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Abstract	
  

B-­‐lymphocytes	
  respond	
  to	
  environmental	
  cues	
  for	
  their	
  survival,	
  growth,	
  and	
  

differentiation	
  through	
  receptor-­‐mediated	
  signaling	
  pathways.	
  	
  Naïve	
  B-­‐

lymphocytes	
  must	
  acquire	
  and	
  metabolize	
  external	
  glucose	
  in	
  order	
  to	
  support	
  the	
  

bioenergetics	
  associated	
  with	
  maintaining	
  cell	
  volume,	
  ion	
  gradients,	
  and	
  basal	
  

macromolecular	
  synthesis.	
  	
  The	
  up-­‐regulation	
  of	
  glycolytic	
  enzyme	
  expression	
  and	
  

activity	
  via	
  engaged	
  B-­‐cell	
  receptor	
  mediated-­‐events	
  was	
  glucose-­‐dependent.	
  	
  This	
  

suggests	
  an	
  essential	
  role	
  for	
  glucose	
  energy	
  metabolism	
  in	
  the	
  promotion	
  of	
  B	
  cell	
  

growth,	
  survival,	
  and	
  proliferation	
  in	
  response	
  to	
  extracellular	
  stimuli.	
  	
  In	
  addition,	
  

the	
  activity	
  of	
  ATP-­‐citrate	
  lyase	
  (ACL)	
  was	
  determined	
  to	
  be	
  crucial	
  for	
  ex	
  vivo	
  

splenic	
  B	
  cell	
  differentiation	
  to	
  antibody-­‐producing	
  cells	
  wherein	
  B	
  cells	
  undergo	
  

endomembrane	
  synthesis	
  and	
  expansion.	
  	
  This	
  investigation	
  employed	
  knockout	
  

murine	
  models	
  as	
  well	
  as	
  chemical	
  inhibitors	
  to	
  determine	
  the	
  signaling	
  

components	
  and	
  enzymes	
  responsible	
  for	
  glucose	
  utilization	
  and	
  incorporation	
  into	
  

membrane	
  lipids.	
  	
  These	
  results	
  point	
  to	
  a	
  critical	
  role	
  for	
  phosphatidylinositol	
  3-­‐

kinase	
  (PI3K)	
  in	
  orchestrating	
  cellular	
  glucose	
  energy	
  metabolism	
  and	
  glucose-­‐

dependent	
  de	
  novo	
  lipogenesis	
  for	
  B	
  lymphocyte	
  responses.	
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Abbreviations	
  
	
  

2-­‐DOG:	
  2-­‐deoxy-­‐D-­‐glucose	
  	
  
2DG:	
  2-­‐deoxy-­‐D-­‐glucose	
  	
  	
  
5TG:	
  5-­‐thioglucose	
  
6-­‐ANA:	
  6-­‐aminonicotinamide	
  	
  
13C-­‐U-­‐glucose:	
  13C-­‐uniformly	
  labeled-­‐glucose	
  
13C-­‐U-­‐glutamine:	
  13C-­‐uniformly	
  labeled-­‐glutamine	
  
	
  [14C]-­‐U-­‐glucose:	
  [14C]-­‐uniformly	
  labeled-­‐glucose	
  
18S	
  rRNA:	
  18	
  Svedberg	
  units	
  ribosomal	
  RNA	
  
A549:	
  adenocarcinomic	
  human	
  alveolar	
  basal	
  epithelial	
  cells	
  
Ab:	
  antibody	
  
ACC:	
  acetyl-­‐CoA	
  carboxylase	
  	
  
Aceto-­‐acyl	
  CoA:	
  acetoacetyl-­‐coenzyme	
  A	
  
Acetyl-­‐CoA:	
  acetyl-­‐coenzyme	
  A	
  
ACL:	
  ATP	
  citrate	
  lyase	
  
αIg:	
  	
  fragment	
  antigen-­‐binding	
  region	
  F(ab')2	
  of	
  Immunoglobulin	
  M	
  
Akt:	
  alpha-­‐ketoglutarate	
  mouse	
  strain	
  spontaneous	
  thymic	
  lymphoma	
  protein	
  
Anti-­‐hsp90:	
  antibody	
  recognizing	
  heat	
  shock	
  protein	
  90	
  	
  
AP1:	
  activator	
  protein	
  1	
  
ATP:	
  adenosine-­‐5'-­‐triphosphate	
  	
  
au:	
  arbitrary	
  unit	
  
B-­‐1:	
  peritoneal	
  B	
  lymphocytes	
  
Breg:	
  regulatory	
  B	
  lymphocytes	
  
B-­‐2:	
  conventional	
  splenic	
  B	
  lymphocytes	
  
B220:	
  a	
  molecular	
  form	
  of	
  CD45	
  
BAD:	
  Bcl-­‐2-­‐associated	
  death	
  promoter	
  protein	
  
Bax:	
  Bcl-­‐2–associated	
  X	
  protein	
  
bcl-­‐2:	
  B-­‐cell	
  lymphoma	
  2	
  gene	
  
bcl-­‐xl: B-­‐cell	
  lymphoma-­‐extra	
  large	
  gene	
  
BCR:	
  B-­‐cell	
  receptor	
  
Bfl-­‐1:	
  B-­‐cell	
  leukemia/lymphoma	
  2	
  related	
  protein	
  A1a	
  
Blimp-­‐1/PRDM1:	
  B	
  lymphocyte-­‐induced	
  maturation	
  protein-­‐1/positive	
  regulatory	
  
domain	
  I	
  element	
  binding	
  protein 
BLNK:	
  B-­‐cell	
  linker	
  protein	
  
