates for 1 h at 37 °C. HRP-conjugated rabbit anti-mouse 

IgM secondary antibody (Zymed) was used.  
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Human B cell culture 

Peripheral blood from normal volunteers was obtained through an Institutional Review Board 

(IRB)-approved protocol. Peripheral blood mononuclear cells (PBMCs) were first purified from 

blood by density gradient centrifugation using Ficoll-pacque. Human B cells were then purified 

from PBMCs by negative selection (eBioscience Magnisort Human B cell enrichment kit). B-cell 

purity was increased from 4% to >70% as measured by FACS analysis (FACSCalibur and 

CellQuest software; BD Biosciences) using anti-CD19 PE conjugated antibody (eBioscience). 

Purified B cells were seeded at a final concentration of 0.1 × 10^6 cells per milliliter and 

cultured with 2 μg/mL human CD40L (eBioscience) + 5 μg/mL anti-human IgM/IgG 

(eBioscience) + 100 U hIL-2 (R&D Systems) + 100 U hIL-21 (R&D Systems). All B cells were 

cultured in RPMI 1640 supplemented with 10% (vol/vol) heat-inactivated FCS, 5 mM Hepes, 2 

mM L-glutamine, 100 units/mL penicillin, 100 μg/mL streptomycin, 50 μM 2-mercaptoethanol. 

 

Results 

Inhibition of p110, but not p110, reduces p-AKT in activated mouse B cells  

IPI-3063 is a p110 selective compound with an IC50 = 0.1 nM in p110-specific cell-

based assays and cellular IC50 values for the other class I PI3K isoforms are at least 1000-fold 

higher (Table 2.2) (12). IPI-443 is a selective p110/ dual inhibitor with a cellular IC50 = 0.29 

nM for p110 and IC50 = 7.1 nM for p110. IPI-443 activity for p110 and p110 is > 600-fold 

less potent compared to activity for p110 (Table 2.2). To test the effects of p110 inhibition we 

used AS-252424 compound with a biochemical IC50 = 30nM for p110 (18). We assessed the 

effects of both IPI-3063 and IPI-443 on PI3K activity in mouse primary B cells stimulated with 

IgM+IL-4, by evaluating phosphorylation of AKT at the serine 473 residue (Fig. 2.1A, 2.1C)  



 

31 
 

Table 2.2. Summary of IC50 values for IPI-3063 

and IPI-443 in isoform-specific cell-based assays 

PI3K 

isoform 

          Cellular IC50, nM  (n) 

IPI-3063 IPI-443 

p110 1901 ± 1318 (4)  901.8 ± 62.4 (3) 

p110 102.8 ± 35.7 (4) 185.2 ± 17.2 (3) 

p110 0.1 ± 0.01 (6) 0.29 ± 0.03 (4) 

p110 418.8 ± 117.2 (2)  7.1 ± 0.5 (3) 

 

 

 

Figure 2.1 Inhibition of p110δ, but not p110γ, reduces p-AKT and p-ERK1/2 in αIgM+IL-4 

stimulated mouse B cells. Purified B cells were pre-treated with inhibitors as indicated for 30 

minutes then activated with 5 μg/mL αIgM+ 10ng/ml IL-4 for 1 hour before harvest for western 

blot. (2.1A, 2.1B) Concentrations used were 1nM, 10nM, 100nM, 1μM for IPI-443 and 0.01nM, 

0.1nM, 1nM, 10nM, 30nM, 100nM for IPI-3063. AS252424 concentrations were 100nM, 

300nM, and 1μM, and GDC-0941 was at 500nM. (2.1B, 2.1C) Concentrations of IPI-3063 used 

to measure p-ERK1/2 were 0.01nM, 0.1nM, 1nM, and 10nM. For the graphs in panels A and B, 

data were normalized to the stimulated, DMSO 0.1% condition. (*P < 0.05, **P<0.001, 

***P<0.0001 one-way ANOVA with Newman–Keuls multiple comparison test). 

2.1A 2.1B 

2.1C 
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as well as the phosphorylation of ERK1/2 on Thr202/Tyr204 residues (Fig. 2.1B, 2.1C). Cells 

were treated with a pan-PI3K inhibitor GDC-0941 or with various concentrations of IPI-3063 or 

IPI-443, or DMSO (0.1%) as the diluent control. Separate cultures were treated with the 

p110 inhibitor AS-252424 or its diluent control (0.1% EtOH). MK-2206, an AKT inhibitor 

which also reduces AKT S473 phosphorylation, was also used as a control to show ERK1/2 

phosphorylation is independent of AKT activity. The p110 inhibitor, IPI-3063, was very potent 

in reducing p-AKT (significant effect at 1nM) while the p110 inhibitor, AS-252424, had no 

significant effect on p-AKT signaling. IPI-3063 also reduced p-ERK1/2 with a significant effect 

at 10nM, whereas AS-252424 had no significant effect. The dual p110/ inhibitor, IPI-443, was 

also very potent in decreasing phosphorylation of AKT, with significant effects observed using 

concentrations as low as 1 nM, which are in the range where p110 is targeted selectively. These 

data indicate that both inhibitors are very potent in reducing PI3K signaling output while p110 

inhibition did not have a significant effect. B cells stimulated with LPS showed similar results 

with p-AKT (Fig. 2.2A-2.2C); however LPS did not induce ERK1/2 phosphorylation (data not 

shown). AS-252424 caused dose-dependent inhibition of AKT phosphorylation in bone marrow-

derived myeloid cells stimulated with macrophage colony stimulating factor, confirming that this 

compound inhibits PI3Kγ activity in cells (data not shown). 

 

IPI-3063 potently inhibits B cell survival and proliferation  

To assess survival, purified mouse B cells were incubated for 48 hours in either B-cell 

activating factor (BAFF) or interleukin-4 (IL-4) with various concentrations of IPI-3063 and IPI-

443. The results showed that both IPI-3063 and IPI-443 reduced BAFF-dependent survival in a  
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Figure 2.2 Inhibition of p110, but not p110, reduces p-AKT in LPS stimulated mouse B 

cells. Purified B cells were pre-treated with inhibitors as indicated for 30 minutes then activated 

with 5 μg/mL LPS for 1 hour before harvest for western blot. (2.2A, 2.2B) Concentrations used 

were 1nM, 10nM, 100nM, 1μM for IPI-443 and 1nM, 10nM, 30nM, 100nM for IPI-3063. 

AS252424 concentrations were 100nM, 300nM, and 1μM, and GDC-0941 was at 500nM. (2.2C) 

Concentrations of IPI-3063 were 0.01nM, 0.1nM, 1nM and 10nM. For the graph in panel 2.2A, 

data were normalized to the stimulated, DMSO 0.1% condition. (*P < 0.05, **P<0.001, 

***P<0.0001 one-way ANOVA with Newman–Keuls multiple comparison test). 

 

dose-dependent manner, approaching the effect of GDC-0941 (Fig. 2.3). The selective 

PI3K inhibitor IPI-3063 was very potent, achieving a significant decrease in B cell survival when 

present at 10nM. IPI-443 significantly decreased survival when added at 1nM. The 

p110 inhibitor AS-252424 had no significant effect on survival. Cells incubated with IL-4 

showed similar trends. 

Next, we evaluated the effects of PI3K inhibitors on B cell proliferation. We stimulated 

CFSE-stained cells with IgM + IL-4 or with LPs for 72 hr, or with CD40 + IL-4 or LPS + IL-

4 for 96 hours. Cells were treated with vehicle or GDC-0941, IPI-3063, IPI-443, or AS-252424  
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Figure 2.3 IPI-3063 potently inhibits mouse B cell survival. Total splenocytes were pre-

treated with inhibitors as indicated then cultured with 5ng/mL IL-4 (2.3A) or 60ng/mL of BAFF 

(2.3B) for 48 hours. Concentrations used were 1nM, 10nM, 100nM, 1μM for IPI-443 and 1nM, 

10nM, 30nM, 100nM for IPI-3063. AS252424 concentrations were 100nM, 300nM, and 1μM, 

and GDC-0941 was at 500nM. %Viability was calculated by measuring % of B220+7AAD- cells. 

Samples were collected by time. (*P < 0.05, **P<0.001, ***P<0.0001 one-way ANOVA with 

Newman–Keuls multiple comparison test). 

 

 

at various concentrations. Histograms of CFSE fluorescence in the cells show that IPI-3063 

blocked proliferation in α-IgM + IL-4 stimulated B cells at the lowest concentration tested (1nM) 

(Fig. 2.4A). IPI-443 caused a dose-dependent decrease in proliferation, whereas AS-252424 had 

no effect. We measured the total number of divided cells over multiple experiments and found 

that IPI-3063 significantly reduced cell accumulation at all concentrations tested (Fig. 2.4B). IPI-

443 had a dose-dependent effect starting at 1nM, with similar effects in LPS stimulated B cells 

(Fig. 2.4B, 2.4C). In B cells stimulated with LPS + IL-4, the inhibitors had similar trends but 

with greater variability (Fig. 2.4D). The inhibitors did not affect B cell proliferation following 

stimulation with α-CD40 + IL-4 (Fig. 2.4E), consistent with previous data showing PI3K-

independent proliferation under these conditions (4). We also measured percent of divided cells 

in these conditions (Fig. 2.5A-2.5D). α-IgM+IL-4 was the only stimulus where p110 inhibition 

significantly reduced the percentage of cells dividing. This analysis also showed that combined  
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Figure 2.4 IPI-3063 potently inhibits mouse B cell proliferation. Total splenocytes (2.4A, 

2.4B) or purified B cells (2.4C-2.4E) were pre-treated with inhibitors for 30 minutes then 

stimulated with (2.4A, 2.4B) αIgM+IL-4 for 72 hours, (2.4C-2.4E) LPS+IL-4 for 96 hours, LPS 

for 72 hours or αCD40+IL-4 for 96 hours. Concentrations used were 1nM, 10nM, 100nM, 1μM 

for IPI-443 and 1nM, 10nM, 30nM, 100nM for IPI-3063. AS252424 concentrations were 

100nM, 300nM, and 1μM, and GDC-0941 was at 500nM. The experiments in panel C include 

low concentrations of IPI-3063 (0.01 and 0.1nM) Total numbers were determined by the number 

of B220+7AAD-CFSElo cells. Samples were collected by time. (*P < 0.05, **P<0.001, 

***P<0.0001 one-way ANOVA with Newman–Keuls multiple comparison test). 

 

inhibition of p110/ by IPI-443 at 1μM reduced the percentage of divided cells more than 

inhibition of p110 only. Overall these experiments establish that the selective p110 inhibitor 

IPI-3063 is a very potent inhibitor of B cell survival and proliferation in vitro. In addition, 

selective p110 inhibition alone had no effect on B cell survival or proliferation. 

2.4A 2.4B 

2.4C 2.4D 2.4E 
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Figure 2.5 IPI-3063 potently inhibits mouse B cell proliferation, Part II. Total splenocytes 

(2.5A, 2.5B) or purified B cells (2.5C-2.5E) were pre-treated with inhibitors for 30 minutes then 

stimulated with (2.4A, 2.4B) αIgM+IL-4 for 72 hours, (2.5C-2.5E) LPS+IL-4 for 96 hours, LPS 

for 72 hours or αCD40+IL-4 for 96 hours. Concentrations used were 1nM, 10nM, 100nM, 1μM 

for IPI-443 and 1nM, 10nM, 30nM, 100nM for IPI-3063. AS252424 concentrations were 

100nM, 300nM, and 1μM, and GDC-0941 was at 500nM. The experiments in panel C include 

low concentrations of IPI-3063 (0.01 and 0.1nM). Panel 2.5A shows proliferation of cells by 

CFSE histograms. Right peak in GDC and IPI-443 1μM treated cells represents dead cells. 

Percent divided were determined by the percent of B220+7AAD-CFSElo cells and normalized to 

no drug treated. Samples were collected by time. (*P < 0.05, **P<0.001, ***P<0.0001 one-way 

ANOVA with Newman–Keuls multiple comparison test). 
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Figure 2.6 IPI-3063 potently inhibits human B cell proliferation. (2.6A-2.6C) Purified human 

B cells were pre-treated with inhibitors for 30 minutes then stimulated with human CD40L + 

anti-human IgM/IgG + human IL-2 + human IL-21 for 120 hours. Concentrations used were 

1nM, 10nM, 100nM, and 1μM for IPI-443 and 0.1nM, 1nM, 10nM, and 100nM for IPI-3063. 

AS252424 concentrations were 100nM, 300nM, and 1μM, and GDC-0941 was at 500nM. Total 

numbers and percent divided were determined by the number of CD19+7AAD-CFSElo cells. 

Samples were collected by time. (*P < 0.05, **P<0.001, ***P<0.0001 one-way ANOVA with 

Newman–Keuls multiple comparison test). 

 

We also tested the effects of these inhibitors on human B cell proliferation stimulated 

with human CD40L + anti-human IgM/IgG + hIL-2 + hIL-21. We stimulated CFSE-stained 

human B cells for 120 hrs in the presence of GDC-0941, IPI-3063, IPI-443, or AS-252424 at 

various concentrations. Histograms of CFSE fluorescence in the cells show that IPI-3063 

blocked proliferation at 1nM (Fig. 2.6A). IPI-443 caused a dose-dependent decrease in 

proliferation, whereas AS-252424 had no effect. We measured the total number of divided cells  

2.6A 

2.6B 2.6C 
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Figure 2.7 IPI-3063 potently promotes mouse B cell antibody switching and inhibits 

plasmablast differentiation. Purified B cells were with pre-treated with inhibitors then 

stimulated with αCD40+IL-4 (2.7B) or LPS+IL-4 (2.7C) for 96 hours to induce switching to 

IgG1 or LPS (2.7D) for 72 hours to induce plasmablast differentiation. Class switching to IgG1 

was measured by the 7AAD-CFSEloB220+IgG1+ cells (2.7A, upper panels). Plasmablast 

percentages were calculated by % 7AAD-CFSEloCD138+B220lo population (2.7A, lower). 

Supernatant was harvested (2.7E) for IgM ELISA. Concentrations used were 1nM, 10nM, 

100nM, 1μM for IPI-443 and 1nM, 10nM, 30nM, 100nM for IPI-3063. Low concentrations of 

IPI-3063 were 0.01nM, and 0.1nM (2.7D). AS252424 concentrations were 100nM, 300nM, and 

1μM, and GDC-0941 was at 500nM. Samples were collected by time. (*P < 0.05, **P<0.001, 

***P<0.0001 one-way ANOVA with Newman–Keuls multiple comparison test). 

 

and the percent divided over multiple experiments and found that IPI-3063 significantly reduced 

proliferation starting at 1nM (Fig. 2.6B, 2.6C). IPI-443 also had a dose-dependent effect starting  

at 1nM (Fig. 2.6B, 2.6C). These experiments extend our findings by showing that, similar to 

mouse B cells, human B cells treated with the selective p110 inhibitor IPI-3063 have markedly  

reduced ability to proliferate in vitro. In addition, selective p110 inhibition also did not impair 

human B cell proliferation.  
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IPI-3063 potently promotes mouse B cell antibody switching and inhibits plasmablast 

differentiation  

Studies with p110 inhibitors have shown that low PI3K signaling in B cells promotes 

antibody class switch recombination (CSR) and decreases differentiation into plasmablasts that 

secrete low-affinity IgM (19,20). Activation of mouse primary B cells with CD40 + IL-4 or 

LPS + IL-4 both induce IgG1 class switching while treatment with LPS alone induces the 

plasmablast differentiation fate (Fig. 2.7A). In B cells stimulated with CD40 + IL-4, IPI-3063 

increased the percentage of B220+ cells switching to IgG1 starting at 1nM and approached the 

effect of GDC-0941 (Fig. 2.7B). IPI-443 followed a similar trend, significantly increasing IgG1 

switching at concentrations of 1nM or higher, while p110 inhibitor AS-252424 had no effect.  

