1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Cytokine Growth Factor Rev. Author manuscript; available in PMC 2018 June 01.

-, HHS Public Access
«

Published in final edited form as:
Cytokine Growth Factor Rev. 2017 June ; 35: 47-62. doi:10.1016/j.cytogfr.2017.04.005.

Control of B Lymphocyte Development and Functions by the
mMTOR Signaling Pathways

Terri N. Iwata?, Julita A. Ramirez-Komo?, Heon Park?, and Brian M. Iritani®”
aThe Department of Comparative Medicine, University of Washington, Seattle, WA 98195, USA

Abstract

Mechanistic target of rapamycin (mTOR) is a serine/threonine kinase originally discovered as the
molecular target of the immunosuppressant rapamycin. mTOR forms two compositionally and
functionally distinct complexes, mMTORC1 and mTORC2, which are crucial for coordinating
nutrient, energy, oxygen, and growth factor availability with cellular growth, proliferation, and
survival. Recent studies have identified critical, non-redundant roles for mTORC1 and mTORC2
in controlling B cell development, differentiation, and functions, and have highlighted emerging
roles of the Folliculin-Fnip protein complex in regulating mTOR and B cell development. In this
review, we summarize the basic mechanisms of mTOR signaling; describe what is known about
the roles of MTORC1, mTORC2, and the Folliculin/Fnipl pathway in B cell development and
functions; and briefly outline current clinical approaches for targeting mTOR in B cell neoplasms.
We conclude by highlighting a few salient questions and future perspectives regarding mTOR in B
lineage cells.
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1. Introduction

Mechanistic Target of Rapamycin (mTOR) is a highly conserved serine-threonine kinase
expressed in all eukaryotes. mTOR was originally discovered when an agent produced by
the bacterium Streptomyces hygroscopicus isolated from Easter Island (also known as Rapa
Nui) was found to arrest the growth of yeast in the G1-phase of the cell cycle [1,2]. The
specificity of this new compound named rapamycin after the island from which it was
isolated, was subsequently defined using classical genetics in yeast, which resulted in the
identification of a rapamycin-resistant mutant called 7or (target of rapamycin) [3,4]. The
mammalian ortholog of 7orwas later cloned by multiple research groups [5-8], and
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although several names were initially proposed, Mammalian (now Mechanistic) Target of
Rapamycin (mTOR) evolved as the name of choice.

Although rapamycin was initially developed as an anti-fungal agent, researchers recognized
early on that it also blocked cell cycle progression in T lymphocytes, which led to its
approval in 1999 by the Food and Drug Administration as an immunosuppressant to help
prevent rejection in organ transplant recipients. Subsequent studies revealed that mTOR,
similar to the yeast ortholog, is a central regulator of cellular growth and proliferation in
response to diverse environmental cues including nutrients, oxygen, and energy levels
(reviewed in [9-11]). Not surprisingly, mTOR was also found to be deregulated in a number
of disease conditions including certain types of cancers, type-lI1 diabetes, obesity, and several
neurodegenerative disorders [9,11]. Intense efforts to develop pharmacological mTOR
inhibitors in addition to the allosteric inhibitor rapamycin (also known as sirolimus) and its
analogs, resulted in the development of ATP-competitive inhibitors such as Torin. In
addition to its use in transplant recipients, mTOR inhibitors are now being utilized, or are
proposed to be utilized, in treatment regimens for many diseases including cancers such as
lymphoma and renal carcinomas [12]; autoimmune disease such as systemic lupus
erythematosus [13]; neurodegenerative diseases including Alzheimer’s and Parkinson’s [14];
lysosomal storage diseases [15]; and for the extension of a healthy lifespan [16]. The
increased and widespread use of rapamycin and other mTOR inhibitors highlights the need
to more fully understand the molecular mechanisms of how mTOR functions, the potential
toxicities of mTOR inhibitors, and the biological and molecular consequences of inhibiting
mTOR in many different cell types.

Recent studies in immune cells have highlighted that mTOR not only couples nutrient
availability to cell growth and proliferation, but also controls cell differentiation and
activation-induced responses in B and T lymphocytes (reviewed in [17-19]), as well as
natural killer cells, neutrophils, macrophages, and dendritic cells (reviewed in [20]). The
biological complexity of mTOR signaling has been most elegantly demonstrated in T
lymphocytes, in which multiple studies have demonstrated the evolution of MTOR from
being primarily a “nutrient sensor” in yeast, to a highly complex orchestrator of mammalian
cell growth and cell fate determination in response to a diverse array of inputs. In this
review, we will highlight the basic cellular and molecular mechanisms of mTOR signaling
derived from studies in mostly non-B cells, outline what is known about the importance of
mTOR signaling in B lymphocyte development and functions, summarize current clinical
approaches to targeting mTOR in B cell neoplasms, and conclude with a few salient
questions and future perspectives regarding mTOR in B lineage cells.

2. Overview of mTOR Signaling Pathways

2.1. mMTORC1 and mTORC2

After the initial discovery of mTOR, follow-up studies in yeast and mammalian cells
revealed that mTOR forms the catalytic core of two important but functionally distinct
multi-protein complexes, mMTORC1 and mTORC2, which are composed of both unique and
shared components (Figure 1A) (reviewed in [9,11,21]). Specifically, mTORCL is composed
of mTOR in association with two unique regulatory protein subunits, Raptor (rapamycin-
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sensitive adapter protein of MTOR) and Pras40 (proline-rich AKT substrate 40 kDa), and the
shared components mLST8 (mammalian lethal with Sec-13 protein 8), Ttil/Tel2 (Tel2
interacting protein 1/telomere maintenance 2), and Deptor (dep domain continingTOR-
interacting protein). In contrast, nTORC2 contains the unique components Rictor
(rapamycin-insensitive companion of MTOR), mSinl (stress-activated protein Kinase-
interacting protein 1), and Protor 1/2 (protein binding rictor 1/2), in addition to the shared
components mLST8, Ttil/Tel2, and Deptor. Although both mTORC1 and mTORC?2 are
central mediators of growth factor responses and cellular metabolism, mTORCL is uniquely
activated by environmental cues such as adequate nutrients (amino acids), energy (ATP/
AMP), and oxygen availability, which results in activation of pathways leading to cellular
growth (protein, DNA, and lipid synthesis) and inhibition of autophagy. Conversely,
mTORC1-mediated cellular growth is inhibited by cellular stresses such as DNA damage,
low energy states, and hypoxia. mMTORC2, by comparison, is more specifically activated by
growth factor signaling, and facilitates cell survival and cytoskeletal reorganization to
promote cell migration and adhesion [9,11]. Importantly, mTORC1 and mTORC?2 are
differentially inhibited by rapamycin: mTORCL1 is sensitive to acute rapamycin treatment,
whereas MTORC2 assembly and activity is altered only after chronic treatment or after high
doses of rapamycin [22,23] . In contrast, both mTORC1 and mTORC2 are inhibited by
mMTOR kinase inhibitors (mTOR-KISs) such as Torin [24-27]. Understanding how mTORC1
and mTORC?2 differentially control the development and function of specific immune cells
is essential to effectively design more effective therapeutic strategies using rapalogs and
mTOR kinase inhibitors, with fewer undesirable side-effects.