β-­‐ME:	
  beta-­‐mercaptoethanol	
  	
  
BP:	
  3-­‐bromopyruvate	
  	
  
bp:	
  base	
  pair	
  
BSA:	
  bovine	
  serum	
  albumin	
  	
  
BTK:	
  Bruton’s	
  tyrosine	
  kinase	
  
C:	
  cholesterol	
  
C14:0:	
  myristic	
  acid	
  	
  
C16:0:	
  palmitic	
  acid	
  	
  
C16:1:	
  palmitoleic	
  acid	
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C17:0:	
  heptadecanoic	
  acid	
  or	
  margaric	
  acid	
  
C18:0:	
  stearic	
  acid	
  	
  
C18:1:	
  oleic	
  acid	
  	
  	
  
C18:2:	
  linoleic	
  acid	
  	
  
C20:0:	
  arachidic	
  acid	
  	
  
C-­‐9:	
  compound-­‐9,	
  2-­‐hydroxy-­‐N-­‐arylbenzenesulfo-­‐namide	
  9	
  	
  
c-­‐myc:	
  myelocytomatosis	
  oncogene	
  	
  
CB:	
  cerebroside	
  
CD23:	
  cluster	
  of	
  differentiation	
  marker	
  number	
  23,	
  also	
  known	
  as	
  Fc	
  epsilon-­‐
receptor	
  II	
  
CD34:	
  cluster	
  of	
  differentiation	
  marker	
  for	
  hematopoietic	
  progenitor	
  cell	
  antigen	
  
number	
  34	
  
CD40:	
  cluster	
  of	
  differentiation	
  marker	
  number	
  40	
  	
  
CD40L:	
  cluster	
  of	
  differentiation	
  marker	
  number	
  40	
  ligand	
  
CD45:	
  cluster	
  of	
  differentiation	
  marker	
  number	
  45	
  for	
  leukocyte-­‐common	
  antigen	
  of	
  
nucleated	
  haematopoietic	
  cells	
  	
  
CDP:	
  cytidine	
  diphosphate	
  
CE:	
  cholesterol	
  ester	
  
CEPT:	
  choline/ethanolamine-­‐phosphotransferase	
  
CH12.lx:	
  inducible	
  murine	
  lymphoma	
  cell	
  line	
  
CL:	
  cardiolipin	
  
CM:	
  ceramide	
  	
  
CoA:	
  coenzyme	
  A	
  
cpm:	
  counts	
  per	
  minute	
  	
  
CPT/CPT-­‐1A:	
  Carnitine	
  palmitoyltransferase	
  I	
  isoform	
  A	
  	
  
CT:	
  cycle	
  threshold	
  
D-­‐J:	
  Diverse	
  and	
  Joining	
  gene	
  segments	
  recombination	
  of	
  the	
  heavy	
  chain	
  locus	
  
DAG:	
  diacylglycerol	
  
ΔΔCT: DeltaDeltaCT=	
  Ct	
  for	
  an	
  RNA	
  or	
  DNA	
  from	
  the	
  gene	
  of	
  interest	
  divided	
  by	
  Ct	
  of	
  
RNA/DNA	
  from	
  a	
  housekeeping	
  gene	
  	
  
DEAE-­‐Sephadex:	
  diethylaminoethanol-­‐Sepharose	
  	
  
dpm:	
  disintegrations	
  per	
  minute	
  	
  
DT40:	
  avian	
  leukosis	
  virus-­‐transformed	
  chicken	
  immature	
  B	
  lymphocyte	
  cell	
  line	
  
DTT:	
  dithiothreitol	
  	
  
ECL:	
  enhanced	
  chemiluminescence	
  
EDTA:	
  ethylenediaminetetraacetic	
  acid	
  	
  
EGTA:	
  ethylene	
  glycol	
  tetraacetic	
  acid	
  
eIF4E:	
  eukaryotic	
  translation	
  initiation	
  factor	
  4E	
  	
  
ER:	
  endoplasmic	
  reticulum	
  	
  
FAMES:	
  fatty	
  acid	
  methyl	
  esters	
  	
  
FAS:	
  fatty	
  acid	
  synthase	
  	
  
Fc:	
  fragment	
  crystallizable	
  region	
  	
  
FCS:	
  fetal	
  calf	
  serum	
  	
  
FFA:	
  free	
  fatty	
  acid	
  	
  
FITC:	
  fluorescein	
  isothiocyanate	
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FL5.12:	
  IL-­‐3-­‐dependent	
  mouse	
  pro/pre-­‐B	
  cell	
  line	
  	
  
Foxo1:	
  forkhead	
  box	
  protein	
  O1	
  	
  	
  
FSC-­‐A:	
  forward	
  scatter–area	
  	
  
G1:	
  Gap	
  1	
  phase	
  of	
  the	
  cell	
  cycle	
  
g6pd:	
  glucose-­‐6-­‐phosphate	
  dehydrogenase	
  	
  	
  