(Fig. 2.7B). In cells activated with LPS+IL-4, none of the inhibitors significantly increased 

%IgG1+. 

We also evaluated plasmablast differentiation and IgM secretion in LPS-stimulated cells 

(Fig. 2.7D). IPI-3063 potently decreased plasmablast differentiation starting at 1nM, as 

measured by the percentage of the CD138+B220lo population. IPI-443 also caused a dose 

dependent decrease starting at 1nM. In cells treated with IPI-3063 or IPI-443, the highest 

concentrations inhibited plasmablast differentiation to the same degree as GDC-0941. Measuring 

IgM secretion by ELISA showed similar trends (Fig. 2.7E). In the plasmablast and IgM secretion 

assays, the p110 inhibitor AS-252424 caused no significant effect. 

Overall, these results show that IPI-3063 is very potent at increasing B cell antibody class 

switching to IgG1 in B cells stimulated with αCD40 + IL-4, while potently reducing plasmablast 

differentiation in cells stimulated with LPS. Combined inhibition of p110/ by IPI-443 had a 
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similar effect that was not significantly greater than inhibition of p110 only, and importantly, 

p110 specific inhibition did not show any significant effect.  

 

Discussion 

 In this study we have used novel inhibitors of p110, p110/ and p110 to study how 

acute inhibition of these isoforms impacts B cell function. Consistent with previous studies 

(6,19,21), our results show that p110 inhibition decreased several mouse B cell functions 

including survival, αIgM+IL-4-induced proliferation, and plasmablast differentiation while 

increasing class switching to IgG1. We also show that these inhibitors are potent at reducing 

human B cell proliferation in vitro. Importantly, additional p110 inhibition had little to no 

effect, indicating that the class IB isoform p110 has a minor role in the function of mature B 

cells. Both IPI-3063 and IPI-443 were highly potent at inhibiting these B cell functions, with 

activity in the nanomolar ranges that achieved similar results to the pan-class I inhibitor GDC-

0941.  

 In contrast with a previous study using genetic deletion of the mouse genes encoding both 

p110 and p110 (17), dual inhibition with IPI-443 (achieved at concentrations in the 10 – 

1000nM range) did not reduce proliferation and survival more than p110 inhibition alone in B 

cells. However, Beer-Hammer et al. also showed that B cell development was impaired at the 

pre-pro B cell stage when both p110/ are deleted (17). The differences they observed in the 

double deleted cells compared to single p110δ deletion may be due to developmental defects. In 

addition, the previous study measured LPS-driven B cell proliferation in the context of total 

splenocytes, where myeloid cell cytokine production in response to LPS might be a confounding 

factor. While we did not see any additional effects with p110 inhibition or additional effects 
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with dual p110/ inhibition in our assays, these experiments only tested purified B cells in vitro 

and did not test the role of p110 in vivo. Although B cell function is mainly p110δ dependent, 

p110 does play an important role in neutrophil, macrophage, and eosinophil recruitment (22) as 

well as in T cell proliferation and cytokine production (23) and T cell migration (16,24,25). 

Thus, pharmacological inhibition of p110 in vivo could indirectly affect B cell function.  

 Small molecule inhibitors that are selective for single PI3K isoforms or pairs of isoforms 

have been highly useful in delineating the shared and distinct functions of PI3K enzymes in 

diverse cell types (3,26). Our results show that the selective p110 inhibitor IPI-3063 and the 

p110/ dual inhibitor IPI-443 are highly potent, having effects on B cells at the nanomolar 

range in vitro. These data demonstrate that these inhibitors will be useful tools in studying the 

function of p110/ or p110 alone. Additional studies will be required to determine whether 

these or similar compounds will be suitable in treating patients with diseases driven by B cells or 

other immune cell types in which p110 and p110 have key roles.  
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CHAPTER 3 

mTOR Kinase Inhibitors Promote Antibody Class Switching via mTORC2 Inhibition 

 

This chapter describes studies I contributed towards a manuscript published in Proceedings of 

the National Academies of Science November 25, 2014. 111 (47) E5076-E5085, entitled “mTOR 

kinase inhibitors promote antibody class switching via mTORC2 inhibition.” This paper reported 

opposing effects of mTORC1 and mTORC2 inhibition on antibody class switching. 

 

Introduction 

B-cell activation by antigen leads to clonal expansion, followed by differentiation into 

plasma cells secreting antigen-specific antibodies. Early in an immune response, some B cells 

differentiate rapidly into plasmablasts that secrete antibodies that are mostly of the IgM isotype 

and of low affinity. Other B cells adopt a germinal center (GC) fate and undergo class switch 

recombination (CSR) and somatic hypermutation. Ultimately, GC B cells that survive selection 

become plasma cells secreting high-affinity antibodies of various isotypes or become long-lived 

memory B cells. 

Extracellular inputs including B-cell receptor engagement, Toll-like receptor ligation, and 

cytokines, all activate the signaling enzyme phosphoinositide 3-kinase (PI3K) and its 

downstream target AKT (also known as protein kinase B) in B cells (1). PI3K/AKT signaling 

and other inputs activate the mammalian target of rapamycin (mTOR), a multifunctional kinase 

that promotes cell growth, division, and metabolic reprogramming (1, 2). The mTOR kinase is 

present in two cellular complexes, mTOR-complex 1 (mTORC1) defined by the raptor subunit 

and mTOR-complex 2 (mTORC2) defined by rictor (3). The classical mTOR inhibitor 
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rapamycin forms a complex with FKBP12 that partially inhibits mTORC1 and can disrupt 

mTORC2 assembly upon prolonged cellular exposure. mTORC1 acts downstream of AKT and 

other signals to promote biosynthetic processes essential for cell growth and division. mTORC2 

acts upstream of AKT by phosphorylating Ser-473 in the AKT hydrophobic motif. mTORC2 and 

AKT function are required for subsequent phosphorylation of forkhead box, subgroup O (FoxO) 

transcription factors (4, 5). When phosphorylated, FoxO factors exit the nucleus and 

transcription of FoxO target genes is reduced. 

Recent studies illustrate the complexity of mTOR function in B cells. Conditional 

deletion of the mTOR gene in mouse B cells strongly impairs proliferation and GC 

differentiation (6). Inactivation of mTORC2 in B cells, via rictor deletion, reduces mature B-cell 

survival and impairs antibody responses and GC formation (7). At concentrations above 1 nM, 

rapamycin markedly impairs proliferation of both mouse and human B cells and suppresses 

antibody responses (8, 9). However, at lower concentrations that preserve B-cell proliferation, 

rapamycin still suppresses class switching but unexpectedly promotes IgM responses that 

provide heterosubtypic protection from influenza (6, 10). These studies suggest that overall 

mTOR signaling, as well as the relative activity of mTORC1 and mTORC2, controls the ability 

of B cells to divide and to differentiate. 

ATP-competitive mTOR kinase inhibitors (TOR-KIs) block activity of both mTORC1 

and mTORC2, and were developed to overcome limitations of rapamycin as anticancer agents 

(11, 12). We reported that TOR-KIs do not block proliferation of normal mature B cells at 

concentrations that cause cell cycle arrest in pre-B leukemia cells (9). However, the impact of 

TOR-KIs on immune function is still poorly characterized. In this study, we tested whether TOR-

KIs can skew the differentiation of activated B cells. We found that partial mTORC1/mTORC2 
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inhibition or mTORC2 deletion increases CSR, whereas selective inhibition of mTORC1 

suppresses CSR. 

 

Methods and Materials 

Mice and Reagents. 

C57Bl/6 mice were bred at the University of California, Irvine, and used at between 6 and 12 wk 

of age. Raptorfl/fl mice on a C57BL6 background were obtained from the Jackson Laboratories 

(stock no. 013138) and have been described previously (29). Rictorfl/fl mice on a C57BL6 

background were a generous gift from Mark Magnuson (Vanderbilt University, Nashville, TN) 

and have been described previously (30). CD21-Cre mice were obtained from the Jackson 

Laboratories (stock no. 006368). All animals were studied in compliance with protocols 

approved by the Institutional Animal Care and Use Committees of the University of California, 

Irvine, and Harvard Medical School. The active site mTORC1/2 inhibitors PP242, AZD8055, 

WYE-354, and Ku-0063794 were purchased from Chemdea, and INK128 was obtained from 

Intellikine. The p110δ-selective PI3K inhibitor IC87114 and pan-PI3K class I inhibitor GDC-

0941 were obtained from Intellikine. The inhibitor of AKT1 and AKT2, Akt inhibitor VIII, was 

purchased from Chemdea. The mTOR allosteric inhibitor, rapamycin, was purchased from LC 

Labs. 

 

Primary Cell Culture. 

Mouse splenic B cells were purified by negative selection using anti-CD43 biotinylated 

antibody, followed by incubation with antibiotin magnetic microbeads and separation on MACS 

columns (Miltenyi Biotec). B-cell purity was >98% as measured by FACS analysis 
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(FACSCalibur and CellQuest software; BD Biosciences) using anti-B220 antibody (BioLegend). 

Purified B cells were seeded at a final concentration of 0.2 × 10^6 cells per milliliter. For ASC 

differentiation, B cells were stimulated with 5 μg/mL LPS (Sigma) for 72 h, and for IgG1 CSR, 

B cells were stimulated with 3 units of CD40L (a gift from Paolo Casali, University of 

California, Irvine), 1 μg/mL anti-CD40 (HM40-3) agonistic antibody (BioLegend), or 5 μg/mL 

LPS (Sigma), together with 2.5 ng/mL mIL-4 (R&D Systems) for 96 h. All B cells were cultured 

in RPMI 1640 supplemented with 10% (vol/vol) heat-inactivated FCS, 5 mM Hepes, 2 mM L-

glutamine, 100 units/mL penicillin, 100 μg/mL streptomycin, 50 μM 2-mercaptoethanol, 1× 

MEM nonessential amino acids (Mediatech), and 1× sodium pyruvate (Mediatech). To assess 

mTORC1 activity after stimulation, cells were fixed and permeabilized using BD 

Cytofix/Cytoperm buffer (BD Biosciences) for 15 min at room temperature. Cells were 

subsequently washed with 0.5% Tween-20 in PBS and stained with a p-S6 (S240/244) antibody 

conjugated to Alexa Fluor 647 (Cell Signaling Technologies). 

 

In Vitro B-Cell Inhibitor Treatment. 

Where the use of pharmacological inhibitors was indicated, a 1× concentration of inhibitor was 

added to corresponding wells containing purified B cells and allowed to incubate for 15 min at 

37 °C in a tissue culture incubator. Following the incubation time, another 1× concentration of 

inhibitor was added to each corresponding well, followed by a 2× concentration of stimuli. Well 

contents were mixed by pipetting following both inhibitor additions. Pharmacological inhibitors 

were used at the following concentrations: PP242 (10 nM, 100 nM, and 400 nM), AZD8055 (1 

nM and 10 nM), INK128 (1 nM, 5 nM, 10 nM, and 50 nM), Ku-0063794 (100 nM and 300 nM), 

rapamycin (0.02 nM, 0.04 nM, 0.08 nM, 0.1 nM, 0.2 nM, 0.4 nM, 0.8 nM, 1 nM, 5 nM, 10 nM, 
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and 20 nM), Akti (500 nM and 1 μM), GDC-0941 (100 nM and 250 nM), and IC87114 (500 nM 

and 1 μM). 

 

Flow Cytometry, CFSE Labeling, and Antibodies. 

Before cell surface staining, cells were incubated with TruStain fcX in FACS buffer (0.5% BSA 

+ 0.02% NaN3 in 1× HBSS) to block Fc receptors for 10 min on ice. Immunophenotyping of 

mice was performed on splenocytes after RBC lysis. Staining with antibodies was subsequently 

performed, also with FACS buffer and on ice for 20 min. Flow cytometry antibodies and other 

reagents used were as follows: B220 (RA3-6B2), IgG1 (RMG1-1) (all from BioLegend); CD138 

(281-2) (from BD Biosciences). CFSE labeling of B cells to track proliferation was performed as 

described elsewhere (32). Flow cytometric data were analyzed using FlowJo software (TreeStar). 

 

Results 

 The appendix to this thesis contains a reprint of the article “mTOR kinase inhibitors 

promote antibody class switching via mTORC2 inhibition”. Figures 1, 3, 4, and 7 of that article, 

as well as Supplementary Figures 1-8, evaluate the effects of low concentrations of TOR-KIs in 

models of antibody class switching. Those experiments were done by others in our laboratory 

and will not be described in this thesis. The main conclusions of the paper are: 

• TOR-KIs at concentrations that cause transient mTORC1/2 inhibition increases antibody 

class switching in activated B cells.  

• The effects of AKT inhibition or partial mTORC1/2 inhibition to increase antibody class 

switching requires FoxO transcription factors  

• TOR-KIs and AKT inhibitors increased expression of Aicda mRNA 
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A key element of this study was to compare the effects of mTORC1/2 inhibition through genetic 

or pharmacologic manipulations on antibody class switching. This chapter describes those 

results. I performed many of the experiments described in this chapter; the Figure legends 

indicate which experiments were done by others in the laboratory, Jose Limon and Lomon So.  

 

TOR-KIs increases B cell isotype switching in vitro 

To define the B cell-intrinsic effects of TOR-KIs further, we assessed the differentiation 

of purified splenic B cells. We used four different TOR-KIs with distinct chemical structures 

(INK128, PP242, Ku-0063794, and AZD8055) to minimize the potential for off-target effects. 

Each compound increased the percentage of IgG1-switched B220+ B cells induced by anti-CD40 

plus IL-4, a condition that mimics signals during a T cell-dependent (TD) response and favors 

isotype switching to IgG1 (Fig. 3.1A and 3.1B). Direct inhibition of AKT isoforms AKT1 and 

AKT2 also increased the frequency of switching to IgG1 (Fig. 3.1A and 3.1B). Similar results 

were observed when B cells activated by LPS plus IL-4 were treated with INK128, PP242, Ku-

0063794, or AZD8055 (Fig. 3.1C). Consistent with increased switching to the IgG1 isotype, 

post-recombination Iμ-Cγ1 transcripts were increased in B cells treated with TOR-KIs (Fig S2, 

Appendix 1). In addition, TOR-KI–treated B cells displayed an elevation in Aicda transcripts 

encoding activation-induced cytidine deaminase (Fig. 3.1G), the mutator protein required for 

initiation of CSR (13). 

We next assessed the effect of TOR-KIs on differentiation into plasmablasts and 

antibody-secreting cells (ASCs) following stimulation with LPS. Plasmablast differentiation, as 

measured by cells with a B220lowCD138+ phenotype, was decreased in a concentration-

dependent manner by TOR-KIs, whereas AKT inhibition had no significant effect (Fig. 3.1D  
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Figure 3.1 TOR-KIs increase in vitro B-cell CSR and decrease plasmablast differentiation. 