2.2. Regulation of mTOR complexes by antigen receptor, growth factor, and nutrient

signals

Depending on the organism and cell type, mTORCL is regulated by specific growth factor
signals, nutrients, oxygen levels, and cellular stress (see [9] for review). While details of the
signaling networks that regulate mTOR complexes in B cells are not completely understood,
signals derived from the B cell receptor (BCR), toll-like receptor 4 (TLR-4), and CD40 co-
stimulatory receptor all require intact mTORCL1 signaling [28,29]. In response to antigen,
aggregation of the BCR results in phosphorylation of the transmembrane subunits of the
BCR (lga and Igp) by Src-family protein tyrosine kinases (PTKSs), including Lyn, Blk and
Fyn, followed by recruitment and activation of the Syk PTK (Figure 2). Syk phosphorylates
BInk/SLP65 (B-cell linker protein), permitting recruitment of Grb2, Btk, Vav and other Src
homology 2 (SH2) domain-containing proteins [30,31]. The guanine nucleotide exchange
factor protein Vav activates the Ras GTPase by promoting GDP exchange for GTP. Active
Ras in turn activates the Raf/Mek (MAP kinase kinase)/Erk1/2 (MAP kinase 1/2) signaling
cascade, resulting in phosphorylation of ERK target proteins. In parallel, the CD19 co-
receptor is phosphorylated by Lyn, resulting in recruitment of PI3K to the plasma membrane
where it activates PDK and Akt/PKB. Activation of both ERK and Akt leads to dual
phosphorylation of TSC2 (tuberous sclerosis complex protein 2, or tuberin) [32], which,
together with TSC1, inactivate mTOR by forming a GTPase activating protein (GAP)
complex for Rheb (Ras homolog enriched in brain). Thus, phosphorylation of TSC2 results
in inactivation of the TSC1/TSC2 complex, which in turn promotes Rheb-GTP activation of
mTORCL.
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In addition to growth factor and antigen receptor signaling, sufficient amino acids have also
been shown to be necessary for mTORCL activation, although these studies have not been
explored in B cells. In particular, sufficient cytosolic and lysosomal concentrations of amino
acids (AAs) are required for mTORCL recruitment and activation at the lysosomal surface
(Figure 3) (reviewed in [33,34]). Intra-lysosomal AAs including leucine and arginine
promote the loading of two heterodimers of the Rag GTPases RagA/B and RagC/D, with
GTP and GDP respectively via “inside-out signaling”. The Rag GTPases are bound to the
lysosomal surface in association with the vacuolar-ATPase (v-ATPase) and the scaffolding/
activating Ragulator complex. Loading of RagA/B and RagC/D with their respective
activating nucleotides enables the complex to interact with Raptor and recruit mMTORCL1 to
the lysosomal surface where it can be activated by Rheb-GTP. In the absence of sufficient
AAs, the mTORC1 complex dissociates from the lysosome and is inactivated. Thus,
mTORC1 activation and cellular growth are tightly regulated by amino acid levels which
modulate mMTORC1 recruitment to the lysosome for subsequent activation by a “second”
signal originating from growth factor and/or antigen receptors.

2.3. Regulation of mTOR signaling by AMPK and Fnip/Folliculin Complex

Whereas mTORCL activity is positively regulated by sufficient amino acids, mTORCL is
also negatively regulated by low energy levels through the master energy sensor AMPK
(AMP-activated protein kinase). Specifically, a low ATP/AMP or ATP/ADP ratios activate
AMPK by activation of its upstream kinase, LKB1,; inhibition of phosphatases that act to
dephosphorylate AMPK; and induction of allosteric activation of AMPK (reviewed in [35]).
Activated AMPK, in turn, inhibits mMTORC1 by multiple mechanisms, including
phosphorylation and activation of TSC2 [36,37]; phosphorylation and inhibition of Raptor
[38]; and localization to the lysosome through interaction with the scaffolding protein Axin,
where in association with the v-ATPase, AMPK stimulates GTPase-activating protein (GAP)
activity for Rag A/B, thus antagonizing lysosomal recruitment of mTOR [39] (Figures 2 and
3).

Recent studies have identified intriguing new players in the regulation of AMPK and
mMTORC1 at the lysosome. The tumor suppressor Folliculin (Flcn) and Flcn-interacting
proteins 1 and 2 (Fnipl and Fnip2) have been shown to form a complex with AMPK (Figure
2) and can modulate AMPK and mTOR activity [40-42]. In humans, inactivating mutations
in the BHD gene encoding FLCN result in Birt Hogg-Dubé Syndrome (BHDS), which is
characterized by skin hamartomas, lung cysts, and renal cancers (see [43] for review).
Although the exact mechanism of how Flcn/Fnip functions is still unclear and controversial,
there is general agreement that the complex regulates, and is regulated by, the AMPK and
mTORC1 signaling pathways. Using siRNA knockdown approaches in human cell lines,
three groups have presented evidence showing that Flcn/Fnip regulates the recruitment of
mMTOR to the lysosome in response to amino acid stimulation [44—-46]. Tsun et a/l. found that
the Flcn/Fnip complex acts as a GAP for RagC/D [45], while Petit et a/. found that Flcn may
act as a GEF (guanine nucleotide exchange factor) for RagA/B [44]. Both types of
interaction are predicted to facilitate mTOR activation. Interestingly, all three groups found
Flcn localized to the lysosome and bound to inactive Rag GTPases only under conditions of
amino acid starvation, when mTORC1 does not localize to the lysosome (Figure 3). The
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conclusion made from this data was that the Flcn/Fnip complex is necessary for GTP/GDP
exchange in order to activate the Rag GTPases and to permit mTOR recruitment to the
lysosome during recovery from starvation.

In contrast, various tissues and cells from patients with BHDS, or from mice with deletion of
Flcnor deletion of both FnipZand FnipZ, exhibit hyperactive mTORC1 signaling [47-52].
In addition, pre-B cells and skeletal muscle from mice deficient in Fnip1, as well as cardiac
tissue from F/cn knockout mice also exhibit increased mTOR activation [53-55]. These
results are consistent with a model in which Flen/Fnip inhibits mTORC1 activation, in
contrast with the siRNA knockdown studies outlined previously. One potential mechanism
for how Flcn/Fnip might alter mTORC1 activation was proposed by Nagashima et al.,, who
found that ubiquitination and degradation of Fnip2 under fed conditions led to lysosomal
dissociation of FLCN and subsequent constitutive lysosomal association of mMTOR
irrespective of nutrient status [56] (Figure 3). Overall, these studies highlight the complexity
of the mTORC1 signaling pathway in response to Flcn/Fnip, and indicate that the control of
mTORCL1 by the Flen/Fnip complex is highly dependent on the nutritional state and the type
of cells studied.

Along with its role in lysosomal localization of mTOR, Flcn/Fnip has also been reported to
modulate AMPK activity. Pre-B cells from mice deficient in Fnip exhibit increased basal
AMPK activation and AMPK-target gene activation [53]. Similarly, skeletal muscle [54] and
cardiac tissue [57] from FnipI null mice were also found to have increased AMPK
activation, as did F/cn null mouse embryonic fibroblasts (MEFs) [58] and f/cn-1 mutant C.
elegans [59]. These results suggest that the Flcn/Fnip complex may directly inhibit AMPK
(Figure 2), or alternatively, that loss of Flen/Fnip could indirectly result in AMPK activation
through negative feedback from hyperactive mTORC1-mediated energy consumption, or by
induction of cellular stress. As mentioned above, recent studies have revealed that the
scaffold protein Axin binds to LKB1 and tethers AMPK to the surface of endosomes and
lysosomes where it is activated by the v-ATPase-Ragulator complex in response to glucose
deprivation [39]. Based on the collective data, we propose a model whereby nutrient
restriction results in recruitment of the AMPK/Flcn/Fnip complex to the lysosome where the
complex associates with LKB1/Axin and AMPK is activated. Activated AMPK then inhibits
mTORC1 either by phosphorylating TSC2 and Raptor (Figure 2), and/or by inhibiting
further mTORC1 recruitment to the lysosome (Figure 3). Under fed conditions, AMPK/
Flcn/Fnip would dissociate from the lysosome, thus allowing lysosomal association of
mTORC1, which is then poised for activation by growth factors or BCR signals.