GA2:	
  monosialo-­‐ganglioside	
  	
  
γc	
  chain:	
  common	
  gamma	
  chain	
  receptor	
  sub-­‐unit	
  
GC-­‐MS:	
  gas	
  chromatography-­‐mass	
  spectrometry	
  
glut-­‐1:	
  facilitated	
  glucose	
  transporter	
  member	
  1	
  	
  
GSK3:	
  glycogen	
  synthase	
  kinase-­‐3	
  
GSL:	
  glycosphingolipids	
  
H-­‐2k:	
  mouse	
  histocompatibility	
  locus	
  (H2)	
  class	
  II	
  genes	
  mapped	
  to	
  H2K	
  	
  
H-­‐2d:	
  mouse	
  histocompatibility	
  locus	
  (H2)	
  class	
  II	
  genes	
  mapped	
  to	
  H2D	
  
HEPES:	
  4-­‐(2-­‐hydroxyethyl)-­‐1-­‐piperazineethanesulfonic	
  acid	
  	
  
HepG2:	
  hepatocellular	
  carcinoma	
  cell	
  line	
  	
  	
  
hk:	
  hexokinase	
  
HMG-­‐CoA:	
  3-­‐hydroxy-­‐3-­‐methyl-­‐glutaryl-­‐	
  coenzyme	
  A	
  	
  
HP-­‐TLC:	
  high	
  performance-­‐thin	
  layer	
  chromatography	
  
hr:	
  hour	
  	
  
HRP:	
  horseradish	
  peroxidase	
  	
  
IAN:	
  iodoacetamide	
  	
  
IAP1/2:	
  	
  inhibitors	
  of	
  apoptosis	
  1	
  and	
  2	
  
IC50:	
  half	
  maximal	
  inhibitory	
  concentration	
  	
  
ICC:	
  fluorescent	
  immunocytochemistry	
  	
  
IFNβ:	
  interferon-­‐beta	
  
IgA:	
  immunoglobulin	
  isotype	
  A	
  
Igα/β:	
  immunoglobulin	
  alpha	
  and	
  beta	
  heterodimers	
  associated	
  with	
  mIg	
  to	
  form	
  
the	
  intracellular	
  portion	
  of	
  BCR	
  
IgG:	
  immunoglobulin	
  isotype	
  G	
  
IgG1:	
  immunoglobulin	
  isotype	
  G	
  1	
  
IgH:	
  immunoglobulin	
  heavy	
  chain	
  subunit	
  of	
  an	
  antibody	
  	
  
IgE:	
  immunoglobulin	
  isotype	
  E	
  	
  
IgM:	
  immunoglobulin	
  isotype	
  M	
  
IgL:	
  immunoglobulin	
  light	
  chain	
  kappa	
  and	
  lambda	
  chains	
  of	
  an	
  antibody	
  	
  
IκB:	
  inhibitor	
  of	
  kappa	
  B	
  protein	
  	
  
IKK:	
  inhibitory	
  protein	
  inhibitor	
  of	
  kappa	
  B	
  protein	
  kinase	
  	
  
IL1R:	
  interleukin-­‐1	
  receptor	
  	
  
IL-­‐4:	
  cytokine	
  interleukin-­‐4	
  
IL-­‐4/13Rα:	
  interleukin-­‐4	
  or	
  interleukin-­‐13	
  receptor	
  alpha	
  chain	
  
IL-­‐10:	
  cytokine	
  interleukin-­‐10	
  
IL-­‐13:	
  cytokine	
  interleukin-­‐13	
  
Iono:	
  ionomycin	
  	
  	
  
IP3:	
  inositol	
  1,4,5-­‐trisphosphate 
IRAK1:	
  interleukin-­‐1	
  receptor-­‐associated	
  kinase	
  1	
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IRAK4:	
  interleukin-­‐1	
  receptor-­‐associated	
  kinase	
  4	
  	
  
IRF1:	
  interferon	
  regulatory	
  factor	
  1	
  
IRF3:	
  interferon	
  regulatory	
  factor	
  3	
  
IRF4:	
  Interferon	
  regulatory	
  factor	
  4	
  	
  
IRS2:	
  insulin	
  receptor	
  substrate	
  2	
  
ITAMs:	
  immunoreceptor	
  tyrosine	
  activation	
  motifs	
  
JAK1/3:	
  janus	
  kinase	
  isoform	
  1	
  or	
  3	
  	
  	
  
JNK:	
  c-­‐jun	
  N-­‐terminal	
  kinases	
  
Ki:	
  binding	
  affinities,	
  dissociation	
  constant	
  	
  
KO:	
  knock-­‐out	
  
ldh:	
  lactate	
  dehydrogenase	
  
LPC:	
  lysophosphatidylcholine	
  
LPS:	
  lipopolysaccharide	
  
LY:	
  LY294002,	
  2-­‐morpholin-­‐4-­‐yl-­‐8-­‐phenylchromen-­‐4-­‐one	
  
LYN:	
  lck/yes-­‐related	
  novel	
  protein	
  tyrosine	
  kinase	
  of	
  the	
  SRC-­‐family	
  
µ:	
  microns	
  
mAb:	
  monoclonal	
  antibodies	
  	
  	
  
malonyl-­‐CoA:	
  malonyl-­‐coenzyme	
  A	
  
MAP:	
  mitogen-­‐activated	
  protein	
  
mcl-­‐1:	
  ML-­‐1	
  human	
  myeloid	
  leukemia	
  cell	
  line	
  bcl-­‐2	
  protein	
  	