(3.1A-3.1B) Purified B cells were cultured with media only or stimulated with αCD40 + IL-4 in 

the absence or presence of the inhibitors indicated. (3.1A) Dot plots show IgG1+ B cells (Top) 

and the cell division history of eFluor670-labeled B cells (Bottom; eFluor670 is a cell division 

tracking dye with a different emission spectrum than CFSE), as determined by FACS after 4 d. 

Other TOR-KIs in this study had similar effects on cell division at the concentrations used for 

differentiation experiments. (3.1B, Jose Limon) Percentage of live B cells that have divided at 

least once (based on eFluor670 division history) expressing surface IgG1 was determined by 

3.1A 3.1B 

3.1C 

3.1D 

3.1E 

3.1F 3.1G 
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FACS after 4 d. (3.1C, Jose Limon) Switching to IgG1 was assessed as in B, except cells were 

stimulated with LPS + IL-4. (3.1D) Representative FACS plots of plasmablast differentiation in 

purified B cells stimulated with LPS or LPS and indicated inhibitors for 3 d. (Bottom) B cells 

were labeled with eFluor670 to track division history. (3.1E, Jose Limon) Graph of the 

percentage of live B cells with a plasmablast phenotype determined by FACS after 3 d of 

stimulation as indicated in D. (3.1F, Jose Limon) Purified B cells were stimulated with LPS in 

the absence or presence of the inhibitors indicated. The amount of IgM in cell supernatants was 

quantitated by ELISA after 4 d, and data were normalized to the stimulated, no-drug treatment 

condition. (3.1G, Jose Limon) Aicda mRNA transcripts were quantitated by qPCR in B cells 

stimulated with αCD40 + IL-4. For Fig. 3.1A and Fig. 3.1E, data are representative of three or 

more independent experiments. For 3.1B, 3.1C, 3.1E, 3.1F, and 3.1G, graphs depict the mean 

and SEM of n ≥ 3 samples per condition. (*P < 0.05; **P < 0.01; ***P < 0.001 by one-way 

ANOVA with Tukey’s multiple comparison test, measured vs. the no-drug sample). Akti, Akt 

inhibitor VIII; AZD, AZD8055; INK, INK128; Ku, Ku-0063794; 242, PP242. 

 

and 3.1E). TOR-KIs also reduced IgM production, as measured by ELISA from cell culture 

supernatants of LPS-stimulated B cells (Fig. 3.1F). Thus, our results demonstrate that TOR-KIs 

can directly alter B-cell differentiation fate, causing increased CSR and a reciprocal decrease in 

plasmablast and ASC differentiation. In contrast to the effects of TOR-KIs, rapamycin reduced 

both CSR and ASC differentiation (Fig. 3.1A-3.1G). The suppression of both differentiation 

pathways is consistent with early studies of rapamycin action in B cells (8). 

 

Rapamycin Reduces CSR by a Mechanism Partly Independent of Proliferation 

 To gain further insight into the mechanism of mTOR inhibitor action, we measured B-

cell proliferation and IgG1 class switching over an extended dose–response of rapamycin or 

INK128 (Fig. 3.2). The partial mTORC1 inhibitor rapamycin reduced CSR at concentrations as 

low as 0.02 nM, with complete inhibition achieved by 0.4 nM. INK128 enhanced CSR at 10 nM, 

but higher concentrations caused increasing inhibition. Notably, rapamycin ablated CSR even at 

a concentration (0.4 nM) that partially preserved proliferation, whereas some B cells treated with 

a high concentration of INK128 (100 nM) still switched to IgG1 even without proliferation.  
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Figure 3.2 Rapamycin has a more profound effect on B-cell proliferation and CSR than 

TOR-KIs. Purified B cells were labeled with eFluor670 to measure cell division and were 

stimulated with αCD40 + IL-4 in the presence or absence of indicated inhibitors. Representative 

FACS plots are shown for the different treatment conditions (Upper), and a FACS proliferation 

histogram is shown for high-dose rapamycin and INK128 (Middle). (Lower) Effects of inhibitor 

concentration on cellular proliferation and CSR are represented on line graphs. Data are 

representative of two independent experiments. 

 

Thus, the roles of mTORC1 and mTORC2 in cell division are partly independent of their roles in 

differentiation. 

 

Inactivation of mTORC1 and mTORC2 has opposing effects on CSR in vitro 

As a genetic approach to assess the roles of mTORC1 and mTORC2, we isolated B cells 

from mice possessing conditional (floxed) alleles of rictor or raptor. Deletion of rictor using 

CD19Cre (rictor-flox/CD19Cre; termed rictorΔB) did not significantly alter B-cell subset 
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frequencies (Fig. S7A, Appendix I). In resting mature B cells, rictor expression was not 

completely reduced, suggesting incomplete and/or ongoing deletion (Fig. 3.3A). Consistent with 

reduced mTORC2 function, AKT phosphorylation at S473 was lower in B cells from rictorΔB 

mice (Fig. 3.3B). Importantly, this effect was specific to mTORC2, because S6 phosphorylation, 

a sensitive readout of mTORC1, was unaffected in rictorΔB B cells (Fig. 3.3C). To address the 

role of mTORC1, we analyzed B cells from raptorΔB mice in which the raptor-flox allele is 

deleted at the transitional B-cell stage using CD21Cre. As with rictorΔB, B-cell development 

was largely normal in raptorΔB (Fig. S7B, Appendix 1). Raptor expression was also not 

completely reduced in resting mature B cells (Fig. 3.3D), and this partial deletion corresponded 

to a reduced but not complete reduction in S6 phosphorylation in raptorΔB B cells (Fig. 3.3D). 

Next, we tested functional responses in B cells with partial loss of rictor or raptor. In response to 

anti-CD40 plus IL-4, rictor-deficient B cells proliferated to a similar degree as WT, whereas 

raptor-deficient cells proliferated less (Fig. 3.3C). To compare the capacity of cells to undergo 

class switching, we gated on divided cells and calculated the percentage of IgG1+ cells. The 

results showed consistently less switching in divided raptorΔB B cells compared with division 

and differentiation (Fig. 3.2). These findings are consistent with the effects of rapamycin on B-

cell switching division and differentiation (Fig. 3.2) In contrast, rictorΔB B cells showed 

significantly more switching to IgG1 than control (Fig. 3.3B). Importantly, adding low-dose 

TOR-KI (1–5 nM INK128) to rictorΔB B cells did not further increase CSR (Fig. 3.3C). 

We also measured plasmablast generation in B cells stimulated with LPS alone. The 

raptorΔB B cells showed reduced ASC generation, whereas the rictorΔB B cells were similar to 

control (Fig. 3.3C and 3.3F). Together, these genetic interventions support the conclusion that 

mTORC1 inhibition suppresses both CSR and plasmablast generation, whereas mTORC2  
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Figure 3.3 Inactivation of mTORC1 vs. mTORC2 has opposing effects on CSR. (3.3A) 

Purified resting B cells from either control (CD19Cre+/−) or rictor-flox/CD19Cre (rictorΔB) were 

subjected to Western blotting to check rictor protein levels (Left). RBC-lysed total splenocytes 

from the indicated genotypes were activated with αCD40 + IL-4 for 24 h, and intracellular 

phosphoflow (p-Flow) analysis was performed to measure mTORC1 (pS6-S240/244) and 

mTORC2 (pAKT-S473) activity. The fold change in median fluorescence intensity was 

calculated and subjected to log2 conversion to obtain p-Flow score values as previously 

described (9). Data are reported as mean ± SD [n = 3 (pAKT) or n = 2 (pS6)]. An unpaired 

Student t test was used for statistical analysis of the pAKT data. I.e., long exposure; s.e., short 

exposure. (3.3B) Purified B cells were labeled with CFSE and activated with αCD40 + IL-4 for 4 

d. The percentage of live B cells that had divided at least once (based on CFSE division history) 

expressing surface IgG1 was determined by FACS after 4 d. (3.3C, Left, Lomon So) Percentage 

of B cells expressing surface IgG1 after 4 d of activation with αCD40 + IL-4 is plotted for 

several experiments. In the +TOR-KI condition, INK128 was added at a concentration of 1–5 

3.3A 

3.3B 3.3C 

3.3D 

3.3E 
3.3F 
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nM. (3.3C, Right, Lomon So) Percentage of B cells expressing surface CD138 after 4 d of 

activation with LPS is plotted. (3.3D, Left) Western blotting was performed the same way as in A 

but with resting B cells from control (raptorfl/fl) or raptor-flox/CD21Cre (raptorΔB). (3.3D, Right) 

Intracellular p-Flow analysis to measure mTORC1 and mTORC2 activity after 24 h of αCD40 + 

IL-4 activation. Data are reported as mean ± SD (n = 3) for both pAKT and pS6. An unpaired 

Student t test was used for statistical analysis. (3.3E, Lomon So) Representative FACS plots as in 

Fig. 3.3B. (3.3F, Lomon So) Same analysis as in 3.3C. A paired Student t test was used for 

statistical analysis of both Fig. 3.3C and 3.3F. 

 

inhibition increases CSR with little effect on plasmablast generation. 

 

Discussion 

TOR-KIs are a powerful new class of compounds that inhibit both rapamycin-sensitive 

and rapamycin-resistant mTOR functions. These agents not only have great promise for clinical 

management of cancer but also represent new chemical tools for probing the function of mTOR 

kinase activity in various cell types. Here, we have used a panel of chemically distinct TOR-KIs 

to demonstrate that mTOR kinase inhibition increases the fraction of activated B cells 

undergoing antibody class switching. These results were seen at TOR-KI concentrations that 

cause transient mTORC1/2 inhibition and only partially reduced signaling after 24 h in B cells. 

The effect of AKT inhibition or partial mTORC1/2 inhibition to increase CSR requires FoxO 

transcription factors (Appendix 1). In addition, the expression of Aicda in activated B cells is 

known to be FoxO1-dependent (22), and Aicda mRNA was increased in cells treated with TOR-

KIs or AKT inhibitor. These data support the model that mTORC2 inhibition by TOR-KIs 

reduces AKT activity, increasing FoxO activity to drive the enhanced class-switching response 

in TOR-KI–treated B cells (Fig. 8, Appendix 1). This model is consistent with previous studies 

showing that PI3K activity suppresses CSR through AKT-dependent inactivation of FoxO1, 

whereas PI3K inhibition or FoxO activation promotes CSR (22, 25). 
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The enhanced production of class-switched antibodies by mTORC1/mTORC2 inhibition 

is surprising, considering the well-known immunosuppressive activity of rapamycin and the 

impaired survival and differentiation of mouse B cells lacking mTOR (6). Our in vitro studies 

establish the importance of using intermediate doses of competitive mTOR inhibitors that 

transiently inhibit both mTORC1 and mTORC2. At higher concentrations, TOR-KIs sustain 

mTOR inhibition and block B-cell proliferation to a similar degree as rapamycin, probably 

through strong mTORC1 inhibition (Fig. 8, Appendix 1). Supporting the model that TOR-KIs 

increase CSR via mTORC2 inhibition, genetic loss of mTORC2 (via partial rictor deletion) 

causes increased CSR that is not elevated further by TOR-KI treatment. Our findings contrast 

with a recent report that deletion of rictor in B cells reduces survival and proliferation, and 

impairs class switching (7). It appears that these systems achieve differential efficiency of rictor 

deletion. Boothby and coworkers (7) obtained efficient deletion using Vav-Cre, where rictor is 

deleted in all hematopoietic cells, or using an inducible Cre (fused to the estrogen receptor 

hormone binding domain) by which chronic in vivo tamoxifen treatment directs rictor deletion in 

all cell types. We used CD19Cre, which mediated partial deletion of rictor in B cells and partial 

but not complete loss of mTORC2 signaling. Partial rictor deletion allowed B cells to survive 

and proliferate, and led to enhanced class switching. The results we obtained with rapamycin 

titrations are consistent with recent evidence that mTORC1 inhibition can suppress CSR 

independent of proliferation (10) (Fig. 8, Appendix 1). An interesting finding is that when both 

complexes are partially inhibited by intermediate concentrations of TOR-KIs, the effect of 

mTORC2 inhibition is dominant for CSR (enhancement), whereas mTORC1 inhibition is 

dominant for ASC generation (inhibition). 
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While these studies demonstrated that the mTORC2 effects are mediated through 

AKT/FoxO, the roles of the downstream effectors of mTORC1 are not characterized which I 

investigated further in Chapter 4 of this thesis.  
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CHAPTER 4 

The mTORC1/4E-BP/eIF4E Axis Promotes Antibody Class Switching in B Lymphocytes 

Abstract 

During an adaptive immune response, activated mature B cells give rise to antibody 

secreting plasma cells to fight infection. B cells undergo antibody class switching to produce 

different classes of antibodies with varying effector functions. The mammalian/mechanistic 

target of rapamycin (mTOR) signaling pathway is activated during this process and disrupting 

mTOR complex-1 (mTORC1) in B cells impairs class switching by a poorly understood 

mechanism. In particular, it is unclear which mTORC1 downstream substrates control this 

process. Here we used an in vitro murine model in which the mTORC1 inhibitor rapamycin, 

when added after a B cell has committed to divide, suppresses class switching while preserving 

proliferation. Investigation of mTORC1 substrates revealed a role for eukaryotic translation 

initiation factor 4E (eIF4E) and eIF4E-binding proteins (4E-BPs) in class switching. 

Mechanistically, we show that genetic or pharmacological disruption of eIF4E binding to eIF4G 

reduced cap-dependent translation, which specifically affected the expression of activation-

induced cytidine deaminase (AID) protein but not Aicda mRNA. This translational impairment 

decreased antibody class switching independently of proliferation. These results uncover a 

previously undescribed role for mTORC1 and the 4E-BP/eIF4E axis in AID protein expression 

and antibody class switching in B cells, suggesting that cap-dependent translation regulates key 

steps in B cell differentiation.  
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Introduction 

During a response to infection, B cells become activated to produce different isotypes of 

antibodies with varying effector functions (1). Early in the immune response, some activated B 

cells differentiate into plasmablast cells that mainly secrete low affinity immunoglobulin M 

(IgM) antibodies. Others become germinal center B cells and through T-cell-dependent 

interactions undergo class switch recombination (CSR) to produce other classes of antibodies 

including IgG, IgA and IgE. During the germinal center reaction, they can also undergo somatic 

hypermutation (SHM) to diversify and produce higher affinity antibodies. The resulting B cells 

that survive selection will then either become plasma cells that secrete these antibodies to fight 

off the infection or become long-lived memory B cells that initiate a faster response during a 

second infection. 

Class switching is initiated when the B cell receptor (BCR) recognizes antigen and B 

cells are further stimulated through CD40 and cytokine receptors. All of these signals activate 

the mammalian (also known as mechanistic) target of rapamycin (mTOR). This ubiquitously 

expressed serine/threonine kinase integrates receptor and nutrient signals to promote many 

cellular processes including mRNA translation, lipid biogenesis, and nucleotide synthesis. The 

mTOR kinase forms two complexes, mTOR complex 1 (mTORC1) defined by the Raptor 

subunit and mTORC2 defined by the Rictor subunit. A major function of mTORC2 is to 

phosphorylate AKT, a kinase that promotes survival and metabolic reprogramming. mTORC1 is 

activated downstream of PI3K and AKT and phosphorylates many substrates to promote 

biosynthetic pathways that support cell growth. Key mTORC1 substrates include S6 kinases and 

a family of mRNA translation inhibitors known as eIF4E-binding proteins (4E-BPs). 