2.4. Downstream targets of mTORC1

mTORC1 and mTORC?2 regulate unique biological responses by differentially
phosphorylating specific molecular targets (reviewed in [9,11]). mTORCL1 signaling results
in increased protein synthesis through direct phosphorylation of two key substrates, S6
kinase 1 (S6K1) and eukaryotic translation initiation factor 4E (elF4E)-binding protein 1
(4E-BP1) (Figure 1B). 4E-BP1 phosphorylation increases 5’cap-dependent translation by
relieving 4EBP1 sequestration of elF4E [60], whereas S6K1 activation upregulates MRNA
biogenesis, and translation initiation and elongation by phosphorylating a number of targets
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including elF4B, a positive regulator of the 5’cap binding elF4F complex [61,62], and
PDCD4, an inhibitor of elF4B [63]. To further facilitate cell growth and proliferation,
mTORC1 stimulates lipid synthesis largely by promoting the expression and activity of
transcription factors such as SREBPs (sterol regulatory element-binding proteins) [64] and
PPAR-y (peroxisome proliferator-activated receptor gamma) [65], which are important in
fatty acid and cholesterol synthesis and adipogenesis. mMTORC1 also promotes nucleic acid
synthesis through regulation of ATF4 (activating transcription factor 4), which stimulates de
novo purine biosynthesis [66], and S6K1, which phosphorylates and activates the
multifunctional enzyme CAD (carbamoyl-phosphate synthetase 2, aspartate
transcarbamoylase, dihydroorotase), resulting in enhanced pyrimidine biosynthesis [67,68].

In addition to regulating biosynthetic functions, mMTORCL signaling regulates energy
production and consumption by increasing glycolytic flux through the HIF1a (hypoxia
inducible factor 1alpha) transcription factor [69], and by negatively regulating cellular
degradation processes such as autophagy and lysosome biogenesis. mMTORC1 directly
phosphorylates and inhibits the Ulk1/Atg13 (unc-51-like kinase 1/mammalian autophagy-
related gene 13) complex, which is required to initiate autophagy [70- 72]. mTORC1 also
phosphorylates Dapl (death-associated protein 1) which results in Dapl suppression of
autophagy [73]. mTORCL1 also inhibits lysosomal biogenesis by phosphorylating TFEB
(transcription factor EB), which blocks TFEB translocation to the nucleus thus preventing its
transcription of lysosome-related genes [74-77]. In a similar manner, mMTORC1
phosphorylates and inhibits the nuclear localization of Tfe3, another transcription factor
responsible for lysosome biogenesis [46].

2.5. Downstream targets of mMTORC2

While multiple diverse inputs feed into mTORC1 regulation, mMTORC2 is predominantly
activated by growth factor signaling through the PI3K pathway (Figures 1A and 2).
Activated mTORC?2 stimulates cell survival by phosphorylating AGC kinases including Akt
and the serine/threonine protein kinase SGK1 (serum and glucocorticoid-regulated kinase 1)
[78,79]. Activation of both Akt and SGK1 results in inhibition of the FOX01/3 (forkhead
box proteins O1 and O3) transcription factors by inducing translocation from the nucleus to
the cytoplasm, thus preventing transcription of apoptosis-inducing genes such as Bim [80]
(Figure 1B). mTORC2-mediated activation of Akt can, in turn, activate mMTORC1 through
phosphorylation and inhibition of the tuberous sclerosis 1/2 (TSC1/2) complex. Conversely,
the mTORC1 substrate S6K1 modulates Sinl to reduce mTORC2 activity through a negative
feedback loop.

mTORC2 also regulates cytoskeletal organization by phosphorylating and inhibiting PKC
(protein kinase C) family members [81-84], and altering cellular migration through
activation of the plasma membrane-associated Rho and Rac GTPases, which induce actin
polymerization [85].
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3. Roles of mTOR in B cell development

3.1. Introduction to early B cell development

Prior to becoming a functional mature B cell, B cell progenitors must successfully proceed
through a series of developmental checkpoints that ensure that mature B cells will express a
diverse repertoire of functional immunoglobulin receptors capable of recognizing a wide-
array of foreign proteins while exhibiting limited self-reactivity [86]. In the bone marrow,
early committed B cell progenitors (pro-B cells), with their immunoglobulin heavy (/gH)
and light chain (/gL) genes in the germline configuration, rely on stromal cell derived IL-7
for survival and proliferation [87,88]. During the pro-B cell stage, the protein products of the
recombination activating genes Rag-1 and Rag-2 mediate Vi {Dp)Jy rearrangement of the Ig
heavy chain gene locus. Productive in-frame Vi Dp)Jy rearrangement results in expression
of the pre-B cell receptor complex (pre-BCR), which is composed of the Ig u-heavy chain
protein in conjunction with the surrogate light chains lambda5 and VpreB and the signal
transducing Iga and Igp proteins, which marks the transition to the early (large) pre-B cell
stage (Figure 4). Formation of the pre-BCR and associated signaling pathways are required
to promote /gH allelic exclusion, clonal expansion of the pre-B cells, and activation of /gL
chain gene rearrangements. Following in-frame V/; -J; rearrangements and IgL expression,
the IgL and IgH chains pair to form IgM on the surface of immature B cells. Immature B
cells are then tested for reactivity against self-antigens in the bone marrow (central
tolerance). B cells that react to self-antigens with high avidity are either deleted (negative
selection) or undergo receptor editing resulting in expression of alternative IgL chains [86].
B cells with low-avidity interactions or no reactivity to self-antigens migrate to the spleen
where development continues.

3.2. Development and functions of mature B cells

Immature B cells that successfully escape central tolerance in the bone marrow continue
developing through transitional B cell stages T1 and T2, where they are further tested for
self-reactivity before becoming mature follicular (FO) or innate-like marginal zone (MZ) B
cells (Figure 5). T1 or T2 cells that signal too strongly through the BCR either undergo
apoptosis, or become anergic [86,89]. Appropriate signals derived from the B cell receptor
(BCR), BAFF receptor, Notch2, and integrin or chemokine signaling pathways allow further
survival and selection of T2 cells into the FO or MZ compartments [89], which are among
the major functional B cell subsets responsible for humoral immunity.

FO B cells represent the majority of mature B cells, and typically reside in primary and
secondary lymphoid follicles in the spleen and lymph nodes. However, FO B cells also
recirculate and can home to primary (such as bone marrow), secondary and tertiary
lymphoid organs where they mount responses to T-dependent antigens through signals from
the BCR, CD40, and TLRs. Activated FO B cells proliferate and differentiate into short-
lived antibody-secreting cells, or can become germinal center (GC) B cells, where they
interact with follicular T cells (Tgy) and follicular dendritic cells (FDCs). This multi-cellular
interaction allows GC B cells to undergo somatic hypermutation and class switch
recombination (CSR), mediated by activation-induced cytidine deaminase (AID), before
terminally differentiating into plasma cells or memory B cells [89,90].
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In contrast to FO B cells, MZ B cells are innate-like B cells which are primed to respond
rapidly to pathogens [91,92]. MZ B cells express polyreactive BCRs and share features of
memory B cells, such as being long-lived and possessing the ability to self-renew. In
response to antigen, MZ B cells quickly differentiate into plasmablasts and produce large
amounts of IgM, IgG and some IgA via CSR. This rapid production of low affinity
antibodies by the MZ B cells is thought to provide protection prior to the production of high-
affinity antibodies by FO B cells [92].