  
MDH:	
  malate	
  dehydrongenase	
  
Mg-­‐ATP:	
  magnesium-­‐adenosine	
  triphosphate	
  
MHCII:	
  major	
  histocompatibility	
  factor	
  class	
  II	
  molecule	
  
mIg:	
  membrane-­‐associated	
  immunoglobulin,	
  portion	
  of	
  BCR	
  	
  
mTOR:	
  mammalian	
  target	
  of	
  rapamycin	
  
MyD88:	
  myeloid	
  differentiation	
  primary	
  response	
  gene	
  88	
  protein	
  	
  	
  
NAD+:	
  nicotinamide	
  adenine	
  dinucleotide	
  
NADH:	
  nicotinamide	
  adenine	
  dinucleotide,	
  hydrate 
NADP+:	
  nicotinamide	
  adenine	
  dinucleotide	
  phosphate	
  	
  
NADPH:	
  nicotinamide	
  adenine	
  dinucleotide	
  phosphate,	
  hydrate	
  
Na+K+	
  pump:	
  sodium-­‐potassium	
  adenosine	
  triphosphatase	
  pump	
  
NF-­‐κB: nuclear	
  factor	
  kappa-­‐light-­‐chain-­‐enhancer	
  of	
  activated	
  B	
  cells	
  	
  
OD340:	
  optical	
  density	
  at	
  340	
  nm	
  wavelength	
  
p38	
  MAPK:	
  protein	
  38	
  mitogen-­‐activated	
  protein	
  kinase	
  	
  
p52:	
  active	
  DNA-­‐binding	
  protein	
  of	
  NF-­‐κB	
  heterodimer 
p65:	
  subunit	
  of	
  NF-­‐κB,	
  also	
  called	
  RelA	
  
p85:	
  regulatory	
  subunit	
  of	
  PI3K	
  
p110:	
  catalytic	
  subunit	
  of	
  PI3K	
  
pax5:	
  gene	
  of	
  Paired	
  box	
  protein	
  family	
  of	
  transcription	
  factors	
  
PA:	
  phosphatidic	
  acid	
  
PBS:	
  phosphate	
  buffered	
  saline	
  	
  
PC:	
  phosphatidylcholine	
  	
  
pdh:	
  pyruvate	
  dehydrogenase	
  	
  
pdk:	
  	
  pyruvate	
  dehydrogenase	
  kinase	
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PE:	
  phosphatidylethanolamine	
  	
  	
  
PE-­‐A:	
  phycoerythrin-­‐area	
  
pfk:	
  phosphofructokinase	
  	
  
PG:	
  phosphatidylglycerol	
  	
  
pgam:	
  phosphoglycerate	
  mutase	
  
PH	
  domain:	
  pleckstrin	
  homology	
  domain	
  
phospho-­‐serine454	
  ACL:	
  phosphorylated-­‐serine454	
  residue	
  of	
  ACL	
  enzyme	
  
phospho-­‐serine473	
  Akt:	
  Akt	
  phosphorylated	
  at	
  serine473	
  residue	
  	
  
PI:	
  phosphatidylinositol	
  
PI:	
  propidium	
  iodide	
  	
  
PI3K:	
  phosphatidylinositol	
  3-­‐kinase 
Pim:	
  proto-­‐oncogene	
  serine/threonine-­‐protein	
  kinase	
  	
  
PKC:	
  protein	
  kinase	
  C	
  
PLC:	
  phospholipase	
  C-­‐gamma	
  	
  
PMA:	
  phorbol	
  12-­‐myristate	
  13-­‐acetate	
  	
  	
  
PMSF:	
  phenylmethylsulfonyl	
  fluoride	
  	
  
PNGase	
  F:	
  peptide-­‐N4-­‐(N-­‐acetyl-­‐beta-­‐glucosaminyl)asparagine	
  amidase-­‐F	
  
PPP:	
  pentose	
  phosphate	
  pathway/shunt	
  	
  
PS:	
  phosphatidylserine	
  	
  	
  
PtdInsP2:	
  phosphatidylinositol	
  (4,5)-­‐bisphosphate	
  	
  
PtdInsP3:	
  phosphatidylinositol	
  (3,4,5)-­‐triphosphate	
  
pu.1:	
  gene	
  of	
  purine-­‐rich	
  sequence	
  transcription	
  factor	
  number	
  1	
  
PVDF:	
  polyvinylidene	
  fluoride	
  	
  
Rap:	
  rapamycin	
  23,27-­‐Epoxy-­‐3H-­‐pyrido[2,1-­‐c][1,4]oxaazacyclohentriacontine	
  
RAG:	
  recombination	
  activating	
  gene	
  protein	
  
RIPA:	
  radioimmunoprecipitation	
  assay	
  buffer	
  	
  	
  
RNAi:	
  RNA	
  interference	
  
RPMI-­‐1640:	
  Roswell	
  Park	
  Memorial	
  Institute	
  medium	
  
RTK:	
  receptor	
  tyrosine	
  kinase	
  
S	
  phase:	
  DNA	
  synthesis	
  phase	
  of	
  the	
  cell	
  cycle	
  	
  
SB201076:	
  2(R*)-­‐[8-­‐(2,4-­‐dichlorophenyl)-­‐2(S*)-­‐hydroxyoctyl]-­‐2-­‐
hydroxybutanedioic	
  acid	
  