Phosphorylation of 4E-BPs by mTORC1 leads to the formation of the eIF4F translational 
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initiation protein complex composed of the cap-binding protein eIF4E, eIF4A helicase and 

eIF4G scaffold that promote cap-dependent mRNA translation. 

The immunosuppressive drug rapamycin (Rap), which allosterically binds and inhibits 

mTORC1 formation, has long been known to be a potent inhibitor of B cell antibody production 

(2). Due to the profound anti-proliferative effect of Rap on both B and T cells, it has been 

difficult to uncouple the roles of mTORC1 in B cell proliferation and differentiation. However, 

several studies have now presented conclusive evidence that mTORC1 activity is dynamically 

regulated in germinal center (GC) B cells (3, 4), and that mTORC1 has a B cell-intrinsic role to 

promote antibody class switching from IgM to IgG and other isotypes (5–8). While these 

findings highlight the important role of mTORC1 in B cell differentiation, the mechanism by 

which mTORC1 promotes class switching has not been addressed. Specifically, a key question is 

which mTORC1 downstream effectors control B cell commitment to isotype switching. 

Mechanistic investigation of eIF4E activity using both genetic and pharmacological tools show 

that inhibiting eIF4E decreases antibody class switching and AID protein. Our findings suggest 

that cap-dependent translation plays a role in class switched antibody production and is a novel 

mechanism of regulating AID and B cell differentiation. 

 

Methods and Materials 

Mice and reagents  

C57Bl/6J (B6) mice were bred at the University of California, Irvine, and used at between 6 and 

12 weeks of age. All animals were studied in compliance with protocols approved by the 

Institutional Animal Care and Use Committees of the University of California, Irvine. Mice 

carrying an AID-GFP reporter on a B6 background were obtained from the Jackson Laboratory 
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(stock number 018421). Mice harboring a transgenic allele encoding a constitutively active form 

of 4E-BP (4E-BP1M) under a tetracycline-responsive element were provided by our collaborator 

Davide Ruggero (UCSF) and described previously (9, 10). These mice were crossed to a strain 

harboring an optimized form of rtTA (rtTA-M2) inserted downstream of the Rosa26 promoter, 

which was purchased from the Jackson Laboratory (stock number 006965). MLN0128 and MK-

2206 were purchased from Active Biochem. Rapamycin was purchased from Cell Signaling 

Technology. S6K1 inhibitor LY294002 was purchased from Tocris Bio. SBI-756 was provided 

by our collaborator Ze’ev Ronai (Sanford Burnham Prebys Institute) and synthesized as 

described (11). Inhibitors were included throughout the indicated cell treatment periods. 

 

Mouse B cell culture 

Splenic B cells were purified by negative selection (eBioscience Magnisort Mouse B cell 

enrichment kit). B cell purity measured by FACS analysis (FACSCalibur and CellQuest 

software; BD Biosciences) using anti-B220 antibody (Biolegend) yielded >95% B220+. Purified 

B cells were seeded at a final concentration of 1.5 x 10^6 cells per milliliter. For class switching 

experiments, B cells were stimulated 5 μg/mL anti-CD40 (HM40-3) agonistic antibody 

(eBioscience), or 5 μg/mL LPS (Sigma), together with 5 ng/mL mIL-4 (R&D Systems) for 96 h 

to induce switching to IgG1. 5 μg/mL LPS (Sigma) induced switching to IgG3. 5 μg/mL LPS 

(Sigma) with 5 ng/mL mIL-4 (R&D), 5 ng/mL mIL-5 (Tonbo Bioscience), 5 nM retinoic acid 

(Sigma Aldrich) and 5 ng/mL TGF-β (Thermo Fisher Scientific) induced switching to IgA. All 

cells were cultured with RPMI 1640 supplemented with 10% (vol/vol) heat-inactivated FCS, 5 

mM Hepes, 2 mM L-glutamine, 100 units/mL penicillin, 100 μg/mL streptomycin, 50 μM 2-

mercaptoethanol.  
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Western Blotting Analysis 

Phospho-AKT S473 (Cell Signaling), phospho-S6 S244/240 (Cell Signaling), phospho-4E-BP-1 

T37/46 (Cell Signaling), and AID (eBioscience) protein on western blots were analyzed using 

ImageJ to quantitate signal of each band. Signal was normalized with actin measurements and 

fold change was calculated using the stimulated/no drug control.  

 

Immunizations 

Mice were immunized i.p. with 100 μL of a final count of 5 x 108 washed SRBCs (Innovative 

Research) and sacrificed 8 days after immunization. Mice were immunized with 100 μL of 

NP(18)-LPS (Biosearch Technologies) mixed at a 1:1 ratio with Imject alum (Pierce) at a final 

concentration of 0.05 mg/mL and sacrificed on day 10. Mice were injected i.p. with 100 μL PBS 

vehicle, 100 μL at 1 mg/kg, 0.3 mg/kg or 0.075 mg/kg Rapamycin. Blood was collected for 

serum and spleen was harvested for measuring germinal center and T follicular helper cells.  

 

SRBC-antibody flow cytometry assay 

Serum SRBC-antibody production was measured as described in (12).  

 

Immunoglobulin ELISA 

For ELISA to measure NP-IgM, Nunc Maxisorp plates (Thermo Fisher) were coated with anti-

NP at 10 μg/mL in 50 μL of total sample in PBS and allowed to incubate overnight at 4 °C. 

Serum was harvested from mice and diluted 1:100 in 2% (wt/vol) BSA in PBS and incubated on 
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coated plates for 1 h at 37 °C. HRP-conjugated rabbit anti-mouse IgM secondary antibody 

(Zymed) was used.  

 

Flow cytometry, CFSE labeling, and antibodies  

Cells were incubated with TruStain fcX in FACS buffer (0.5% BSA + 0.02% NaN3 in 1× HBSS) 

for 10 min on ice. Staining with antibodies was performed with FACS buffer and on ice for 20 

min. Flow cytometry antibodies and other reagents used: B220 (eBioscience, RA3-6B2), IgG1 

(BD, A85-1), IgG3 (BD, R40-82), IgA (BD, Cl0-3), IgD (Biolegend, 11-26c.2a), and 7-

Aminoactinomycin D (Invitrogen). CFSE or eFluor 670 labeling of B cells was performed by 

resuspending cells to a concentration of 10 × 106 cells per mL with a concentration of 2.5 μM. 

Flow cytometric data were analyzed using FlowJo software (TreeStar). 

 

Proximity Ligation assay 

eIF4E-eIF4G interactions were detected in situ using the DuoLink detection kit (Sigma Aldrich) 

according to manufacturer instructions. Mouse anti-eIF4E (BD Biosciences) and Rabbit anti-

eIF4G (Cell Signaling) primary monoclonal antibodies were used. Confocal images were 

acquired on a Leica SP8 fluorescence microscope using the UV laser for DAPI and an excitation 

laser of 561. PLA and DAPI signal areas were measured by ImageJ. Fold change relative to 

vehicle was quantified with PLA signal divided by DAPI signal. 

 

Luciferase assay 

Cap-dependent translation was measured using the luciferase reporter construct pRSTF-CVB3 

containing the 5’ non-coding region of the Coxsackie B3 virus cloned between the firefly and 
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renilla luciferase (13). The construct was electroporated in serum-free media and cells recovered 

in complete RPMI media for 2 hours followed by inhibitor treatment for 8 hours. Following 

treatment, cells were lysed and renilla and firefly luciferase expression were measured using the 

Dual luciferase assay kit (Promega) using a luminometer. Renilla luciferase expression was 

normalized to Firefly luciferase expression and results were expressed relative to vehicle treated.  

 

RNA Extraction, RT, and Quantitative RT-PCR 

RNA was extracted using TRIzol reagent (Invitrogen), followed by purification with Quick-RNA 

MiniPrep according to the manufacturer’s protocol (Zymo Research). For Aicda, purified B cells 

were stimulated with αCD40+IL-4, LPS+IL-4, or LPS for 72 hours. For germline transcripts Iγ-

Cγ, Iγ3-Cγ3, and Iα-Cα, B cells were stimulated for either 48 hours before harvesting, or with 

48hr Rap treatment, an additional 24 hours for a total of 72 hours. cDNA synthesis was carried 

out on 300 ng to 1 μg of total RNA using iScript Reverse Transcription Supermix (BioRad) for 

RT-quantitative PCR (qPCR). Gene expression of Aicda or germline transcripts was performed 

using iTaq Universal SYBR Green Supermix (BioRad), appropriate primers, and StepOnePlus 

Real-Time PCR System by Applied Biosystems. Mouse L32 was used as the housekeeping gene. 

Ratio of gene expression change was determined by the delta-(delta-Ct) method.  

The following primers were used for qPCR: 

Aicda forward primer 5′-TGCTACGTGGTGAAGAGGAG-3′ and reverse primer 5′-

TCCCAGTCTGAGATGTAGCG-3′, mL32 forward primer 5′-AAGCGAAACTGGCGGAAAC-

3′ and reverse primer 5′-TAACCGATGTTGGGCATCAG-3′, Iγ-Cγ forward primer 5’-

TCGAGAAGCCTGAGGAATGTG 3’and reverse primer 5’- 

GGATCCAGAGTTCCAGGTCACT-3’, Iγ3-Cγ3 forward primer 5’- 
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GAGGTGGCCAGAGGAGCAAGAT-3’ and reverse primer 5’- 

AGCCAGGGACCAAGGGATAGAC-3’, and Iα-Cα forward primer 5’-

CAAGAAGGAGAAGGTGATTCAG-3’ and reverse primer 5’-

GAGCTGGTGGGAGTGTCAGTG-3’ 

 

FOXO nuclear localization assay 

Mouse splenic B cells were stimulated with LPS+IL-4 for 48 hours and treated with inhibitors 

for 4 hours before harvesting. Cells were then fixed in 4% PFA and stained with anti-B220 PE 

and rabbit anti-FOXO (Cell Signaling) primary and anti-rabbit secondary. Cells were then 

stained with Hoescht before collection. Samples were analyzed using Amnis ImageStream Mark 

II Imaging Flow Cytometer (Millipore). FOXO nuclear localization was analyzed using the 

IDEAS software onboard Nuclear Localization Wizard algorithm. Ratio of Nuclear to 

Cytoplasmic was determined and expressed as fold change to vehicle.  

 

Results  

mTORC1 regulates antibody class switching independently from proliferation 

Antibody class switching occurs after activated B cells commit to proliferation (14–17). 

Since rapamycin inhibits B cell proliferation, further studies were required to establish a 

separable role for mTORC1 in switching. Experiments in which mice were treated with low 

doses of Rap after viral infection provided evidence that partial mTORC1 inhibition selectively 

affects class switching while preserving or enhancing IgM responses that also require B cell 

clonal expansion (6, 8). In accord, we found that low dose Rap suppressed IgG1 production and 

GC B cell percentage without reducing IgM responses in mice immunized with the T-dependent  
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Figure 4.1 Low concentrations of rapamycin reduce IgG1 production during SRBC 

immunization. Mice were immunized with a T-dependent antigen, sheep red blood cells 

(SRBC) and treated for 7 days i.p. with vehicle control PBS, a low Rap dose of 75 μg/kg that has 

been shown to preserve lymphocyte activation, or an immunosuppressive dose of 1mg/kg. Serum 

was obtained from mice on day 8 and SRBC-specific IgG1 (4.1A) and IgM (4.1B) production 

were measured by flow cytometry as described in (12). Significance was calculated using two-

way ANOVA with Sidak multiple comparison test. (4.1C) Percentage of spleen cells with 

germinal center (B220+GL7+Fas+) and T follicular helper cell (CXCR5+PD-1+CD4+) 

phenotype were analyzed by flow cytometry. (4.1D-4.1F) Mice were immunized with 5 μg NP-

LPS and treated for 10 days with PBS, 75 μg/kg, 300 μg/kg or 1mg/kg Rapamycin by IP 

injection daily. (4.1D) Percentage of spleen cells with germinal center (B220+GL7+Fas+) 
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phenotype and (4.1E) %IgG1+B220+ cells were analyzed by flow cytometry. (4.1F) NP-specific 

serum IgM was measured by ELISA. Significance was calculated using one-way ANOVA with 

Newman Keuls multiple comparison test. (*P<0.05; **P<0.01; ***P<0.001; ****P<0.0001) 

 

antigen sheep red blood cells (SRBC) (Fig. 4.1A-4.1C) or the T-independent antigen NP-LPS 

(Fig. 4.1D-4.1F). Another study found that deletion of raptor in B cells post-activation (using 

C1-Cre) suppresses switching to IgG1 while preserving IgM responses in vivo (7). Together 

these findings support the conclusion that mTORC1 promotes class switching in a manner 

independent from proliferation. This is an important distinction because it may be possible to 

develop inhibitors of mTORC1 downstream effectors to selectively modulate B cell 

differentiation without the broad immunosuppressive effects of rapamycin. 

We sought to apply in vitro methods to study the B cell-intrinsic effects of different 

genetic and pharmacological perturbations on antibody class switching. Stimulation of purified B 

cells in vitro with αCD40+IL-4 or LPS+IL-4 mimics T cell-dependent or T cell-independent 

signals (18, 19), respectively, to induce switching to IgG1. By labeling B cells with the cell 

division tracker CFSE prior to activation, it is possible to control for differences in proliferation 

by gating on divided cells (CFSE-lo). In B cells stimulated with αCD40+IL-4, Rap caused a 

dose-dependent decrease in switching to IgG1 among divided cells (Fig. 4.2A). We used the 

cyclin-dependent kinase inhibitor palbociclib to suppress proliferation (Fig 4.2A) without 

affecting mTORC1 signaling (Fig. 4.2B). Notably, palbociclib did not reduce the % IgG1+ 

among the residual dividing cells (Fig. 4.2A). These data confirm that the ability of rapamycin to 

suppress switching is not due simply to slower proliferation. 