In addition to the developmental pathways that generate conventional B-2 populations in
mice (described above), an alternative pathway leads to the development of the B-1 B cell
lineage. B-1 B cells are predominantly fetal-derived, reside in the pleural and peritoneal
cavities, and, like MZ B cells, produce natural antibodies with polyreactive receptors
[91,93]. B-1 B cells are produced during fetal development and for a limited time post-
natally. However in adulthood, this population is maintained through self-renewal processes
rather than by ongoing development [93].

3.3. Roles of mTORCL1 in early B cell development

By assessing the total expression of mMTORCL1 signaling proteins Raptor and mTOR, as well
as phosphorylation of mMTORC1 downstream targets S6 ribosomal protein (S6R) and 4EBP1
(see Figure 2), we found that the mTORC1 pathway is predominantly activated during the
pro-B, large pre-B, and small pre-B cells stages, and to a lesser extent in resting immature
and recirculating mature B cells in the bone marrow (Figure 4 and [94]). These results are
consistent with expression of the IL-7 receptor (IL-7R) during the pro-B and pre-B cell
stages, and activation of mTORC1 downstream of the IL7R. Confirmation of the importance
of mMTORCL in early B cell development has come from studies using genetic modifications
in mice to alter mTORCL1 activity. One of the first studies examined the consequences of
constitutive or inducible deletion of mTOR signaling components throughout all tissues.
Examination of a constitutive, total-body hypomorphic mutant of m7OR revealed a partial
block in early B cell development, characterized by reduced pro-B, pre-B and immature B
cell populations in the bone marrow, and reduced mature B cell populations in the spleen
[95]. Inducible total-body disruption of mTOR was accomplished with m7OR™ mice
crossed with MxZ-Cre and treated with the synthetic dSRNA analogue poly-1C
(polyinosinic:polycytidylic acid). These mice exhibited pancytopenia with decreases in all
hematopoietic lineages [96]. However, given that the mTOR protein was disrupted in both of
these studies, the differential contributions of mMTORC1 versus mTORC2 could not be
determined. By contrast, analysis of mice with inducible deletion of Raptoridentified
mTORC1 specific effects. Rapror/f mice crossed with either MxZ-Cre [97] or Rosa-
CreERT2 mice [98] were treated with poly-IC or tamoxifen respectively to induce Cre-
mediated deletion. Both mutants showed defects across multiple hematopoietic lineages
including a block in early B cell development [97,98]. However, since both Raptorf Mix -
Cre and Raptorl Rosa-CreERT2 induce widespread deletion of mTORC1 in most tissues,
conclusions about the cell-autonomous role of mMTORCL1 in B cell development could not be
made. Recently, we generated a mouse model with B cell-specific deletion of Raptorby
crossing Raptor/fl mice with B cell specific MbI-Cre transgenic mice [94], which results in
Cre expression and Raptor deletion at the pro-B cell stage and beyond. RaptorVf Mb1-Cre
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mice exhibited a block in B cell development at the early pre-B cell stage, with a complete
lack of immature and mature peripheral B cells. Rapfor-null pre-B cells exhibited reduced
proliferative capacity, reduced survival, and reduced oxidative and glycolytic metabolic
capacity [94], consistent with the known role of mMTORC1 in mitochondrial metabolism and
glycolysis [11,99]. Rapamycin-treatment also recapitulated the early block in B cell
development as evidenced by accumulation of pre-B cells and loss of immature B cells in
mice receiving rapamycin daily for 3 weeks [94]. These results definitively established a
requirement for mTORC1 signaling specifically in early B cell development.

3.4. mTORCL1 in peripheral B cell development and function

A number of studies have also focused on mTORC1 signaling in peripheral B cells, in
particular the functions of mMTORC1 in mediating humoral immunity. Using the constitutive
hypomorphic m7OR mutants described earlier, Zhang and colleagues found these mice
produced fewer GCs following immunization, and had fewer antigen-specific antibodies.
Furthermore, the antibodies produced were of lower affinity compared to wildtype controls
[100]. Further analysis showed that the m7OR-hypomorphic B cells exhibited lower levels
of activation-induced cytidine deaminase (AID), reduced somatic hypermutation, and
reduced CSR, which could be rescued by transduction of a retroviral AID vector [100]. To
further establish whether these phenotypes are B cell-autonomous, the authors analyzed
mTORV CD19-Cre mutant mice, which undergo B cell-specific deletion of m7TOR
beginning at the pre-B and immature stages of development. Similar to m7OR hypomorphs,
mTORY CD19-Cre mice exhibited fewer GCs after immunization, fewer high-affinity
antibodies, and reduced CSR [100]. Again, because these studies utilized mTOR deficient
mice, the contributions of MTORC1 and mTORC2 could not be differentiated. To examine
mTORC1-specific contributions to humoral immunity, Keating and colleagues treated mice
with rapamycin and analyzed their response to influenza infection [101]. Interestingly,
rapamycin treatment resulted in reduced GC formation and CSR leading to an altered
antibody repertoire with improved protection against a heterotypic influenza strain. The
authors also showed that total-body deletion of Raptorusing a floxed Raptorallele and
tamoxifen-responsive Cre recombinase resulted in reduced levels of AID mRNA, consistent
with the results seen with the hypomorphic mTOR mice [101]. However, both tamoxifen-
responsive Cre and rapamycin inhibit mMTORC1 in most tissues, and hence the B cell
autonomous effects could not be discerned.

More recently, a mouse model with inducible deletion of Raptorin mature B cells (hCD2¢+
Tam (ERT2)-Cre) was used to show that ablation of mTORC1 signaling before or after
primary immunization impaired GC responses resulting in reduced plasma cell
differentiation and antibody secretion. The authors found similar effects with rapamycin
treatment [102]. Furthermore, while mature plasma cell numbers were not affected by
rapamycin treatment, antibody production by these cells was decreased in a reversible
manner [102]. In another study, GCs, particularly light zone regions, were found to be
relatively hypoxic environments, and hypoxia was shown to reduce AID expression and
CSR in a hypoxia-inducible factor (HIF)-dependent manner [103]. Hypoxia was also shown
to inhibit mMTORCL activity, and similar to previous studies, deficiency in Raptor led to
decreased AID expression, reduced CSR, and high-affinity antibody production [103].

Cytokine Growth Factor Rev. Author manuscript; available in PMC 2018 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Iwata et al.