SDS-­‐PAGE:	
  sodium	
  dodecyl	
  sulfate	
  polyacrylamide	
  gel	
  electrophoresis	
  
sec:	
  seconds	
  
siRNA:	
  small	
  interfering	
  RNA	
  
SM:	
  sphingomyelin	
  	
  
SP:	
  sphingosine	
  	
  
sq-­‐rtPCR:	
  semi-­‐quantitative	
  real	
  time	
  polymerase	
  chain	
  reaction	
  	
  
SRC:	
  sarcoma	
  tyrosine	
  kinase	
  
SREBP-­‐1:	
  sterol	
  regulatory	
  element-­‐binding	
  proteins	
  
SSC-­‐A:	
  side	
  scatter-­‐area	
  	
  
STAT6:	
  signal	
  transduction	
  and	
  activators	
  of	
  transcription	
  family	
  member	
  6	
  
Sub-­‐G1:	
  DNA	
  content	
  below	
  G1	
  phase	
  DNA	
  content	
  	
  
SYK:	
  spleen	
  tyrosine	
  kinase	
  
TAT:	
  Trans-­‐activator	
  of	
  transcription	
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TBS-­‐T:	
  Tris-­‐buffered	
  saline	
  and	
  Tween	
  20	
  
TCA:	
  tricarboxylic	
  acid	
  cycle	
  	
  
Tdt:	
  terminal	
  deoxynucleotidyltransferase 
TG:	
  triglyceride	
  	
  
TGFβ:	
  transforming	
  growth	
  factor	
  beta	
  
TI-­‐1:	
  T	
  cell	
  independent	
  activation	
  type	
  1	
  
TI-­‐2:	
  T	
  cell	
  independent	
  activation	
  type	
  2	
  	
  
TLR4:	
  toll-­‐like	
  receptor	
  4	
  
TRAF6:	
  tumor	
  necrosis	
  factor-­‐receptor	
  associated	
  factor	
  protein	
  6	
  
TRAM:	
  Toll-­‐interleukin	
  1	
  receptor	
  (TIR)	
  domain-­‐containing	
  adaptor-­‐inducing	
  
interferon-­‐β-­‐related	
  adaptor	
  molecule	
  
TRIF:	
  Toll/interleukin-­‐1	
  receptor	
  domain-­‐containing	
  adapter-­‐inducing	
  interferon-­‐
beta	
  protein	
  
TSC2:	
  Tuberous	
  sclerosis	
  protein	
  2	
  	
  
UPR:	
  unfolded	
  protein	
  response	
  
VDAC:	
  voltage-­‐dependent	
  anion	
  channels	
  	
  	
  
V-­‐J:	
  Variable	
  and	
  Joining	
  gene	
  segment	
  recombination	
  of	
  the	
  light	
  chain	
  locus	
  	
  
VT:	
  active	
  form	
  of	
  STAT6	
  in	
  which	
  amino	
  acids	
  at	
  valine547/threonine548	
  were	
  
substituted	
  by	
  alanine	
  residues	
  
Wort:	
  wortmannin,	
  (1alpha,11alpha)-­‐11-­‐(Acetyloxy)-­‐1-­‐(methoxymethyl)-­‐2-­‐
oxaandrosta-­‐5,8-­‐dieno(6,5,4-­‐bc)furan-­‐3,7,17-­‐trione	
  
WT:	
  wild-­‐type	
  
XBP1:	
  X-­‐box	
  binding	
  protein	
  1	
  
XLA:	
  human	
  X-­‐linked	
  agammaglobulinemia	
  
XID:	
  murine	
  X-­‐linked	
  immunodeficiency
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Introduction	
  

The	
  immune	
  system	
  comprises	
  of	
  a	
  multitude	
  of	
  cells	
  classified	
  as	
  

lymphocytes.	
  	
  Responsible	
  for	
  the	
  humoral	
  response,	
  B-­‐lymphocytes	
  (B	
  cells)	
  are	
  a	
  

major	
  cellular	
  subset	
  of	
  the	
  immune	
  system	
  residing	
  in	
  the	
  peritoneum,	
  tonsils,	
  

spleen,	
  and	
  lymph	
  nodes.	
  	
  The	
  B	
  cell	
  subset	
  includes	
  peritoneal	
  (B-­‐1),	
  regulatory	
  B	
  

(Breg),	
  and	
  splenic	
  (B-­‐2)	
  (naïve	
  mature,	
  germinal	
  center,	
  follicular,	
  plasma,	
  and	
  

memory	
  B	
  cells):	
  our	
  interest	
  lies	
  in	
  examining	
  the	
  regulation	
  of	
  immune	
  responses	
  

of	
  B	
  cells	
  isolated	
  from	
  the	
  spleen	
  (1).	
  	
  

An	
  immune	
  response	
  is	
  a	
  highly	
  regulated	
  process	
  controlled	
  by	
  extrinsic	
  

signals	
  and	
  conditions	
  of	
  the	
  cellular	
  environment.	
  	
  From	
  origin	
  to	
  elimination,	
  

developing	
  B	
  cells	
  undergo	
  many	
  tightly	
  regulated	
  stages	
  to	
  become	
  functional	
  and	
  

mature	
  lymphocytes,	
  i.e.	
  antigen-­‐presenting	
  cells	
  and	
  antibody-­‐producing	
  plasma	
  

cells.	
  	