To identify conditions where complete mTORC1 inhibition does not block proliferation, 

we tested different time points at which we added 20 nM Rap or 50 nM MLN0128 (a dual 

mTORC1/mTORC2 inhibitor, referred to as INK128 in previous chapters). We stimulated  
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Figure 4.2 mTORC1 control of IgG1 switching is not due to inhibition of division. (4.2A) 

Purified mouse splenic B cells were stimulated with αCD40+IL-4 and treated with rapamycin or 

the CDK4/6 inhibitor Palbociclib at the indicated concentrations. The percent of live B cells that 

have divided at least once (based on CFSE dilution; CFSE-low) expressing IgG1 was determined 

by flow cytometry at 96h. (4.2B) Intracellular staining of p-S6 and p-4E-BP-1 was measured by 

flow cytometry. (4.2C-4.2D) Cells were stimulated with αCD40+IL-4, LPS+IL-4, LPS alone, or 

LPS+IL-4+IL-5+TGF-β+RA. (4.2C) Percent of live B cells that have divided at least once 

expressing IgG1, IgG3, IgA and (4.2D) IgD was determined by flow cytometry at 96h. Data are 

representative of three or more experiments and shown as mean ±SD. Significance was 

calculated using a paired two-tailed student’s t test. (*P<0.05; **P<0.01; ***P<0.001) 

 

splenic B cells with αCD40+IL-4 or LPS+IL-4 and added the inhibitors at the same time as 

activation (0hr addition), or 24 hours after activation (24hr addition), or 48 hours after activation 

(48hr addition) (Fig. 4.2B, S4.1A). 0hr addition completely blocked division as expected, while 

24hr addition partly reduced division and 48hr addition had no effect (Fig. S4.1A). Western blot 

confirmed that 48hr addition Rap reduced p-S6 and partially inhibited 4E-BP2 phosphorylation 
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while the mTOR kinase inhibitor MLN0128 completely reduced S6, 4E-BP1, 4E-BP2, and AKT 

phosphorylation (Fig. S4.1B). Nevertheless, the B cells were still able to divide and seemed to 

have committed to cell cycle progression as seen by cyclin D2 expression; 0hr rapamycin 

addition decreased cyclin D2 measured 4 hours after activation, whereas Rap added at 48 hours 

did not affect ongoing cyclin D2 expression (Fig. S4.1C). 48hr addition of Rap significantly 

decreased %IgG1+ in divided cells compared to 0.1% DMSO control (Fig. 4.2C, Fig. S4.1D); 

similar effects were observed over a range of LPS and IL-4 concentrations (Fig. S4.2). 48hr 

addition of MLN0128 did not affect %IgG1+ (Fig. S4.1D), probably due to opposing effects of 

mTORC1 and mTORC2 inhibition on CSR (5). 

We also tested other stimuli that promote switching to IgG3 (LPS alone) or IgA 

(LPS+IL-4+IL-5+TGF-β+Retinoic Acid; henceforth referred to as IgA stimuli). 48hr Rap 

addition reduced %IgG3+ in B cells activated with LPS but did not significantly decrease 

switching to IgA (Fig. 4.2C). Overall, this suggests that the role of mTORC1 in switching is 

confined to a subset of isotypes but not selective to only IgG1. 

To exclude the possibility that the lower percentage of IgG+ cells was due to reduced 

translation of Ig mRNAs, we measured the surface expression of IgG1 (determined by mean 

fluorescence intensity, MFI) in cells that did switch following Rap treatment. Notably, the MFI 

was not lower than the vehicle treated cells (121.1 ± 40.6 vs. 109 ± 34.1) (Fig. 4.2C). We also 

assessed the percentage of non-switched B cells (IgD+) and found that 0hr and 48hr addition of 

Rap increased %IgD+ cells following αCD40+IL-4, LPS+IL-4, or LPS but not IgA stimulation 

(Fig. 4.2D). This suggests that Rap reduces switching overall rather than rerouting the switch to 

other antibody isotypes. 
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Figure 4.3 Glutamine deprivation reduces switching to IgG1. Cells were stimulated with 

αCD40+IL-4 or LPS+IL-4 in media with different glutamine concentrations as indicated. Percent 

IgG1 of the divided cells (4.3A) and percent divided (4.3B) is graphed. (4.3C) Cells were 

stimulated with LPS+IL-4 in media with indicated glutamine concentrations and inhibitors for 24 

hours before harvesting for western. p-S6 signal was quantified over multiple experiments. 

(4.3D) Cell size was determined by flow cytometry at 24, 48 and 72 hours. (4.3E) %IgG1 gating 

on Peak 3 was determined by flow cytometry at 96h.  
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Since mTORC1 is a sensor of environmental inputs including nutrients and growth 

factors, we wanted to test the effect of physiological mTORC1 inhibition by nutrient restriction. 

Glutamine is used as an energy source by activated lymphocytes (20) and is also required for 

import of essential amino acids that activate mTORC1 (21). B cells require glutamine to 

proliferate and undergo Ig synthesis (22); however, the effect of glutamine restriction on 

antibody class switching has not been tested. Typical lymphocyte cell culture media contains 4 

mM of glutamine. We found that 1 and 2 mM glutamine still preserved proliferation and class 

switching (%IgG1+) (Fig. 4.3A, 4.3B). Complete glutamine withdrawal strongly reduced 

proliferation and %IgG1. As glutamine concentration increased to 0.4 mM, proliferation was 

mostly restored while switching to IgG1 was still reduced, similarly to low concentrations of 

rapamycin. B cells stimulated in 0.25mM glutamine had reduced mTORC1 activity as measured 

by pS6 and cell size (Fig. 4.3C, 4.3D). Gating on cells in the third division confirmed that 

decreasing glutamine impairs switching to %IgG1 among cells that have divided similarly (Fig. 

4.3E). Overall, these results demonstrated that chemical (Rap) or physiological (glutamine 

deprivation) inhibition of mTORC1 suppresses class switching independently from proliferation. 

 

Targeting eIF4E function reduces antibody class switching 

Two major mTORC1 downstream effectors are known to regulate gene expression: S6Ks 

and the 4E-BP/eIF4E axis. We assessed the role of these pathways in Ig class switching. To test 

the effects of S6K inhibition, we treated B cells with an S6K1-selective inhibitor (S6K1i) and 

confirmed reduced phosphorylation of the direct S6K substrate, ribosomal protein S6 (Fig. 

S4.3A). S6K1 inhibition also caused increased p-AKT that frequently occurs due to loss of 

feedback (not shown). S6K1 inhibition significantly reduced switching to IgG1 following  
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Figure 4.4 Genetic targeting of eIF4E activity reduces antibody class switching. (4.4A) (1-2) 

Model of 4E-BP and eIF4E signaling. (3) Genetic and (4) pharmacological approaches to inhibit 

eIF4E activity. (4.4B, 4.4C) Purified mouse splenic B cells from control mice or DOX-inducible 

4E-BP mutant mice were stimulated with αCD40+IL-4 and tested for (4.4B) transgene 

expression by western and (4.4C) IgG1 switching among divided B cells. (4.4D) B cells 

stimulated under the conditions indicated for treated at 48hr with titrations of DOX. The percent 

of live B cells that have divided at least once (measured by CFSE or eFluor670) expressing 

IgG1, IgG3, or IgA was determined at 96hr. Data are representative of three or more experiments 

and shown as mean ±SD. The histograms on the right show cell division tracking by CFSE in 

cells treated with different concentrations of DOX. (4.4B) Cells were stimulated 48 hours then 

treated with inhibitors as indicated and harvested at 54 hours. Western blotting confirmed 4E-BP 

mutant expression.  

 

αCD40+IL-4 or LPS+IL-4 stimulation but had no effect in LPS (IgG3) or IgA stimulating 

conditions (Fig. S4.2B). These results suggest that S6K1 activity contributes to mTORC1-driven 

switching under some conditions. Interestingly, S6K1 inhibition partially blocked proliferation 

with α-CD40+IL-4 but not in cells stimulated with LPS+IL-4 (Fig. S4.2C).  
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* Paired one-tailed t-test  

+ N = 2 

Next, we investigated the role of the 4E-BPs, a family of mTORC1 substrates that in non-

phosphorylated forms compete with eIF4G for the same binding domain of eIF4E and inhibit 

eIF4F complex formation. We previously showed that Rap inhibits eIF4E function in 

lymphocytes more than other cell types, in part due to expression of the 4E-BP2 isoform that is 

more rapamycin sensitive than 4E-BP1 (9) and (Fig. S4.1B). Thus, to test the role of eIF4E in 

class switching, we used transgenic mice in which a mutant form of 4E-BP1 (4E-BP1M) can be 

inducibly expressed by doxycycline (DOX) treatment. The 4E-BP1M protein has five S/T sites 

changed to alanine, such that the protein can no longer be phosphorylated by mTORC1. 4E-

BP1M binds more avidly to eIF4E and inhibits initiation of cap-dependent translation regardless 

of mTORC1 activity (Fig. 4.4A). When 4E-BP1M is induced prior to B cell activation, 

proliferation is strongly suppressed (9). Therefore we used a late addition of DOX (48hr) and 

confirmed 4E-BP1M protein expression by western blotting (Fig. 4.4B). In B cells stimulated 

with αCD40+IL-4 or LPS+IL-4 and treated at 48hr addition of increasing DOX concentrations, 

4E-BP1M reduced %IgG1+ without reducing proliferation (Fig. 4.4C, 4.4D). 4E-BP1M 

expression also reduced %IgG3+ but not %IgA+ (Fig 4.4D, Table 4.1). 

 

Table 4.1 Summary of results by antibody isotype  
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Figure 4.5 Pharmacological targeting of eIF4E activity with SBI-756 reduces antibody class 

switching. Cells were stimulated then treated with various concentrations of SBI-756 at 0 hrs 

(4.5A), or at 48 hrs after activation (4.5B). Percent of live B cells that have divided at least once 

expressing (4.5C) IgG1, IgG3, IgA and (4.5D) proliferation by CFSE or eFluor670 were 

measured at 96 hours by flow cytometry. Data are representative of three or more experiments 

and shown as mean ±SD. Significance was calculated using a paired one tailed student’s t test. 

(*P<0.05; **P<0.01; ***P<0.001) 
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To complement this genetic model, we tested the compound SBI-756 which binds the 

scaffolding protein eIF4G and prevents its interaction with cap-binding protein eIF4E in 

melanoma cells (11). In B cells stimulated with LPS+IL-4, 150 nM SBI-756 partially reduced 

switching to IgG1 while proliferation was mainly preserved (Fig. 4.5A). As SBI-756  

concentration was increased, switching and proliferation were reduced further (Fig. 4.5A). We 

also tested 48hr addition of SBI-756 (Fig. 4.5B). Again, switching to IgG1 or IgG3 but not IgA 

was significantly reduced (Fig. 4.5C, Table 4.1). SBI-756 did slightly reduce cell accumulation 

under LPS+IL-4 and IgA stimulating conditions, however the number of cell divisions was 

similar under all conditions (Fig. 4.5D). Hence, direct inhibition of eIF4F function does not 

affect ongoing B-cell proliferation, yet specifically inhibits Ig class switching. This selective 

effect is consistent with previous studies showing that 4E-BP/eIF4E axis affects the translation 

of subsets of specific mRNAs in a cell context-specific manner (23–25). 

 

Rapamycin and SBI-756 disrupt cap-complex formation 

To confirm that SBI-756 disrupts the cap-binding complex and to assess the effect of 

Rap, we used an in situ proximity ligation assay (PLA) (26). Analysis by confocal microscopy 

allows visualization and quantitation of the interactions between eIF4E and eIF4G (Fig. 4.6A) in 

activated B cells. We stimulated B cells with LPS+IL-4 and used the mTOR kinase inhibitor, 

MLN0128, as a control since this compound strongly disrupts eIF4E interaction with eIF4G (9). 

MLN0128 (100 nM), Rap (2 nM or 20 nM) and SBI-756 (300 nM) all significantly reduced 

eIF4E:eIF4G association compared to DMSO vehicle control (Fig 4.6A). In activated B cells 

treated with Rap or SBI-756 at 48hr and tested 4hr later, we observed trends of reduced PLA 

signal that were not statistically significant (data not shown). To increase sensitivity, we  
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Figure 4.6 Inhibitors that reduce switching disrupt cap-complex formation. (4.6A) eIF4E-

eIF4G interactions detected by proximity ligation assay (PLA) in purified mouse splenic B cells 

that were treated with inhibitors as indicated and stimulated with LPS+IL-4 for 48 hours before 

fixing and permeabilizing. Interactions are visualized as red signal. Nuclei are stained with DAPI 

(blue). 5 images in separate fields were taken for each condition. All data are shown as binary 

area analysis of PLA/DAPI ±SD. Fold change was calculated by normalizing to vehicle. Each 

point represents one independent experiment. Significance was calculated using a paired one 

tailed student’s t test (*P<0.05; **P<0.01; ***P<0.001). (4.6B) We stimulated B cells for 48 

hours with LPS+IL-4 and used a bicistronic dual Renilla-Firefly luciferase reporter construct to 

measure cap-dependent translation (Renilla luciferase) relative to cap-independent, polio IRES 

mediated translation (firefly luciferase) as an internal control. Each point represents one 

independent experiment. Fold change was calculated using vehicle condition. Significance was 

calculated using a paired one tailed student’s t test. (*P<0.05; **P<0.01; ***P<0.001) 

 

performed a dual luciferase reporter assay using a bicistronic dual Renilla-Firefly luciferase 

reporter construct. This construct measures cap-dependent translation by synthesis of the Renilla 
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luciferase as well as cap-independent, polio IRES mediated translation by synthesis of firefly 

luciferase as an internal control. In B cells activated with LPS+IL-4, 48hr addition of Rap or  

SBI-756 significantly reduced cap-dependent translation by 30-40% compared to vehicle (Fig. 

4.6B). 

 

Rapamycin and SBI-756 reduce AID protein but not Aicda mRNA 

Overall, these results suggest that cap-dependent translation is necessary for CSR. To 

identify at which step of the recombination event the mTORC1/eIF4E axis is involved, we first 

investigated the production of germline transcripts. When a B cell is activated, secondary signals 

such as IL-4, TGF-β and IFN-γ can direct the class of antibody to switch by promoting 

production of non-coding sterile RNAs (germline transcripts) encoded by the DNA of the 

accepter switch region. During transcription elongation of the region, the chromatin becomes 

more accessible for the CSR machinery to facilitate recombination to the targeted switch region 

(27). Using RT-PCR we measured germline transcripts Iγ-Cγ, Iγ3-Cγ3, and Iα-Cα, which are 

produced from IgG1, IgG3, and IgA switch regions respectively. As expected, Iγ-Cγ was 

detected under αCD40+IL-4 or LPS+IL-4 stimulating conditions but not under IgG3 (LPS only) 

or IgA conditions (Fig. S4.4A). Similarly, Iγ3-Cγ3 and Iα-Cα were detected only under IgG3 or 

IgA switching conditions, respectively. In all conditions, 0hr addition of Rap strongly inhibited 

germline transcript production (Fig. S4.4A), consistent with a study of Raptor-deficient B cells 

(7). S6K1 inhibition reduced Iγ-Cγ transcripts in B cells stimulated with LPS+IL-4 (Fig. S4.3D), 

suggesting a novel role for S6K1 in mTORC1-driven germline transcription under these 

conditions. However, the S6K1 inhibitor did not reduce germline transcripts under αCD40+IL-4, 

IgG3 or IgA switching conditions (Fig. S4.4D). We also tested 48hr addition of Rap or SBI-756 
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which only reduced germline transcript production in LPS+IL-4 and IgA stimulating conditions 

but not with αCD40+IL-4 or LPS (Fig. S4.4B).  These results did not follow the same trends in 

our flow-based class switching experiments (Table 4.1). This lack of correlation suggest that 

germline transcript production is not the mechanism by which mTORC1 activity and cap-

dependent translation regulates class switching at the 48hr timepoint.  

Class switching requires activation-induced cytidine deaminase (AID), a DNA mutator 

protein that initiates CSR by introducing mutations into the targeted switch regions of the Ig 

heavy chain locus (28, 29). Western blotting (Fig. 4.7A) showed that Rap added at 0hr or 48hr 

timepoints after LPS+IL-4 stimulation significantly reduced AID protein amounts. We used a 

GFP knock-in reporter of AID (AID-GFP mice) (30) to measure AID protein amounts using flow 

cytometry. Under all stimulating conditions, we found that 0 hr addition of a low concentration 

of Rap (0.2 nM) reduced AID expression per cell and that 48hr addition of Rap or SBI-756 also 

significantly reduced expression (Fig. 4.7B-C, Table 4.1). The AKT inhibitor MK-2206 was 

used as a control to increase AID expression (5). 