Page 10

Whereas rapamycin treatment, m7OR hypormorphism, and Raptor-deficiency all inhibited
CSR, Limon and colleagues found that mTOR catalytic site inhibitors, which block both
mTORC1 and mTORC?2 function, paradoxically increased CSR and AID transcript levels in
B cells. Furthermore, mice treated transiently with a mTOR kinase inhibitor exhibited
greater production of high-affinity class-switched antibodies [104]. The effect of the mTOR
kinase inhibitors on class-switching appeared to be a result of mMTORC2 inhibition as
Rictor CD19-Cre mice also exhibited increased CSR. In contrast, RaptorlcD21-Cre
mice, in which Raptor is deleted in transitional B cells, exhibited decreased CSR [104],
which was consistent with the previously mentioned studies [100,101]. However, the results
with the Rictof CD19-Cre mice and mTOR kinase inhibitors contrast with the previous
findings indicating that Rictor-deficient cells as well as mTOR hypomorphic cells have
impaired CSR activity [100,105]. The discrepancy was attributed to the incomplete
inhibition of mTOR achieved with the low dose of kinase inhibitor used by Limon, et al., as
well as the partial deletion of Rictorin the CD19-Cre model, compared to the more efficient
Rictor deletion observed in the Var-Cre model [104,105]. It is likely that relative impairment
of the mTORC1 versus mTORC2 pathway, as well as their individual and combined effects
on B cell development, cell proliferation, and cell survival alter the balance between
increased and decreased CSR. Altogether, these studies show that mTORC1 activity is
critical for proper AID expression, CSR and somatic hypermutation in response to T-
dependent antigens, while mTORC2 has more nuanced effects on CSR depending on
relative signaling activity. The phenotypes of mMTORC1 and mTORC?2 deletion models are
further complicated by the fact that mMTORC1 complexes and mTORC2 complexes regulate
each other, and some phenotypic effects of constitutive deletion models could be due to
regulatory feedback.

Effects of mMTORC1 hyperactivation on B cell development have also been examined. Two
groups independently generated and analyzed 75CI/flCD19-Cre mice, which exhibit
constitutive B cell-specific mMTORC1 hyperactivation [106,107]. Both groups reported a
partial block in splenic B cell development with a relative accumulation of transitional T1 B
cells and a loss of mature splenic B cells. While the FO mature population was markedly
reduced in 7SCI knockout mice, the MZ B cell population was abolished [106,107].
Interestingly, both groups immunized these mice with the T-dependent antigen NP-CGG
with varying results. While Benhamron and Tirosh observed impaired GC formation and
variable NP-specific antibody production [106], Ci and colleagues observed normal GC
formation and relatively normal antibody responses [107]. The cause of this discrepancy is
not clear as background strain did not affect the phenotype observed by Ci and colleagues
[107]. In addition to examining T-dependent immune responses, Benhamron and Tirosh also
analyzed T-independent antibody production in response to NP-Ficoll. Consistent with a
deficiency in MZ B cell development, 75C knockout mice failed to produce antibody in
response to NP-Ficoll [106]. Collectively, these findings indicate that while mMTORC1
signaling is required for early B cell development and for primary and secondary immune
responses to T-dependent antigens, excessive mTORC1 activation is also detrimental to
maturation of splenic B cells, and in particular, MZ B cells. This finding is interesting given
that previous studies have also indicated relatively high levels of mTORC1 activation in MZ
B cells [29]. MZ B cells are considered to exist in a pre-activated state, and produce natural
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antibodies under homeostatic conditions [92]. However, MZ B cells also require weak BCR
signaling for differentiation as relatively strong BCR signals steer the differentiation of
transitional B cells into FO B cells, and very strong signals lead to anergy or deletion [89].
Hyperactivation of mMTORC1 may thus be an indication of high self-reactivity, and is
especially detrimental to developing MZ B cells.

3.5. MTORC2 in B cell development

Several studies using gene targeting or chemical inhibition approaches have revealed the
importance of the mTORC?2 signaling pathway in B cell development and function. Two
groups examined the consequences of Rictor deletion using RictorV Mx1-Cre mice treated
with polyIC. Both groups noted normal bone marrow B cell cellularity, but reduced splenic
B cells in these mice [97,108]. However, only one group described the bone marrow B cell
populations in detail and found an increased percentage of pro-B, pre-B and immature B
cells with a marked reduction in mature B cells [108]. This defect in B cell development was
shown to be B cell-autonomous based on bone marrow transplantation experiments [108].
Rictor-deficient B cells also exhibited increased expression of Ragl and /L-7R, as well as
decreased Foxol phosphorylation, which is indicative of increased nuclear Foxol
transcriptional activity [108]. In another study, ablation of SinZ, a component of the
mTORC2 complex, displayed a more robust early B cell development defect. Because
constitutive Sin knockout mice are embryonic lethal, the authors utilized fetal liver
hematopoietic stem cell transplantation to examine consequences of SinZ loss on bone
marrow B cell development. Analysis of reconstituted mice revealed that Sinz deficiency
leads to increased pro- and pre-B cells but decreased immature and mature bone marrow B
cells [109]. The expansion of pro-B cells seen in recipients of SinZ knockout HSCs is
associated with increased /L-7R and Rag gene expression, and decreased Foxol
phosphorylation [109], consistent with the phenotype observed in the Rictorfi Mx1-Cre
mice [108]. These studies collectively suggest that mTORC2 signaling regulates PI3K
signaling in early B cells, and disruption of this pathway leads to a failure to properly
downregulate IL-7R signaling and Rag gene expression, leading to disrupted B cell
development.

More prominent phenotypes in peripheral B cell homeostasis and antibody production were
observed in Rictor-deleted mice using Vav-Cre and ROSA26-Cre-ERT2 systems. Analysis of
Rictorf vay-Cre mice revealed impaired splenic B cell development as evidenced by
increased transitional B cells and impaired maturation of MZ and FO B cells. In addition,
the peritoneal Bla B cell population was also reduced [105]. The authors of this study also
analyzed Rictor\ ROSA26-Cre-ERT2 mice following tamoxifen-induced deletion of Rictor.
Consistent with a role in maintenance of mature B cells, deletion of Rictorresulted in
reduced peripheral B cells and MZ B cells, reduced B cell survival, and reduced B cell
proliferation [105]. Furthermore, disruption of mMTORC?2 led to impaired expression of NF-
xB target genes, which mediate cell survival downstream of BCR and BAFF-R signaling,
and also resulted in compromised antibody production in Rictor-deficient mice. As
mentioned earlier, the RictorV av-Cre mice, as well as recipients of tamoxifen-deleted
Rictor'"M ROSA26-Cre-ERT2 B cells, exhibited reduced antibody responses [105]. These
findings are in contrast to results showing that moderate levels of mMTORC2 inhibition (via
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chemical or genetic manipulation) results in increased class-switching [104]. As discussed,
these B cell phenotypes appear to be highly sensitive to the degree of mMTORC2 inhibition,
as increasing the concentration of mMTOR kinase inhibitors used results in decreased CSR as
well as reduced cell proliferation [104]. Thus, mTORC?2 signaling plays a major role in B
cell-specific responses to signals originating from the BCR and BAFF-R to mediate survival,
proliferation and antibody production.