  B	
  cells	
  have	
  specific	
  receptors	
  on	
  their	
  cell	
  surface	
  (surface	
  immunoglobulin)	
  

that	
  upon	
  engagement,	
  and	
  with	
  the	
  addition	
  of	
  co-­‐stimulatory	
  molecules,	
  activate	
  

an	
  immune	
  response	
  to	
  induce	
  survival,	
  proliferation,	
  and	
  differentiation.	
  	
  B	
  cells	
  as	
  

efficient	
  antigen-­‐presenting	
  cells	
  provide	
  cytokines	
  (interleukin-­‐4,	
  -­‐10,	
  TGFβ)	
  and	
  

MHCII	
  peptides	
  necessary	
  to	
  evoke	
  lymphocyte	
  activation.	
  	
  The	
  humoral	
  response	
  

provides	
  the	
  defense	
  against	
  foreign	
  substances.	
  	
  Antigens	
  through	
  their	
  recognition	
  

and	
  presentation	
  by	
  antigen-­‐presenting	
  cells	
  (primarily	
  T-­‐lymphocytes	
  and	
  

macrophages)	
  induce	
  formation	
  of	
  highly	
  specific	
  antibodies.	
  	
  In	
  response	
  to	
  

environmental	
  cues	
  and	
  receptor-­‐mediated	
  signal	
  transduction	
  pathways,	
  B	
  cells	
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differentiate	
  into	
  plasma	
  cells,	
  providing	
  host	
  protection	
  through	
  secretion	
  of	
  high-­‐

affinity	
  immunoglobulin.	
  	
  

	
  

B	
  cell	
  activation	
  

A	
  major	
  signaling	
  complex	
  in	
  the	
  plasma	
  membrane,	
  the	
  B	
  cell	
  antigen	
  

receptor	
  (BCR)	
  plays	
  a	
  central	
  role	
  in	
  the	
  development	
  and	
  functional	
  responses	
  of	
  

B	
  cells.	
  	
  This	
  complex	
  is	
  made	
  up	
  of	
  immunoglobulin	
  heavy	
  (IgH)	
  and	
  light	
  (IgL)	
  

chains	
  (mIg)	
  which	
  associate	
  with	
  two	
  Igα	
  and	
  Igβ	
  heterodimers	
  (see	
  Figure	
  1)	
  (2-­‐

6).	
  	
  IgH	
  and	
  IgL	
  are	
  responsible	
  for	
  ligand	
  binding,	
  while	
  Igα/Igβ	
  heterodimers	
  are	
  

signaling	
  components	
  responsible	
  for	
  intracellular	
  signal	
  transduction.	
  

	
  
Figure	
  1:	
  The	
  B	
  cell	
  receptor,	
  adapted	
  image	
  
from	
  (7).	
  	
  The	
  BCR	
  is	
  composed	
  of	
  a	
  membrane-­‐
bound	
  immunoglobulin	
  (mIg)	
  flanked	
  by	
  two	
  
immunoglobulin	
  α/β	
  (Igα/Igβ)	
  heterodimers.	
  	
  
The	
  tails	
  of	
  Igα/Igβ	
  heterodimers	
  extend	
  into	
  
the	
  cytosol	
  and	
  are	
  responsible	
  for	
  transducing	
  
the	
  activation	
  signal	
  incurred	
  by	
  engaged	
  mIg.	
  	
  	
  
	
  

The	
  process	
  through	
  which	
  a	
  B	
  cell	
  responds	
  to	
  

environmental	
  cues	
  is	
  termed	
  activation.	
  	
  BCR	
  

engagement	
  with	
  antigen	
  “cross-­‐linking”	
  

initiates	
  the	
  clustering	
  of	
  multiple	
  BCRs	
  into	
  

lipid	
  rafts,	
  cholesterol-­‐rich	
  microdomains	
  of	
  the	
  plasma	
  membrane	
  (5;	
  8-­‐11).	
  	
  An	
  

activation	
  signal	
  is	
  transduced	
  intracellularly	
  by	
  subsequent	
  phosphorylations	
  of	
  

Igα/Igβ	
  heterodimers	
  at	
  immunoreceptor	
  tyrosine-­‐rich	
  activation	
  motifs	
  (ITAMs)	
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via	
  receptor	
  protein	
  tyrosine	
  kinases	
  (RTKs),	
  spleen	
  tyrosine	
  kinase	
  (SYK)	
  and	
  

sarcoma-­‐related	
  kinase	
  (SRC)-­‐family	
  protein	
  tyrosine	
  kinase,	
  LYN	
  (see	
  Figure	
  2)	
  

(12,	
  15-­‐17,	
  21).	
  	
  Additional	
  SYK	
  and	
  SRC-­‐family	
  kinases,	
  Bruton’s	
  tyrosine	
  kinase	
  

(BTK),	
  and	
  the	
  guanine-­‐nucleotide	
  exchange	
  factor	
  Vav	
  are	
  recruited	
  to	
  augment	
  the	
  

activation	
  signal	
  (17,	
  18,	
  20,	
  21).	
  	
  A	
  series	
  of	
  signal	
  cascades	
  ensues	
  to	
  prevent	
  

cellular	
  death	
  and	
  to	
  amplify	
  the	
  activation	
  signal	
  (13,	
  14,	
  17,	
  25,	
  29,	
  31).	
  	