Reduced AID expression under IgA conditions was surprising given that 48hr addition of 

Rap or SBI-756 did not affect switching to IgA. We tested the effect of adding Rap at earlier 

timepoints (24, 40, and 44 hr) and found that switching to IgA was minimally affected even 

when Rap reduced proliferation (Fig. S4.5A). However, Rap did reduce %IgG3+ in the same 

experiment, suggesting that the reduction in AID mainly affects switching to other isotypes 

under the IgA stimulating conditions (Fig. S4.5B). 

To determine if AID expression is regulated post-transcriptionally in activated B cells, 

we compared changes to Aicda mRNA and AID protein. Under LPS+IL-4 stimulating  
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Figure 4.7 48 hour addition of Rap or SBI-756 reduces AID protein but not Aicda mRNA. 

(4.7A) B cells were purified and stimulated with LPS+IL-4 for 48 hours then treated with 

inhibitors as indicated. MK-2206 is an AKT inhibitor. In lanes 2-4 and 6, cells were harvested at 

72 hours. Lane 5 cells were activated for 48 hours then treated with Rapamycin for an additional 

48 hours before harvesting. AID amounts and 4E-BP phosphorylation were quantitated by 

western. (4.7B, 4.7C) B cells were purified from AID-GFP mice and stimulated with LPS+IL-4, 

αCD40+IL-4, LPS, or LPS+IL-4+IL-5+TGF-β+RA and treated with inhibitors as indicated. 

Divided cells were gated on eFluor670-lo cells and AID-GFP MFI among divided cells was 

analyzed at 96 hrs using flow cytometry. (4.7D) Purified B cells were stimulated with left to 

right: LPS+IL-4, αCD40+IL-4, or LPS and treated with inhibitors as indicated. Cells were 

harvested at 72 hours to measure Aicda mRNA by RT-qPCR. Each point represents one 

individual experiment. Fold change was calculated in comparison to vehicle treated. Significance 

was calculated using a paired one tailed student’s t test. (*P<0.05; **P<0.01; ***P<0.001) 

 

conditions, 0hr addition of Rap strongly reduced Aicda mRNA (Fig. 4.7D), consistent with 

studies of B cells lacking Raptor (7). However, 48hr Rap addition had a lesser effect, and did not 



 

84 
 

reduce Aicda mRNA under αCD40+IL-4 or LPS stimulating conditions. Notably, 48hr addition 

of SBI-756 did not reduce Aicda mRNA under any switching conditions. Considering that Foxo 

proteins promote Aicda transcription (31) and Rap treatment can lead to increased AKT activity, 

we used ImageStream analysis to determine whether Rap reduced nuclear localization of Foxo1 

in activated B cells (Fig. S4.6A). Instead we found that 48hr addition of either Rap or SBI-756 

had the opposite effect, increasing the ratio of nuclear:cytoplasmic Foxo1 (Fig. S4.6B).  

Together these data suggest that the reduction in AID protein is not due to a decrease in Aicda 

transcription.  

 

Discussion  

 Following the initial discovery of rapamycin as a potent immunosuppressant over 40 

years ago (32), this natural product was found to inhibit proliferation and impair differentiation 

of both T and B lymphocytes (2, 33, 34). High doses of rapamycin profoundly impair antibody 

production (35), yet low doses have a selective effect on class switched antibody responses (6–

8). mTORC1 is dynamically regulated in GCs (3) and responsive to environmental conditions 

such as hypoxia (4); furthermore, genetic deletion of Raptor has established that the mTORC1 

complex has a B cell-intrinsic role in antibody class switching (7). However, the mechanisms by 

which mTORC1 regulates class switching remain unknown. Here, we show that Rap reduces 

eIF4E and eIF4G association to inhibit cap-dependent translation in activated B cells, and that 

directly inhibiting eIF4E activity can also reduce antibody class switching. We also show that the 

mechanism involves post-transcriptional inhibition of AID protein expression, which is a novel 

mechanism of regulating AID and B cell differentiation.  
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Our laboratory reported previously that the 4E-BP/eIF4E axis is rapamycin-sensitive in 

lymphocytes and required for both growth and proliferation following antigen receptor 

stimulation (9). Supporting the role of eIF4E in B cell proliferation, we found here that 0hr 

addition of SBI-756 suppresses B cell proliferation and eIF4E:eIF4G association. However, 

mTORC1/eIF4E activity is not necessary for proliferation 48 hours after activation. The finding 

that ongoing proliferation is mTORC1-independent is consistent with early studies showing 

lesser effects of Rap when added at late time points after B or T cell activation (2, 36). More 

recent work has confirmed this in vivo by showing that mTORC1 activity is not necessary to 

drive B cell proliferation during the dark zone stages of the germinal center (3). Since mTORC1 

is active in light zone B cells (3) and required for IgG1 switching in vivo (7), it will be interesting 

to see how eIF4E signaling regulates GC differentiation. We tested SBI-756 in the SRBC 

immunization model and did not observe any differences in IgG1 secretion or GC B cell 

percentages (data not shown). This might be due to the pharmacokinetics of SBI-756 in vivo, 

which might not facilitate sustained inhibition of the eIF4E:eIF4G interaction. Further studies 

with genetic models in which mutations disrupt eIF4G and eIF4E binding will be useful to 

address this question and to study B-cell intrinsic effects.  

We found that 48 hour addition of rapamycin or SBI-756 reduced switching to IgG3 

and IgG1, but did not reduce IgA switching even though AID protein was reduced. One 

possible explanation is that the cells switching to IgA are enriched in marginal zone and B-1 

cells (37) and that mTORC1 might not regulate AID and switching in these subsets. Marginal 

zone cells make up about 10% of B cells purified from the spleen and perhaps the overall AID 

being produced is outweighed by the reduction of AID in the follicular B cells.  
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B cell activation is accompanied by rapid and sustained activation of S6 kinases (38); 

however, little is known about the role of S6Ks in B cell function. Consistent with our previous 

work (9), we show here that S6K1 inhibition has minimal effect on proliferation of B cells 

stimulated with αIgM+IL-4. However, S6K1 inhibition did partially reduce proliferation induced 

by αCD40+IL-4 and diminished switching to IgG1. While S6K1 inhibition may be partially 

responsible for the effects of early Rap addition on antibody class switching, additional studies 

are required to better understand how S6K1 responds under the different stimuli to promote 

switching or proliferation.  

Our findings demonstrate that the mTORC1/eIF4E axis plays a novel role in B cell 

differentiation. We and others have previously published that PI3K/AKT signals are involved in 

B cell differentiation and transcription of AID (5, 39, 40). The finding that AID expression can 

be regulated post-transcriptionally illustrates the need for better understanding and investigation 

of the translatome during B cell differentiation and how different signals control translation 

efficiency of different mRNAs. The 4E-BP/eIF4E axis downstream of mTORC1 has been 

studied extensively in cancer and shown to preferentially promote translation of mRNAs 

involved in metastasis and invasion, and growing evidence supports a key role for regulated 

translation in CD4 and CD8 T cell differentiation (41, 42). However, which mRNAs in activated 

B cells are regulated by translation efficiency remains an important question in the field. Cap-

dependent translation is an attractive target for cancer therapy and efforts are underway to 

develop small molecule inhibitors of eIF4F components (eIF4E, eIF4G, eIF4A) for oncology 

(11, 26, 43–45). Further study of this pathway may provide mechanistic insight into how the 

immune system will be affected by eIF4F-targeted therapies. Indeed, the finding that the eIF4G 

antagonist SBI-756 reduces AID protein suggests that it may be useful as a combination therapy 
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with idelalisib, a PI3Kδ inhibitor, which increases AID expression and mutational activity in 

activated B cells and in human patients with chronic lymphocytic leukemia (46). Further studies 

are needed to determine whether eIF4F inhibitors suppress AID expression in human B leukemia 

and lymphoma cells.  

 Our findings emphasize that 4E-BP/eIF4E can regulate synthesis of important proteins 

necessary for B cell differentiation. Study of this pathway may provide mechanistic insight into 

antibody-mediated autoimmune diseases such as lupus and arthritis as well as the formation of 

protective antibody responses following vaccination.  
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Supplementary Figure 4.1 48 hour addition of Rap but not MLN0128 reduces switching. 

Purified mouse splenic B cells were stimulated with αCD40+IL-4 and treated with vehicle, 

rapamycin or MLN0128 at 0 hour, 24 hour, or 48 hours after activation. (S4.1A) Proliferation by 

CFSE and (S4.1D) switching to IgG1 was measured by flow cytometry. Cells were stimulated 

with αIgM+IL-4, αCD40+IL-4, or LPS+IL-4 for 48 hours and treated with inhibitors for 1 hour 

before harvesting. (S4.1B) p-AKT, p-S6, p-4E-BP1, and p-4E-BP2 signal was quantitated by 

western. Note that the anti-phospho-4E-BP1 (T37/46) antibody also detects the equivalent sites 

on 4E-BP2 (9) (S4.1C) Cells were stimulated with LPS+IL-4 for 4 or 48 hours and treated with 

vehicle or rapamycin for 4 hours before harvesting for measurement of IgG1 switching. Data are 

representative of three or more experiments. 
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Supplementary Figure 4.2 IL-4 promotes switching to IgG1, and late addition of Rap 

reduces IgG1 switching but not cell division in B cells stimulated with a range of LPS and 

IL-4 concentrations Purified mouse splenic B cells were stimulated with indicated 

concentrations of LPS and IL-4 and treated with vehicle or rapamycin at 0 hour or 48 hour 

timepoints. Percent of live B cells that have divided at least once expressing IgG1 (S4.2A) and 

proliferation by CFSE (S4.2B) was determined by flow cytometry at 96h. Data are representative 

of three or more experiments and shown as mean ±SD. 
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Supplementary Figure 4.3 S6K1 inhibitor reduces switching to IgG1. B cells were stimulated 

with αCD40+IL-4, LPS+IL-4, LPS or LPS+IL-4+IL-5+TGF-β+RA in the absence or presence of 

the S6K1 inhibitor LY 294002 500 nM. (S4.3A) p-S6 was measured by flow cytometry in cells 

stimulated with αCD40+IL-4. Percent of live B cells that have divided at least once expressing 

(S4.3B) IgG1, IgG3, IgA and (S4.3C) proliferation by CFSE and eFluor670 were measured at 96 

hours by flow cytometry. In agreement with our previous findings (9), S6K1 inhibition had a 

minor effect on proliferation of cells stimulated with anti-IgM+IL-4 for 72 hours. (S4.3D) Cells 

were harvested at 48 hours and mRNA transcripts Iγ-Cγ, Iγ3-Cγ3, and Iα-Cα were measured by 

RT-qPCR. Fold change was calculated using vehicle treated. Significance was calculated using a 

paired one tailed student’s t test. (*P<0.05; **P<0.01; ***P<0.001) 
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Supplementary Figure 4.4 Early addition of Rap reduces germline transcript production. 

Purified B cells were stimulated with αCD40+IL-4, LPS, LPS+IL-4+IL-5+TGF-β+RA or 

LPS+IL-4 and treated with Rap throughout the culture period. (S4.4A) Cells were harvested at 

48 hours and mRNA transcripts Iγ-Cγ, Iγ3-Cγ3, and Iα-Cα were measured by RT-qPCR. For 

panel (S4.4B) cells were stimulated for 48 hours before treating with Rap and then harvested at 

64 hours. Each point represents one independent experiment. Fold change in panel (S4.4A) was 

calculated using αCD40+IL-4 (IgG1 stim) for Iγ-Cγ, LPS (IgG3 stim) for Iγ3-Cγ3, and LPS+IL-

4+IL-5+TGF-β+RA (IgA stim) for Iα-Cα. Fold change in panel (S4.4B) was calculated using 

vehicle treated. Significance was calculated using a paired one tailed student’s t test. (*P<0.05; 

**P<0.01; ***P<0.001) 
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Supplementary Figure 4.5 Rap reduces switching to IgG3 but not IgA under IgA 

conditions. (S4.5A) B cells were stimulated with LPS+IL-4+IL-5+TGF-β+RA and treated with 

vehicle or rapamycin at the indicated timepoints. eFluor670 is a cell division tracking dye with a 

different emission spectrum than CFSE. Percent of live B cells that have divided at least once 

(based on eFluor670) expressing IgA or (S4.5B) IgG3 was determined by flow cytometry at 96h.  
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Supplementary Figure 4.6 48 hour treatment with Rap or SBI-756 does not decrease 

FOXO nuclear localization. B cells were purified and stimulated with LPS+IL-4 for 48 hours 

and treated with Rap, SBI-756 or MK-2206 for 4 hours before fixing and permeabilizing for 

staining of B220, Hoechst and intracellular FOXO. Cells were analyzed by ImageStream. One 

representative experiment is shown (S4.6A). Nuclear and cytoplasmic localization was analyzed 

in IDEAS software (S4.6B). Each point represents one individual experiment. Fold change was 

calculated using vehicle treated. Significance was calculated using a paired one tailed student’s t 

test. (*P<0.05; **P<0.01; ***P<0.001) 
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CHAPTER 5 

Differential Effects of Eif4e Gene Dosage in Murine Primary B cells and Leukemia Cells 

Introduction 

The eukaryotic translation initiation factor 4E (eIF4E) protein binds to the 7-

methylguanosine cap present in most mRNAs, and recruits the scaffolding protein eIF4G and 

other proteins to form the translation initiation complex known as eIF4F. In cancer, eIF4F 

contributes to progression of the disease by preferentially translating mRNAs involved in 

sustained proliferative signaling, evasion of growth suppression, resistance to programmed cell 

death, replicative immortality, angiogenesis, invasion and metastasis (1). eIF4F activity and 

protein synthesis were found to be drivers in PI3K/AKT/mTOR driven lymphomagenesis (2) and 

in anti-BRAF and anti-MEK resistance in BRAF(V600)-mutant melanoma, colon, and thyroid 

cancer cell lines (3). This makes cap-dependent translation an attractive target for cancer therapy 

(4), and efforts are underway to develop small molecule inhibitors of eIF4E, eIF4G and eIF4A 

for oncology (5–7).  

Several cancers have increased expression of eIF4E and initial studies using si-RNA 

knock-down inhibited cell growth in head and neck squamous cell carcinomas and in triple-

negative breast cancer (8, 9). They also showed that eIF4E knock-down inhibited both 

rapamycin-insensitive and rapamycin-sensitive cell lines and did not activate the feedback loop 

to increase AKT phosphorylation (8). As further proof of concept, in a mouse model of Kras-

driven lung disease, Eif4e haploinsufficiency significantly reduced cellular transformation due to 

differential translation requirements in cancer formation (10). While Eif4e homozygous knock-

out is embryonic lethal, these Eif4e heterozygous mice had normal development and cellular 

protein synthesis. In a gain-of-function model, eIF4E-overexpressing transgenic (Tg) mice had 
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enhanced Myc tumorigenesis (11). These findings establish that altering eIF4E dosage has 

significant yet selective biological consequences during tumor progression.  