3.6. Folliculin/Fnipl in early B cell development

Recent studies on Folliculin and Fnipl have highlighted essential roles for these adaptor
proteins in cellular growth and differentiation, particularly in highly metabolic tissues such
as heart, skeletal muscle, kidney, and immune cells. Utilizing an ENU chemical mutagenesis
strategy in mice to identify novel immune regulating genes, we identified a mutant pedigree
that lacks B lymphocytes due to a non-coding mutation in the FnipI gene [53]. FripZ null
mice have a complete block in B cell development at the pre-B cell stage (Figure 4), and
proliferate normally in response to IL-7. Whereas the pre-BCR and associated signaling
molecules appeared to be expressed normally, FnipI null pre-B cells are larger in size,
exhibit increased oxidative phosphorylation and glycolysis, and are more sensitive to
nutrient deprivation-induced apoptosis relative to wildtype pre-B cells. These observations
correlate with increased AMPK activation and inefficient termination of mTOR activity in
response to the AMPK activator AICAR. Interestingly, FnipZ null pre-B cells are also
relatively resistant to transformation induced by the My« oncogene, in part due to increased
apoptosis of Myc-overexpressing pre-B cells. These results suggest that Fnip1, in
conjunction with AMPK, may help maintain metabolic homeostasis in response to metabolic
stresses such as nutrient deprivation or oncogene activation (Figure 3). Baba et a/. also
generated constitutive F77p1 null or tamoxifen-inducible BAd (Flcn) null pre-B cells using
Bhd™~ Cre-ER" mice [110] and also found that disruption of either gene led to a block in B
cell development at the pro-B/pre-B cell stage due to increased apoptosis. Interestingly,
humans with BHD syndrome have not been reported to have deficiencies in B cells,
suggesting that perhaps Fnipl or Fnip2 could compensate for the absence of FLCN in
human B cells. Consistent with this notion, mice singly deficient in either FnipI or Fnip2
fail to develop significant renal disease or renal cancer, whereas conditional deletion of Flcn
results in severe polycystic kidney disease that progresses to cancer [48]. However, deletion
of both FnijpZ and Fnip2in mice does recapitulate severe renal disease seen with disruption
of Bhd, indicating that Fnipl and Fnip2 can compensate for each other in renal tissue [51].

Although Fnip1 deficiency blocked B cell development, T cell development and functions
were not found to be significantly impaired, perhaps due to compensation by Fnip2.
However, disruption of Fnip does block invariant natural killer T (iNKT) cell development
[111], similar to the phenotype observed with loss of c-Myc[112] and 7SCZ [113] in these
cells. These findings are consistent with the hypothesis that Fnip1 helps maintain metabolic
homeostasis in response to cellular stress, such as occurs during oncogene activation and
nutrient deprivation.
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4. mTOR and B cell neoplasms

4.1 mTOR activation in B cell neoplasms

The PI3K/AKt signaling cascade and downstream regulator mTOR are deregulated in many
human cancers (reviewed in [114]). The roles of PI3K and Akt signaling in B cell
lymphomas have been extensively reviewed elsewhere [115,116], and hence we will focus
more specifically on mTOR in B cell neoplasms in this review. Hyperactivation of the
mTOR pathway in B cell lymphomas results in increased proliferation, cell survival, and
invasion, all of which contribute to cancer progression and adaptive resistance to
chemotherapies. For example, AKT and/or mTOR activation correlates with poor prognosis
in B cell acute lymphablastic leukemia (B-ALL) and non-Hodgkin’s lymphoma (NHL)
patients [117-120]. Oncogenic drivers of B cell transformation such as BCR-ABL1
(Philadelphia chromosome [Ph+] positive ALL) translocations result in constitutive kinase
activation with corresponding downstream activation of the PI3K/mTOR pathway. Similarly
Philadelphia chromosome-like (Ph-like) BALL carries a poor prognosis and exhibits high
rates of activating mutations in various kinases, although it lacks the BCR-ABL1 fusion
protein. Kinases commonly activated in B-ALL include cytokine receptorlike factor 2
(CRLF2), Janus kinases (JAKSs), Abelson murine leukemia viral oncogene homolog 1
(ABL1), colony-stimulating factor 1 receptor (CSF1R), platelet-derived growth factor
receptor beta (PDGFRB), fms-related tyrosine kinase 3 (FLT3), and IL7R. The majority of
these growth factors, kinases, and receptors activate the mTOR pathway. Loss of function
mutations in tumor suppressors such as PTEN (Figure 2), or activating mutations in
upstream kinases such as protein kinase C delta (PKC8) or Syk, are the most common
causes of MTOR hyperactivity, although various mutations in mTOR itself have also been
associated with increased cancer risk [121]. For example, recent studies indicate that up to
17% of follicular lymphoma patients have activating mutations in the mTORCL1 regulator
RRAGC, enabling constitutive mTORC1 activation independent of amino acid levels
[122,123]. Conversely, a polymorphism in the mTOR promoter that leads to decreased
mTOR expression has been negatively associated with several different cancer types
including acute lymphoblastic leukemia (ALL) [124]. These studies highlight the important
contributions of mMTORC1 signaling to lymphomagenesis and cancer progression, and
reinforce the therapeutic potential of targeting mTOR in cancer.

4.2. Rapalogs as chemotherapy adjuvants

The partial mTORC inhibitors rapamycin and rapamycin analogs (rapalogs) were the first
generation of mTOR inhibitors tested in preclinical studies for anti-leukemia activity
(reviewed in [125- 129]). Rapamycin and rapalogs showed early promise as potent single
chemotherapy agents in genetically modified mouse models as well as primary human tumor
cells grown /n vitro, and in tumor xenograft models [130-133]. Although rapalogs did not
exhibit dose-limiting toxicities when used as monotherapies in clinical trials, they showed
reduced efficacy compared to standard chemotherapeutic regimens except in the case of
mantle cell lymphoma (MCL), which responds poorly to other chemotherapies. Indeed,
temsirolimus has been approved as a single agent therapy for relapsed MCL in Europe
[134], and is currently the only B cell cancer subtype for which rapalogs are clinically
approved to treat.
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While not generally effective as single chemotherapy agents, rapalog-induced cytostatic
responses can synergize with cytotoxic chemotherapy to more effectively kill cancer cells
and limit disease relapse (Table 2). For example, dual treatment of xenograft ALL models
with sirolimus and methotrexate decreases levels of dihydrofolate reductase, a protein which
confers methotrexate resistance by rescuing DNA biosynthesis [135]. Similarly,
combinations of mMTOR and histone deacetylase inhibitors (HDACSs) have shown efficacy in
preclinical models of ALL [136]. Dual inhibition of mTOR and the anti-apoptotic protein
Bcl2 also increased death of ALL cells by repressing Mcl1 expression [137]. Although
tyrosine kinase inhibitors such as imantinib are used clinically to treat Ph+ B-ALL, survival
rates are still significantly lower than other types of ALL likely because the BCR-ABL1
fusion gene characteristic of this disease directly activates the mTOR pathway. Imatinib
itself may also activate part of the mTOR pathway, leading to treatment resistance. Yang et
al. showed that combining imatinib therapy with rapamycin overcame this effect and
enabled induction of autophagy and cell cycle arrest in primary Ph+ B-ALL cells in vitro
[138].

The rapalogs sirolimus, temsirolimus, and everolimus are all being tested in various clinical
trials for ALL and NHL in combination with multi-agent chemotherapy, with promising
outcomes including complete remission of relapsed childhood ALL [125]. However, in some
cases, rapalogs combined with multi-agent chemotherapy have shown remission rates no
better than standard chemotherapeutic regimens [139], and therapeutic efficacy was
sometimes accompanied by adverse toxicity, such as significant thrombocytopenia [140]. In
addition, another disadvantage of rapalog therapy is upregulation of the pro-survival/
proliferation PI3K pathway, which occurs through loss of mMTORC1 negative feedback on
PI3K and mMTORC2 [141-143], and the incomplete suppression of some mTORC1
substrates such as 4E-BP1 [144]. Thus, investigations to identify rapalog/multi-drug
chemotherapy combination regimens which are effective and well-tolerated continues, with
many clinical trials currently underway.