  

Delineation	
  of	
  signaling	
  pathways	
  involved	
  in	
  activation	
  have	
  been	
  accomplished	
  by	
  

a	
  variety	
  of	
  means	
  including	
  chemicals,	
  natural	
  genetic	
  mutations,	
  and	
  use	
  of	
  

transgenic	
  mouse	
  models;	
  defects	
  in	
  BCR	
  structural	
  components	
  or	
  RTKs	
  lead	
  to	
  

developmental	
  deficiencies	
  and	
  severely	
  diminished	
  lymphocyte	
  number	
  in	
  murine	
  

models	
  (22,	
  25-­‐27).	
  	
  Of	
  particular	
  interest	
  to	
  this	
  investigation,	
  mutation	
  of	
  BTK	
  

leads	
  to	
  X-­‐linked	
  agammaglobulinemia	
  (XLA)	
  in	
  humans,	
  otherwise	
  called	
  X-­‐linked	
  

immunodeficiency	
  (XID)	
  in	
  mice,	
  wherein	
  the	
  phenotype	
  is	
  decrease	
  in	
  B	
  cell	
  

population	
  and	
  lack	
  of	
  immune	
  response	
  to	
  antigen	
  (18,	
  23,	
  24,	
  30,	
  48).	
  	
  

Multiple	
  kinase	
  cascades	
  modulate	
  the	
  activation	
  signal	
  to	
  elicit	
  growth,	
  

survival,	
  and	
  maturation	
  of	
  B	
  cells	
  for	
  an	
  immune	
  response.	
  	
  Two	
  crucial	
  and	
  

essential	
  pathways	
  initiated	
  from	
  BCR	
  are	
  the	
  phosphatidylinositol-­‐3	
  kinase	
  (PI3K)	
  

and	
  phospholipase	
  Cγ2	
  (PLC)	
  pathways	
  (see	
  Figures	
  2	
  and	
  3)	
  (12,	
  23,	
  24,	
  29,	
  32,	
  35,	
  

47).	
  	
  Both	
  PI3K	
  and	
  PLC	
  are	
  effecter	
  enzymes	
  that	
  generate	
  second	
  messengers	
  in	
  

BCR	
  signaling.	
  	
  Active	
  BTK	
  and	
  SYK	
  recruit	
  the	
  adaptor	
  protein	
  BLNK	
  to	
  activate	
  PLC	
  

(33-­‐35,	
  49).	
  	
  PLC	
  enzymatically	
  cleaves	
  phosphatidylinositol-­‐4,	
  5-­‐bisphosphate	
  

(PtdInsP2)	
  to	
  generate	
  inositol-­‐1,4,5-­‐trisphosphate	
  (IP3)	
  and	
  diacylglycerol	
  (DAG),	
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second	
  messengers	
  required	
  for	
  the	
  release	
  of	
  intracellular	
  calcium	
  and	
  activation	
  of	
  

protein	
  kinase	
  C	
  (PKC)	
  (32,	
  37-­‐42).	
  	
  	
  

	
  

Figure	
  2:	
  B	
  cell	
  activation.	
  The	
  B	
  cell	
  recognizes	
  antigen	
  through	
  the	
  BCR	
  and	
  
responds	
  through	
  activation	
  of	
  Igα/Igβ	
  at	
  their	
  ITAMs	
  (immunoreceptor	
  tyrosine-­‐
rich	
  activation	
  motifs)	
  and	
  association	
  of	
  the	
  receptor	
  tyrosine	
  kinases	
  (spleen	
  
tyrosine	
  kinase,	
  SYK).	
  Additional	
  SYK	
  kinases,	
  Bruton’s	
  tyrosine	
  kinase	
  (BTK),	
  and	
  
adaptor	
  molecule	
  BLNK	
  are	
  recruited	
  to	
  augment	
  the	
  activation	
  signal.	
  	
  Two	
  major	
  
pathways	
  activated	
  are	
  the	
  phosphatidylinositol-­‐3	
  kinase	
  (PI3K)	
  and	
  phospholipase	
  
Cg	
  (PLC)	
  pathways.	
  	
  	
  
 

Various	
  PKC	
  isoforms	
  are	
  activated	
  through	
  DAG,	
  which	
  have	
  different	
  functional	
  

roles	
  in	
  B	
  cells	
  (43,	
  51).	
  	
  In	
  particular	
  PKCβ	
  is	
  activated	
  through	
  PLC	
  signaling	
  and	
  

further	
  perpetuates	
  the	
  activation	
  signal,	
  as	
  mice	
  deficient	
  of	
  the	
  β	
  isoform	
  

demonstrate	
  impaired	
  humoral	
  responses	
  (34,	
  35,	
  44,	
  50).	
  	
  PKCδ	
  is	
  another	
  isoform	
  

activated	
  by	
  PLC	
  signal	
  pathway,	
  however	
  its	
  function	
  is	
  to	
  regulate	
  the	
  proliferation	
  

and	
  survival	
  of	
  B	
  cells	
  as	
  murine	
  B	
  cells	
  deficient	
  of	
  this	
  isoform	
  have	
  increased	
  

SYK 
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BTK 
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proliferative	
  response	
  and	
  autoimmunity	
  (36,	
  45,	
  46).	
  	
  In	
  addition	
  to	
  PKCs,	
  DAG	
  

activates	
  the	
  nuclear	
  factor	
  of	
  kappa	
  light	
  chain	
  gene	
  enhancer	
  in	
  B	
  cells	
  (NF-­‐κB)	
  

cascade	
  (37-­‐42).	
  	