While several studies have investigated the role of eIF4E in cap-dependent translation of 

mRNAs in cancer cells, only recently has translational regulation been gaining attention in 

lymphocyte activation and differentiation (12, 13). In lymphocytes, the 4E-binding protein (4E-

BP)/eIF4E axis coordinates cell growth and proliferation during lymphocyte activation which is 

characterized by an increase in overall protein synthesis rates. Since mTORC1 only regulates a 

subset of mRNAs, this suggests that the axis is critical for the initial translation of specific 

mRNAs needed for global translation during lymphocyte activation (14). Our lab also found that 

mTORC1, whose activity controls 4E-BP binding to eIF4E, is important for B cell differentiation 

and antibody class switching (Chapter 4) and for pre-B cell leukemogenesis (15, 16). This 

pathway is important in both normal B cell function and tumorigenesis; thus, we wanted to test 

the effects of reduced eIF4E activity in these parallel systems. Our findings show that reduced 

eIF4E protein slows tumorigenesis in a mouse model of leukemia, while normal mouse primary 

B cells can maintain B cell proliferation and antibody class switching. This further supports the 

studies showing that cancer cells are more sensitive than non-transformed cells to reductions in 

eIF4E (10).  

 

Materials and Methods 

Mice and reagents  

C57Bl/6J (B6) mice were bred at the University of California, Irvine, and used at between 6 and 

12 weeks of age. Eif4e+/-  mice with a heterozygous loss-of-function allele were obtained from 

the Ruggero lab (UC San Francisco) (10). All animals were studied in compliance with protocols 
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approved by the Institutional Animal Care and Use Committees of the University of California, 

Irvine. MLN0128 was purchased from Active Biochem. Rapamycin was purchased from Cell 

Signaling Technology. Inhibitors were included throughout the indicated cell treatment periods. 

 

Generation of p190 BCR-ABL cell lines 

Bone marrow (BM) cells were flushed from the tibias and femurs of 3-5 week old mice. Cells 

were incubated overnight with retroviral supernatants (p190 BCR-ABL-IRES-hCD4 or p190 

BCR-ABL-IRES-GFP) in the presence of 5 µg/ml polybrene at 37°C, 5% CO2, with RPMI 

culture medium supplemented with 20% FCS, recombinant mouse IL-7 (10 ng/ml; Invitrogen) to 

promote cell cycle entry. Following overnight incubation, cells were spun down to remove virus 

and cultured with fresh RPMI+20% FCS medium supplemented with recombinant mouse (rm) 

IL-7 for 1 week. Cells were further cultured removing rmIL-7 for a second week and then further 

reducing to 10% FCS until a pure 100% human CD4+ of GFP+ cytokine- and stromal- 

independent culture was established. In vitro mixing experiments were initiated after removal of 

rm-IL7 and cells were mixed at a 1 to 1 ratio for CD4+ and GFP+ cells. Cells were cultured in 

RPMP+20% FCS medium during the outgrowth period.  

 

In vivo transplant experiments with mouse p190 leukemia 

Mouse p190 transformed BM cells were used to initiate leukemia in irradiated syngeneic B6 

recipients. In all in vivo experiments, p190 transformed BM were prepared fresh (after the 

removal of rmIL-7 step) to initiate leukemia. Leukemic engraftment was determined in 

anesthetized animals by retro-orbital bleeds and analyzed by flow cytometry.  
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Mouse B cell culture 

Splenic B cells were purified by negative selection (eBioscience Magnisort Mouse B cell 

enrichment kit). B cell purity measured by FACS analysis (FACSCalibur and CellQuest 

software; BD Biosciences) using anti-B220 antibody (Biolegend) yielded >95% B220+. Purified 

B cells were seeded at a final concentration of 1.5 x 10^6 cells per milliliter. For class switching 

experiments, B cells were stimulated 5 μg/mL anti-CD40 (HM40-3) agonistic antibody 

(eBioscience), or 5 μg/mL LPS (Sigma), together with 5 ng/mL mIL-4 (R&D Systems) for 96 h 

to induce switching to IgG1. All cells were cultured with RPMI 1640 supplemented with 10% 

(vol/vol) heat-inactivated FCS, 5 mM Hepes, 2 mM L-glutamine, 100 units/mL penicillin, 100 

μg/mL streptomycin, 50 μM 2-mercaptoethanol.  

 

Western Blotting Analysis 

Antibodies specific for -actin, eIF4E, total 4E-BP1, and total 4E-BP2 were purchased from Cell 

Signaling. Protein on western blots were analyzed using ImageJ to quantitate signal of each 

band. Signal was normalized with actin measurements and fold change was calculated using the 

stimulated/no drug control. 

 

Flow cytometry, CFSE labeling, and antibodies  

Cells were incubated with TruStain fcX in FACS buffer (0.5% BSA + 0.02% NaN3 in 1× HBSS) 

for 10 min on ice. Staining with antibodies was performed with FACS buffer and on ice for 20 

min. Flow cytometry antibodies and other reagents used: B220 (eBioscience, RA3-6B2), IgG1 

(BD, A85-1) and 7-Aminoactinomycin D (Invitrogen). CFSE labeling of B cells was performed 
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by resuspending cells to a concentration of 10 × 106 cells per mL with a concentration of 2.5 

μM. Flow cytometric data were analyzed using FlowJo software (TreeStar). 

 

Luciferase assay 

Cap-dependent translation was measured using the luciferase reporter construct pRSTF-CVB3 

containing the 5’ non-coding region of the Coxsackie B3 virus cloned between the firefly and 

renilla luciferase (17). The construct was electroporated in serum-free media and cells recovered 

in complete RPMI media for 2 hours followed by inhibitor treatment for 8 hours. Following 

treatment, cells were lysed and renilla and firefly luciferase expression were measured using the 

Dual luciferase assay kit (Promega) using a luminometer. Renilla luciferase expression was 

normalized to Firefly luciferase expression and results were expressed relative to vehicle treated.  

 

Results 

eIF4E haploinsufficiency reduces p190 leukemia transformation  

To study the role of eIF4E in tumorigenesis, we used the murine model of B precursor acute 

lymphoblastic leukemia (B-ALL). Ph+ B-ALL is initiated by the BCR-ABL oncogene that 

results from the Philadelphia chromosome (Ph) translocation. When human p190 BCR-ABL 

(p190 is the most common isoform of BCR-ABL found in Ph+ B-ALL) is retrovirally expressed 

in infected mouse bone marrow cells, the transformed progenitor B cell lines (termed p190 cells) 

will initiate B-ALL when transferred to recipient mice. To test the effects of reduced eIF4E  

gene dosage on p190 transformation, we co-cultured WT and Eif4e+/- cells after viral infection 

when cells were 10-20% marker positive expressing either GFP or human CD4 (hCD4) (Fig. 

5.1A). Cells were mixed at 1:1 ratios of WT:WT, WT:Het, Het:WT, and Het:Het (Fig. 5.1B) and 
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their growth was monitored over a few days. We found that the WT p190 cells significantly 

outgrew the Eif4e+/- p190 cells both in vitro culture and in vivo in B6 mice while WT:WT and 

Het:Het mixes grew at a 1:1 ratio (Fig. 5.1C-5.1D). Measurement of eIF4E protein levels in the 

Eif4e+/-  p190 cells showed that eIF4E was reduced but 4E-BP1 and 4E-BP2 remained the same 

as compared to WT (Fig. 5.2).  

Figure 5.1 WT p190 cells outgrow Eif4e+/- p190 cells in a competitive growth assay. (5.1A) 

BM cells were infected with p190 BCR-ABL and cultured until 10% marker positive before 

mixing at a 1:1 ratio (5.1B) and their growth was monitored (5.1C) in vitro over 9 days or (5.1D) 

injected into B6 mice and measured after 18 days in vivo. For 5.1C %marker+ cells were 

measured by flow cytometry. Significance was calculated using two-way ANOVA with Sidak 

multiple comparison test. 5.1D shows log of ratio of hCD4+/GFP+ measured by flow cytometry. 

Significance was calculated using one-way ANOVA with Neuman Keuls multiple comparison 

test.   
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Figure 5.2 Eif4e+/- p190 cells have reduced eIF4E protein. p190 cells were harvested for 

western to measure eIF4E, 4E-BP1 and 4E-BP2. Signal was quantified over one experiment.  

 

eIF4E haploinsufficiency reduces 4E-BP2 in normal B cells 

We were also interested in the role of eIF4E in normal B cell function. In chapter 4 we 

showed that inducible expression of 4E-BP1M or SBI-756 treatment, both of which suppress 

association of eIF4E with eIF4G, reduces B cell proliferation and switching to IgG1. These 

findings provide evidence that eIF4F formation is important for B cell function and 

differentiation. We first analyzed B cell subsets in both WT and Eif4e+/- mice. We found that 

there were no differences in the percentages of transitional T1, T2, T3, marginal zone or 

follicular B cell subsets (Fig. 5.3A). There were also no differences in the overall cell counts of 

total splenocytes (data not shown).  

We measured eIF4E, 4E-BP1 and 4E-BP2 protein levels in both unstimulated B cells and 

in B cells stimulated with LPS+IL-4 for 48 hours. There were no significant differences in the 

unstimulated B cells; however, both eIF4E and 4E-BP2 protein levels were reduced in the 

Eif4e+/- cells after stimulation (Fig. 5.3B). Interestingly, 4E-BP1 protein did not decrease (Fig. 

5.3B) (14). Considering that activated Eif4e+/- cells had reduced amounts of the inhibitory 4E-

BP2, we hypothesized that the efficiency of mRNA translation might be preserved. We measured 

cap-dependent translation using a bicistronic dual Renilla-Firefly luciferase reporter construct.  
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Figure 5.3 Stimulated Eif4e+/- mouse splenic B cells have reduced eIF4E and 4E-BP2. 

(5.3A) Splenocytes were stained for B cell subsets and analyzed by flow cytometry (5.3B) 

Purified mouse B cells were harvested without stimulation or after 16 hours of LPS+IL-4 

stimulation for western blotting. (5.3C) Cells were stimulated for 48 hours before with LPS+IL-4 

and transfected with a bicistronic dual Renilla-Firefly luciferase reporter construct to measure 

cap-dependent translation (Renilla luciferase) relative to cap-independent, polio IRES mediated 

translation (firefly luciferase) as an internal control. Each point represents one independent 

experiment. Fold change was calculated using vehicle condition. Significance was calculated 

using a paired one tailed student’s t test. (**P<0.01) (5.3D) Cells were stimulated with anti-

IgM+IL-4 and proliferation was measured by CFSE at 72 hours using flow cytometry. (5.3E) 

Cells were stimulated with LPS+IL-4 and percent of live B cells that have divided at least once 

expressing IgG1 were measured at 96 hours by flow cytometry. 

 

This construct measures cap-dependent translation by synthesis of the Renilla luciferase as well 

as cap-independent, polio IRES mediated translation by synthesis of firefly luciferase as an 

internal control. Using this dual-luciferase assay, cap-dependent translation measured in Eif4e+/- 

cells was just as efficient as in the WT control cells (Fig. 5.3C).  
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Figure 5.4 Eif4e+/- activated B cells have no defect in switching to IgG1. B cells were 

stimulated with αCD40+IL-4, 5 μg/mL LPS+IL-4, and 0.5 μg/mL LPS+IL-4 and treated with 

indicated concentrations of rapamycin. (5.4A) Percent of live B cells that have divided at least 

once expressing IgG1 and (5.4B) %CFSE lo were measured at 96 hours by flow cytometry. 

 

eIF4E haploinsufficiency does not affect proliferation or switching to IgG1 

We tested proliferation and switching to IgG1 and found no differences in Eif4e+/- 

compared to WT cells (Fig. 5.3D-5.3E). We also titrated concentrations of rapamycin to test if 

Eif4e+/- cells were more sensitive to the effects of rapamycin on switching to IgG1 or 

proliferation; again there were no differences (Fig. 5.4). Additionally, there were no differences 

in naturally occurring germinal center B cell populations isolated from Peyer’s patches from the 

Eif4e+/- mice compared to WT (data not shown). Overall, this data suggests that normal cells can 

compensate for reduced eIF4E expression to sustain translation and B cell function. In contrast, 

transformed pre-B leukemia cells do not compensate for reduced eIF4E and show impaired 

fitness (Fig. 5.5).  
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Figure 5.5 Model of eIF4E and 4E-BP ratios in normal B cells and transformed p190 cells. 

 

Discussion 

 The eIF4F translation initiation complex is important in both tumorigenesis and normal B 

cell functions. Thus it is important to understand the effects that eIF4F targeting therapies for 

cancer will have on normal B cell differentiation. Here, we found that reducing eIF4E protein 

slows tumorigenesis of mouse p190 leukemia cell lines, while activated mouse splenic B cells 

are able to divide and undergo antibody class switching. Notably, primary mouse B cells 
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compensated for reduced eIF4E by reducing expression of the inhibitory 4E-BP2 and displayed 

normal rates of cap-dependent translation. In contrast, p190 cells derived from Eif4e+/- mice did 

not show altered expression of 4E-BPs. These data support the model that normal cells and 

cancer cells have differential requirements for eIF4E dosage.  

 In chapter 4 we showed that antibody class switching is reduced following genetic (4E-

BPM) or chemical (SBI-756) disruption of the interaction of eIF4E with eIF4G; therefore, it was 

surprising to find that reduced eIF4E protein did not have an effect in vitro. However, the rates 

of cap-dependent translation in WT vs Eif4e+/- remained the same which suggests that the ratio of 

eIF4E to 4E-BP in non-transformed cells is an important mechanism of regulation. One 

important future experiment is to assess whether the Eif4e+/- p190 cells have reduced cap-

dependent translation as well. It will also be interesting to test whether reduced eIF4E protein has 

an effect during in vivo immunization. It was also interesting to note that in activated B cells 

from Eif4e+/- mice there was reduced expression of 4E-BP2 but not the 4E-BP1 isoform. This 

was an interesting finding since we previously found that the 4E-BP2 isoform is more abundant 

in lymphocytes. Further investigation will be needed to determine if this regulation of 4E-BP2 

protein is at the level of transcription or translation.  

 Our finding that the 4E-BPs are not reduced in the Eif4e+/- leukemia cells contrasts with 

other studies which did have reductions of 4E-BP expression, therefore, this mechanism of 

regulation may be dependent on cell type (8, 18). How the genetic model phenocopies chemical 

inhibition of eIF4E will be another area of investigation; however, our lab has found that 

chemical inhibition of eIF4E is able to reduce cap-dependent translation which suggests that this 

compensatory effect does not occur or is insufficient. In addition to chemical inhibitors, there are 

emerging technologies that can cause selective degradation of targeted proteins (19), potentially 
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such as eIF4E. Thus, this germline null allele system has its limitations as a preclinical model of 

drug treatment and we may need to develop other models. Examples include inserting mutations 

that disrupt eIF4G and eIF4E interactions to mimic chemical inhibitors or acute deletion of 

eIF4E or eIF4G using Cre-lox systems to mimic the degradation technology. 

Another important question is by which mechanism do the WT p190 cells outgrow the 

Eif4e+/- cells. One possibility is that there is less BCR-ABL protein due to less mRNA translation 

in the Eif4e+/- p190 cells. This may cause more death or slower cell cycle in the Eif4e+/- p190 

cells compared to the WT. Alternatively, if BCR-ABL protein is unaltered, Eif4e+/- p190 cells 

might have reduced translation of mRNAs encoding cell cycle or survival proteins such as cyclin 

D1 and MCL-1 or others which can be determined by polysome fractionation-RNA sequencing. 