4.3. mTOR kinase inhibitors as chemotherapy

In order to circumvent feedback activation of AKT and mTORC2, which can occur with
rapalog therapy, there have been intense efforts to develop mTOR-KIs as chemotherapeutic
agents. TOR-KIs compete with ATP for binding to the mTOR active site, and thus more
effectively block mTORC1 substrate phosphorylation relative to rapalogs, while also
inhibiting mTORC2 activity and attenuating the AKT pathway. Tasian et a/found that
treatment of patient-derived Ph-like ALL murine xenografts with the TOR-KI AZD2014 or
the dual PI3K/mTOR inhibitor gedatolisib (PKI587) downregulated the mTOR pathway, and
significantly decreased leukemia burden in 6/10 or 10/10 different tumors, respectively
[145]. Interestingly, therapeutic responses to the TOR-KI AZD2014 were greatest in the two
tested relapsed ALL samples. PI3Ka and PI3K& inhibitors alpelisib and idelalisib were also
tested in this study, and the dual PI3K/mTOR inhibitor gedatolisib was the most effective
treatment in 9/10 tumors. This finding confirmed earlier studies comparing dual PI3K/
mTOR inhibitors with selective PI3K, mMTORC1, and mTORC1/2 kinase inhibitors [146].
Examples of TOR-KIs being tested in clinical trials as single-agent treatments for B cell
neoplasms (such as ALL and NHL) include MLNO0128, CC-115, PQR-309 and CC-223. As
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discussed with rapalog therapy, combining mTOR kinase inhibitors with other drugs can
also be utilized to target chemotherapy resistance mechanisms such as upregulation of the
parallel RassMAPK/ERK pathway and receptor tyrosine kinases (RTKS), or to induce
apoptosis by inhibiting pro-survival proteins such as BCL-2 and BCL-X . In addition,
mTOR inhibition can be combined with drugs targeting specific oncogenic drivers, such as
various combinations of mMTORC/PI3K inhibitors with the Btk inhibitor ibrutinib to combat
the chronic BCR activation which drives activated B cell-like diffuse large B cell lymphoma
[147].

One disadvantage noted in clinical trials is that, whereas TOR-KIs may be more efficacious
in controlling tumor growth than rapalogs, they may also be associated with greater
toxicities [125]. In addition, despite promising synergistic combinatorial therapies, mTOR
inhibitors can also antagonize other chemotherapeutic agents by inducing autophagy and
thus providing nutrients and cellular products to continue supporting tumor growth [148].
Therefore, dual inhibition of both the mTOR pathway and autophagy may prove useful,
especially in certain cancers in which mTOR upregulation is paradoxically associated with
increased autophagy, such as chronic lymphoid leukemia and acute myeloid leukemia [126].
The generation of more effective therapies will require thorough knowledge of the molecular
defects observed in each cancer type combined with an understanding of how drugs
modulate the interconnected signaling pathways.

5. Concluding remarks

The mTORC pathway is highly complex and regulates many essential parts of cell growth,
proliferation, survival, and function. Although this pathway is clearly important for many
aspects of B cell development and function, much of the regulatory circuitry modulating the
activity of mTOR and the biological consequences of that activity remain unknown in B
cells. Elegant biochemical studies in non-B cell lines are defining the molecular mechanisms
of how nutrients such as amino acids and glucose, and growth factor signals converging on
the TSC1/TSC2 complex, interplay to regulate the localization and activation of mMTORC1 at
the lysosome surface. This emerging mechanism is particularly intriguing in B cells given
the high metabolic demands of activated B cells during clonal expansion, and the
requirements for high protein synthetic capacity to fuel antibody production. However,
whether amino acids specifically control B cell development and functions have not been
defined, and how amino acid signaling might intersect with BCR, TLR, and co-receptor
signaling are unclear. Similarly, although genetic studies in mice are defining the importance
of mTOR signaling at specific stages of B cell development and for B cell functions, the
specific receptors and upstream signaling pathways leading to mTOR activation during B
cell development are unclear. Given that clinical trials in humans are revealing that mTOR
kinase inhibitors can be very toxic, due in part to the widespread importance of mMTOR
signaling in many cell types, better understanding of the molecules and pathways activating
mTOR specifically in B cells will assist in developing more targeted and less toxic
approaches to inhibit mTOR in B cells and B cell neoplasms. Equally interesting questions
remain regarding the signaling molecules and pathways downstream of mTOR that control B
cell development and functions. For example, numerous molecules and transcription factors
are being defined in non-B cells that mediate mTOR-driven protein, lipid, and nucleic acid
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synthesis, as well as autophagy inhibition and lysosome biogenesis. Determining which of
these molecules and pathways are important in mediating mTOR activities during B cell
development will assist in better defining the “metabolic checkpoint” pathways that govern
maturation, differentiation, clonal expansion, and antibody production in B cells. Finally,
improved systems for investigating mTOR signaling in B cells will enable clearer
understanding of the molecules and pathways controlling mTOR in B cells. Whereas non-B
cell lines such as human embryonic kidney (HEK) 293T and HelLa cervical cancer cells have
been the workhorses for discovering important mTOR signaling molecules, the “wiring”
between these cell lines and primary B cells could be significantly different, and some cell
lines like HeLa, have evolved to lack expression of important signaling molecules such as
LKB1, an upstream activator of AMPK. Similarly, constitutive and tissue specific disruption
of important signaling molecules in mice can impose extensive selective pressures that can
result in feedback signaling, which can be incorrectly interpreted as a primary consequence
of a specific gene disruption. Hence, the development and utilization of better B cell-specific
and inducible (acute) gene disruption models, along with systems to specifically mark
deleted cells, will help clarify these issues.

Regardless of these challenges, the mTOR pathway is emerging as one of the most
interesting and essential pathways controlling B cell development and functions. The
widespread utilization of rapamycin and mTOR kinase inhibitors as potential therapies in a
large array of diseases and for lifespan extension, further highlight the importance of
completely understanding how this pathway modulates individual cell types such as B cells
and other immune cells.
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Figure 1. mTORC1 and mTORC?2 complexes and downstream signaling pathways
(A) The mTOR protein forms two unique complexes called mTORC1 and mTORC2.

mTORCL is activated by growth factors, amino acids, sufficient energy and oxygen, whereas
MTORC2 is primarily responsive to growth factors. mTORC1 consists of mTOR, Raptor,
Pras40, Deptor, MLSt8, and Tti/tel2; mTORC2 consists of mTOR, Rictor, Protorl, as well
as Deptor, Mlst8, and Tti/Tel2. mTORCL1 is inhibited by rapamycin, whereas mTORC?2 is
relatively rapamycin resistant except at high doses. However, both mTORC1 and mTORC2
are sensitive to mTOR kinase inhibitors. (B) mTORC1 regulates numerous processes
integral to cell growth and proliferation including protein synthesis, DNA synthesis, lipid
synthesis, and glycolysis while inhibiting autophagy. In contrast, mMTORC2 enhances cell
survival and stimulates cytoskeletal reorganization. Important downstream phosphorylation
targets of mMTORC1 and mTORC?2, and the specific processes regulated by each signaling
event are shown.