Additionally, the Eif4e+/- cells may have a defect in their homing abilities in vivo. While we saw 

differences between the WT and Het p190s in the bone marrow, there were not many p190 cells 

found in the spleen. This may be tested by flow cytometry to measure the numbers of p190s cells 

that have migrated to the bone marrow and spleen 24 hours after injection.  

 Overall, these findings emphasize that normal cells and cancer cells have differential 

requirements for eIF4E protein amounts. This provides another proof-of-concept that cancer cells 

will be more sensitive than normal cells to therapies targeting eIF4E activity.  
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CHAPTER 6 

Discussion and Future Directions 

 

 The activation of B cells and their differentiation into antibody secreting plasma cells is a 

critical component of the humoral immune response as a proper host-defense mechanism to 

invading pathogens (1). Central to their activation is the PI3K/AKT/mTOR signaling pathway 

which plays an important role in promoting B cell survival, proliferation and differentiation (2). 

Dysregulation of this pathway during B cell responses, however, can lead to B cell malignancies 

or autoimmunity as increased PI3K/AKT/mTOR signaling is frequently observed in these 

diseases (3). Targeting PI3Kδ with idelalisib has been approved for the treatment of patients with 

relapsed/refractory chronic lymphocytic leukemia (CLL; in combination with rituximab), 

relapsed follicular lymphoma, and relapsed small lymphocytic lymphoma (4). Interestingly, 

mutations leading to increased PI3Kδ signaling also cause immune deficiency in APDS patients 

and another PI3Kδ inhibitor, leniolisib, has shown disease improvement (5). PI3K inhibitors 

have also shown efficacy in preclinical autoimmune models (6, 7) and rapamycin recently 

showed encouraging results in a phase 1/2 trial in SLE patients (8). However, there has yet to be 

an inhibitor of this pathway clinically approved for B cell mediated autoimmune disease. While 

PI3Kδ and PI3Kδ/γ inhibitors showed efficacy in preclinical animal models, these results do not 

always predict clinical outcomes in patients. This highlights the need for better understanding of 

how the PI3K/mTOR signaling pathway is promoting disease. Thus the goal of this thesis is to 

investigate this integral signaling pathway and how it regulates B cell function and 

differentiation. This knowledge has the potential to improve therapeutic approaches for B cell 

immunodeficiencies and antibody-mediated autoimmune diseases.  
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 A central mechanism by which PI3Kδ signaling directs B cell differentiation is through 

activation of AKT and inactivation of FOXO transcription factors (2). Loss of PTEN leads to 

increased PI3K signaling which strongly suppresses class switching recombination and increases 

IgM-plasmablast differentiation (9). Conversely, PI3Kδ inhibitors promote CSR through 

increased FOXO activity and transcription of the Aicda gene encoding AID (9). Interestingly, 

APDS patients frequently have decreased IgG and/or IgA with increased IgM, which fits the 

model of increased PI3Kδ signaling promoting IgM plasmablasts and suppressing class 

switching (10). In our 2017 study published in Frontiers of Immunology, we characterized a 

novel PI3Kδ inhibitor IPI-3063 which potently suppressed AKT phosphorylation and reduced 

proliferation of both mouse and human B cells in vitro at nanomolar concentrations.  

PI3Kδ inhibitors have shown efficacy for PI3Kδ-associated malignancies (4, 5); thus IPI-3063 

with its potency at nanomolar concentrations has potential as a therapy, although additional 

studies will be required. We also investigated the effects of the dual PI3Kδ/γ inhibitor IPI-443 

because we were initially interested to test if dual inhibition would have greater effects than 

inhibition of PI3Kδ only. We had first tested Infinity’s clinical PI3Kδ/γ inhibitor compound IPI-

145 rather than IPI-443 but found that it was no more effective in B cells than the PI3Kδ 

selective inhibitor IPI-3063. Thus, the second goal and main conclusion of Chapter 2 is that IPI-

3063 has selective potency for PI3Kδ and inhibits B cell survival, proliferation, and plasmablast 

differentiation. 

In Chapters 3 and 4 we focused downstream of PI3K to gain more knowledge of how 

mTOR signaling affects B cell differentiation. We first showed through both pharmacological 

and genetic manipulations that mTORC1 and mTORC2 have opposing roles in antibody class 

switching. By performing fine titrations of rapamycin and TOR-KIs, we noticed that at low 
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concentrations in which proliferation was preserved, rapamycin reduced switching whereas the 

TOR-KI compound INK128 enhanced switching. As we increased the concentrations of the 

inhibitors, there was a further reduction in proliferation but the compounds had opposite effects 

on class switching. Rapamycin further reduced CSR while cells were still able to switch during 

INK128 treatment. This experiment first established that the roles of mTORC1 and mTORC2 in 

cell division were independent of their roles in differentiation. We showed more evidence that 

Raptor-deficient B cells were able to undergo division were still reduced in the frequency of 

switching to IgG1. On the other hand, deletion of Rictor in B cells did not affect proliferation 

and increased switching. In Chapter 4, I further tested the role of proliferation in antibody class 

switching using the cell-cycle inhibitor, Palbociclib, and showed that slowing cell division alone 

was not enough to block switching to IgG1 as these cells switched to the same extent as in 

control (vehicle treated) cells.  

We became interested in the phenomenon that mTOR regulation of antibody class 

switching was separate from division. mTOR is considered to be a central regulator of immune 

responses and elevated mTOR signaling may contribute to the development of autoimmune 

diseases (11–13). For example, mTOR is highly activated in lymphocytes of human patients with 

systemic lupus erythematosus (SLE) and in mouse models of lupus, suggesting that mTOR is 

involved in the production of self-reactive autoantibodies and disease pathogenesis (14–16). 

Current therapies for SLE include broad spectrum immunosuppression through the use of 

corticosteroids, which is usually associated with severe side effects, and biologicals to induce B 

cell depletion or target cytokines to limit B cell activation (17). These therapies, however, do not 

target the mechanism of production of pathogenic IgG antibodies and may also interfere with 

production of natural IgM, which has a protective role in autoimmunity (18). Better 
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understanding of how mTOR signaling regulates antibody class switching could lead to the 

development of therapies that can target the production of pathogenic IgG antibodies. The 

benefit to these therapies would also be that they have selective immunomodulatory action rather 

than broad non-specific immunosuppressive effects.  

Another area of interest for immunomodulatory therapies is the field of immuno-

oncology where there has been some success with checkpoint blockade and therapeutic 

antibodies. There has been interest in combining these therapies with small molecule agents to 

increase efficacy in a larger number of patients. Additionally, there has been a growing 

appreciation for new strategic therapies targeting the PI3K/AKT/mTOR pathway to promote 

tumor death via infiltrating immune cells in the tumor microenvironment (19–24). While the role 

of T cells and myeloid cells have been well established, there is also evidence that B cells are 

found in the tumor microenvironment and contribute to pro or anti-tumor responses as well (25). 

Investigation in how the PI3K/AKT/mTOR signaling pathway is involved in normal B cell 

responses potentially can lead to novel approaches to immune modulation in tumors.  

In Chapter 3, we found that inhibition of mTORC2 increases antibody class switching 

and this is mediated through AKT and FOXO activity by regulating Aidca mRNA transcription 

(Appendix 1). Chapter 4 further expands on the finding that Raptor deletion reduced switching 

in proliferating cells and addresses the question of which mTORC1 effectors are involved. While 

rapamycin showed promise during a phase 1/2 clinical trial with SLE patients (8), long-term 

rapamycin treatment can have serious side effects and targeting further downstream could 

potentially provide a better therapeutic window. We focused on the two main substrates involved 

in mTORC1-regulated gene expression, the S6Ks and 4E-BPs (26). Our characterization of the 

S6Ks and 4E-BPs uncovered novel and distinct roles in promoting antibody class switching. We 
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found that under LPS+IL-4 stimulation in vitro, S6K1 promotes Iγ-Cγ germline transcript 

production which is necessary for IgG1 switching. We also found that S6K1 was important for 

both switching to IgG1 and proliferation under αCD40+IL-4 activation. Our lab previously 

demonstrated that in B cells stimulated with anti-IgM+IL-4, the 4E-BP/eIF4E axis controlled 

both growth and proliferation while the S6Ks were dispensable (27); however, in that study we 

did not compare the function of S6Ks and eIF4E under antibody class switching conditions. 

Therefore, the findings in chapter 4 reveal that S6K1 does play a role in B cell differentiation. 

S6K1 regulates cap-dependent translation through phosphorylation of eIF4B (28) so we had also 

investigated whether S6K1i reduced AID protein and observed no change. However, more repeat 

experiments need to be done to confirm this. Future questions include whether high or low 

concentrations of S6K1i will have any effects on plasmablast differentiation and IgM secretion 

during in vivo SRBC immunization. It would be interesting to characterize S6K2 knock-out mice 

to test if this isoform plays a role as well. Lastly, I’d like to further investigate the role of S6Ks 

in different in vitro switching conditions and cytokine contributions to measure the levels of p-

S6. If there are any differences in signaling activation this could account for how LPS+IL-4 may 

be promoting germline Iγ-Cγ transcription. I would also like to determine if S6K is involved in 

regulation of the transcription factors that promote germline transcription such as NF-κB or Stat6 

for Iγ-Cγ transcripts (29).  

Mechanistic and pharmacological investigation of the 4E-BP/eIF4E arm of mTORC1 

signaling showed that inhibiting eIF4E activity decreased antibody class switching. We also 

found that inhibition of eIF4E reduced AID protein levels but not Aidca mRNA transcription. 

Whether this reduction in AID directly reduces germinal center B cells and antibody class 

switching can be tested by AID overexpression to rescue the effects of SBI-756 or Rap. An 
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alternative hypothesis is that eIF4E signaling is reducing antibody class switching through an 

AID independent mechanism, perhaps by affecting DNA repair. However, the finding that eIF4E 

and cap-dependent translation regulates AID protein is a novel and, importantly, a targetable 

mechanism. AID overexpression has been linked to both B-cell malignancies and autoimmune 

diseases (30), and idelalisib treatment increases AID expression and somatic mutations in 

leukemia cells from CLL patients (31). Thus, eIF4E targeted therapies can potentially be useful 

in reducing AID in these contexts. It is also likely that somatic hypermutation will be affected. 

When we tested the effects of SBI-756 on somatic hypermutation in vitro with αCD40+IL-4 

stimulating conditions, however, we found no differences in overall mutational frequency of the 

CDR3 region (data not shown, in collaboration with Adoptive Biotechnologies, Seattle WA). 

Alternatively, a more physiologically relevant method would be to analyze sorted germinal 

center B cells from a genetic mouse model of eIF4E inhibition during an in vivo SRBC 

immunization. We also found that targeting eIF4E and S6K1 both reduced IgG1 in vitro. If these 

effects are maintained during in vivo models of autoimmune disease, then they potentially could 

be useful in treating antibody-mediated diseases. Interestingly, inhibition of eIF4E reduced 

switching to IgG1 and IgG3 but not IgA even though AID protein was reduced. Further 

investigation is needed to better understand the role of mTORC1 and 4E-BP/eIF4E in IgA 

switching mechanisms; however the result that IgA is unaffected by inhibition of these signaling 

nodes is promising since IgA is important in maintaining gut homeostasis (32).  

The finding that cap-dependent translation regulates B cell differentiation demonstrates 

the importance of studying changes in gene expression at the levels of both translation and 

transcription. B cell differentiation in the germinal center is a highly energetic process with 

increased glucose uptake and massive cell growth. Thus, it makes sense that as a nutrient sensor, 
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mTORC1 has a checkpoint function to regulate translation and ensure there are sufficient 

nutrients to meet cellular energy demands. This idea is consistent with our glutamine studies in 

which cells are receiving activation signals but still do not divide. It would also be informative to 

identify the mRNAs that are being translationally regulated by mTORC1 during B cell 

differentiation, using polysome fractionation-RNA sequencing. Study of mRNAs at different 

time-points of B cell activation from early to later stages may lead to insights in B cell 

differentiation such as changes in metabolism and plasma or memory B cell formation.  

It will also be interesting to determine the mechanism in which the mRNAs are regulated 

by mTORC1 activity in lymphocytes and whether it is through consensus sequences in the 

5’UTRs (33–36). This can be determined by polysome fractionation and sequencing the 5’UTRs 

of the purified mRNAs using nanoCAGE technology. Considering that mTORC1 signaling is 

dynamic and regulates the dark zone/light zone formations of the germinal center (37), it will be 

interesting to investigate how eIF4E activity is involved in translation of the mRNAs important 

for the light zone stage, where mTORC1 activity was shown to be necessary (37). This could be 

tested using chemical or genetic inhibition of eIF4E during an in vivo immunization and 

measuring or sorting light zone and dark zone B cell populations to perform polysome 

fractionation RNA-sequencing.  

To investigate these questions, we will have to develop or refine the tools we currently 

have, including SBI-756. When we tested the effects of SBI-756 on antibody production in vivo, 

we found no differences in IgG1 and IgM production during a sheep red blood cell (SRBC) 

immunization (data not shown). In a cancer model, our laboratory found SBI-756 to be effective 

at reducing growth of OCI-LY1 lymphoma xenografts and could cause tumor regression when 

given in combination with venetoclax (ABT-199), a BCL-2 inhibitor (data not shown). The same 
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concentration of SBI-756 was used in both models. Potential hypotheses for why SBI-756 dosing 

did not reduce switching to IgG1 in vivo include (A) SBI-756 accumulates more in cancer cells; 

(B) cancer cells have increased sensitivity to eIF4E inhibition, consistent with the data in 

Chapter 5 showing that eIF4E gene dosage was a rate-limiting factor for tumorigenesis in a 

mouse model of B-ALL but not for antibody class switching; or (C) SBI-756 at the dose used 

does not sufficiently inhibit cap-dependent translation in activated B cells in vivo. Future 

directions include determining the pharmacodynamics of SBI-756 and establishing an assay for 

measuring cap-dependent translation ex vivo.  

SBI-756 is a small molecule with anti-cancer properties reported in cellular and in vivo 

models of melanoma (38). Mass spectrometry experiments suggested that SBI-756 binds to the 

eIF4G scaffolding protein, and functional experiments show that the compound disrupts the 

eIF4E:eIF4G interaction (38). Therefore, to genetically model the effects of SBI-756 on primary 

cells, a relevant model would be to introduce mutations in the Eif4g1 gene encoding eIF4G that 

reduce binding to eIF4E (39). By maintaining eIF4E protein levels, hopefully this would 

overcome the compensatory mechanism of 4E-BP2 reduction that we observed in activated B 

cells from Eif4e+/- mice in chapter 5. Another model would be to use Eif4e-flox or Eif4g1-flox 

mice to delete at different stages of B cell activation, although whether B cells would be able to 

compensate after acute deletion of eIF4E or eIF4G would have to be determined. Additionally, it 

will be important to determine if the reduction of 4E-BP is due to decreased translation or 

through other mechanisms such as increased degradation.  

While the PI3K/AKT/mTOR signaling network has been known to be important for B 

cell differentiation there is still much to learn about its contributions to immune-related diseases 
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as well as the progression of B-cell malignances. As emphasized in this dissertation, better 

understanding will give us new insight to develop novel therapies and treat these diseases.  
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