**mTORCLI regulates HIF1a levels by translational control.
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Figure 2. Activation of the mTOR signaling pathway modeled in B cells
Antigen binding and aggregation of the B cell receptor (BCR) combined with co-receptor

ligation leads to activation of the Ras/Raf/Mek/Erk and PI3 kinase/Akt protein kinase
cascades, which have been shown to activate mMTORC1 (mTOR/Raptor complex) activation
through phosphorylation and inhibition of TSC2 (tuberous sclerosis complex protein 2). The
TSC complex negatively regulates mTORC1 by suppressing activation of the Rheb GTPase,
which necessary for activating mTORCL catalytic activity. Although not demonstrated in B
cells, amino acid sufficiency is also necessary to activate mTORC1 by association with
active v-ATPase/Ragulator/Rag GTPase complexes on the surface of the lysosome (see
Figure 3 for details). mTOR is also negatively regulated by low energy (low ATP/high AMP)
levels through activation of AMP kinase (AMPK). Activated AMPK inhibits nMTORC1
activity through phosphorylation and inhibition of Raptor (a positive regulator of mTOR)
and phosphorylation and activation of the TSC complex. AMPK supports the generation of
ATP and nutrients through upregulation of mitochondrial biogenesis and autophagy, while
mTORCL1 suppresses autophagy and promotes cell growth and proliferation. The PI3K
pathway also activates mTORC2 (mTOR/Rictor complex), which also increases mMTORC1
activity through direct phosphorylation and activation of Akt. Wnt signaling inhibits
mTORCL1 by inhibiting Gsk3b, which is a positive regulator of the TSC complex.
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*Positive regulators of mMTORCL signaling are depicted in green, and negative regulators of
mTORC1 are depicted in blue. Folliculin and Fnip1/2 have been described as both positive
and negative regulators of mMTORC1.
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Figure 3. Model of MTORC1 regulation by amino acids and growth factors
(i) When nutrients are abundant, the lysosomal v-ATPase is activated by amino acids

(leucine and arginine in particular) transported into the lysosome, which stimulates the GEF
activity of the Ragulator towards the RagA/B GTPases (“inside-out signaling™), resulting in
mTORC1 recruitment to the lysosome. Concurrent growth factor and/or BCR stimulation
results in phosphorylation and inhibition the TSC complex, permitting mTORC1 activation
at the lysosome by Rheb-GTP.

(ii) During amino acid starvation, the AMPK/Flcn/Fnipl/2 complex is bound to inactive v-
ATPases through Axin, which inhibits the GEF activity of the Ragulator and switches the
Rag GTPases to an inactive state, leading to dissociation of mMTORC1 from the lysosome.
The Gatorl complex also prevents mTORC1 activation under conditions of amino acid
insufficiency by acting as a GTPase activating protein (GAP) for Rag A/B.

(iii) When energy is also low, high AMP levels increase the affinity of AMPK for LKB1
bound to Axin, which increases recruitment of LKB1/Axin complexes to the lysosome, and
subsequently AMPK activation by LKB1. Activated AMPK further inhibits mTORCL1 by
phosphorylation of Raptor and TSC2.

Cytokine Growth Factor Rev. Author manuscript; available in PMC 2018 June 01.



Iwata et al. Page 32

e mTOR"A Mx1-Cre
* Raptor/f Mx1-Cre

*Raptor" Mb1-Cre
*mTOR hypomorph

1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Bone Marrow

germline
Ig

HSC-CLP Pro-B Cell

pre-BCR

'Rgptorﬂ/ﬂ ROSA26-ER™-Cre *Fnip17-

Pre-B cell

Immature
B-cell

activity

Figure 4. Regulation of B cell development in the bone marrow by mTORC1 and mTORC2

pathways

B cell development in the bone marrow begins with the first committed B cell lineage
progenitors (pro-B cells) undergoing Ig heavy chain gene rearrangement. Pre-B cells
expressing a properly rearranged Ig heavy chain form the pre- B cell receptor (pre-BCR)
complex along with surrogate light chains, which stimulates pre-B cell expansion and Ig
light chain gene rearrangement. The Ig heavy and light chain proteins then form surface
IgM, at which point immature B cells are then tested for self-reactivity. Immature B cells
with high self-reactivity undergo deletion or receptor editing, while B cells with low or no
self-reactivity migrate to the spleen, where development continues (see Figure 5). Genetic
disruption of mTOR, Raptor, and Fnip/lead to blocks in B cell development, as depicted.
Also shown is the relative activity of the mTORCL signaling pathway during early B cell

development.
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Figure 5. Model of peripheral B cell development in the spleen with associated blocks in
mTORC1 and mTORC2 mutants

Immature B cells migrate from the bone marrow and fetal liver to the spleen and proceed
through transitional stages Tl and T2, where they continue to be tested for self-reactivity
before differentiating into mature marginal zone (MZ-B) or follicular (FO) B cells. Upon
encounter with specific antigen and with the requisite T-cell-derived co-stimulation,
activated follicular B cells may differentiate into either short-lived antibody secreting plasma
cells or into germinal center B cells (GC-B). GC-B cells undergo clonal expansion, somatic
hypermutation, and class-switch recombination before terminally differentiating into long-
lived antibody-secreting plasma cells or memory B cells. MZ-B cells are also capable of
differentiating into plasma cells. Gene-targeted deletion of specific mMTORCL1 and/or
mTORC?2 signaling components in mice disrupt splenic B cell development at the stages
shown.

TThe specific developmental block in Rictor/f Mx1-Cre mice has not been characterized.
These mice develop a normal immature B cell populations in the bone marrow, but have
reduced mature B cells.

*One study showed 7.5C1flCcD19-Cre mice have a defect in GC-B cell formation, while the
other study showed no impairment.
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Table 1

B cell phenotypes associated with aberrant mMTORC1 and mTORC2 signaling.
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Gene Mutation Effect B Cell Phenotypes References
mTOR  mTORV Mx1-Cre IMTORC1 & {mTORC2  Pancytopenia (decrease in all hematopoietic lineages) [96]
hypomorphic mTOR Kl allele Partial block at large pre-B to small pre-B cell stage; [95][100]
decreased mature splenic B cells; decreased AID
expression, reduced somatic hypermutation; reduced
class switch recombination and reduced high-affinity
antibody production.
mTORM CcD19-Cre Reduced germinal center formation, reduced class [100]
switch recombination and reduced high-affinity class
switched antibodies
Raptor  Raptorf Mbi-Cre ImTORC1 Block in B cell development at pro-B/pre-B cell stage; [94]
lack of peripheral B cells and fail to produce antigen-
specific antibody
Raptorf Mix1-Cre Pancytopenia including impaired B cell development 971
with increased bone marrow pro-B and decreased mature
peripheral B cells
Raptor"M ROSA26-ER™-Cre Block in granulocyte and B cell development with [98]
reduced pro-B, pre-B and immature bone marrow B cells
Reduced AID expression [101]
Raptor' CD20-Tam-Cre Decreased plasma cell differentiation with no change in [102]
mature plasma cell survival; reduced antibody synthesis
RaptorflCD21-Cre Normal B cell development; reduced class switch [104]
recombination and antibody secreting cells
Raptor''* ROSA26-ER™-Cre Reduced AID expression; reduced class switch [103]
recombination; decreased high-affinity antigen-specific
class-switched antibody production
Tscl TscIVf cp19-Cre TmTORC1 Impaired mature B cell development; increased [106]
transitional B cells; loss of MZ/FO B cells; decreased
Tl-antigen response; impaired GC formation
TscIVf cp19-Cre Block at transitional splenic B cell stage; decreased [107]
mature MZ and FO B cells; normal GC formation; mild
TscI ERT2-Cre reduction in class switch recombination
Rictor  Rictor ay-Cre ImTORC2 Impaired development of mature FO, MZ and peritoneal [105]
Bla B cells
Ricto" ROSA26-ER™Cre Reduced peripheral and MZ B cells
Rictorf Mx1-Cre Block in B cell development with increased BM pro-B, [108]
pre-B, immature B cells; reduced mature B cells
Rictor" CD19-Cre Increased class switch recombination [104]
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