  Active	
  NF-­‐κB	
  translocates	
  into	
  the	
  nucleus	
  to	
  regulate	
  

transcription	
  of	
  pro-­‐survival	
  and	
  proliferation	
  genes,	
  such	
  as	
  bcl-­‐2,	
  bcl-­‐xl, and	
  c-­‐myc	
  	
  

(52-­‐55).	
  	
  Deficiency	
  of	
  PLC,	
  BLNK,	
  impairs	
  early	
  B	
  cell	
  development	
  and	
  

proliferation	
  such	
  that	
  murine	
  models	
  are	
  severely	
  immune-­‐compromised,	
  

displaying	
  phenotypes	
  similar	
  to	
  the	
  XID	
  mouse	
  model	
  (33,	
  34).	
  	
  The	
  knockout	
  

phenotypes	
  of	
  the	
  NF-­‐κB	
  family	
  members,	
  p65	
  and	
  p52,	
  are	
  both	
  survival	
  and	
  

growth	
  deficiencies;	
  B	
  cells	
  herein	
  are	
  incapable	
  to	
  express	
  c-­‐myc	
  and	
  do	
  not	
  

increase	
  in	
  size	
  or	
  continue	
  into	
  S	
  phase	
  of	
  the	
  cell	
  cycle	
  (56,	
  57).  

 A	
  dimer	
  of	
  a	
  regulatory	
  subunit	
  (p85α)	
  and	
  an	
  active	
  subunit	
  (p110),	
  PI3K	
  

phosphorylates	
  PtdInsP2	
  to	
  produce	
  phosphatidylinositol-­‐3,4,5-­‐triphosphate	
  

(PtdInsP3).	
  	
  Through	
  pleckstrin	
  homology	
  (PH)	
  domain	
  interaction	
  with	
  PtdInsP3,	
  

additional	
  signal	
  transduction	
  molecules	
  are	
  recruited	
  to	
  the	
  plasma	
  membrane,	
  

thus	
  extending	
  the	
  activation	
  signal	
  further	
  (58,	
  59,	
  60).	
  	
  Loss	
  of	
  p85α	
  or	
  p110γ	
  

impairs	
  B	
  cell	
  development	
  and	
  reduces	
  numbers	
  of	
  B	
  cells,	
  and	
  as	
  a	
  result	
  mice	
  

bearing	
  these	
  deficiencies	
  lack	
  of	
  humoral	
  immunity	
  similar	
  to	
  XID	
  mice	
  (61,	
  62).	
  	
  

	
   A	
  target	
  of	
  PI3K	
  is	
  α-­‐ketoglutarate	
  thymoma	
  protein	
  (Akt)	
  (see	
  Figure	
  3),	
  also	
  

known	
  as	
  protein	
  kinase	
  B.	
  	
  This	
  serine/threonine	
  kinase	
  is	
  activated	
  by	
  

phosphorylation	
  and	
  interaction	
  of	
  PH	
  domains.	
  	
  In	
  many	
  cell	
  types,	
  Akt	
  

phosphorylates	
  a	
  myriad	
  of	
  cellular	
  targets	
  involved	
  in	
  survival,	
  growth,	
  and	
  

proliferation.	
  	
  Among	
  many	
  targets,	
  Akt	
  inhibits	
  the	
  activation	
  of	
  pro-­‐apoptotic	
  BCL-­‐
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2	
  family	
  member	
  BAD	
  (63),	
  promotes	
  the degradation	
  of	
  IκB	
  kinase	
  (IKK)	
  for	
  

nuclear	
  factor	
  kappa	
  B	
  (NF-­‐κB)	
  translocation	
  to	
  the	
  nucleus	
  for	
  gene	
  transcription	
  

(64,	
  70),	
  phosphorylates	
  and	
  inhibits	
  glycogen	
  synthase	
  kinase	
  3	
  (GSK3)	
  (66),	
  and	
  

phosphorylates	
  and	
  destabilizes	
  myc	
  and	
  cyclin	
  D	
  for	
  cell	
  cycle	
  progression	
  (67,	
  68).	
  	
  

To	
  support	
  adipocyte	
  and	
  T-­‐lymphocyte	
  cellular	
  growth,	
  Akt	
  induces	
  glucose	
  

transporter	
  expression	
  and	
  translocation	
  to	
  the	
  cellular	
  surface	
  (69,	
  70).	
  	
  In	
  	
  

	
  

	
  

Figure	
  3.	
  Multiple	
  pathways	
  activated	
  in	
  BCR	
  signaling	
  (adapted	
  from	
  ref.	
  59).	
  	
  
Through	
  the	
  Ras/Raf,	
  PI3K	
  and	
  PLC	
  (signalosome)	
  pathways,	
  B	
  cells	
  activate	
  
multiple	
  transcription	
  factors	
  for	
  an	
  activation	
  response.	
  	
  PI3K	
  mediates	
  
signalosome	
  assembly	
  for	
  robust	
  PLC	
  activity	
  (mobilization	
  of	
  Ca2+	
  and	
  production	
  
of	
  DAG)	
  for	
  the	
  activation	
  and	
  translocation	
  of	
  NF-­‐κB	
  (and	
  probably	
  NFAT)	
  into	
  the	
  
nucleus.	
  	
  Activation	
  of	
  Akt	
  downstream	
  of	
  PI3K	
  results	
  in	
  the	
  phosphorylation	
  and	
  
inhibition	
  of	
  FOXO	
  family	
  transcription	
  factors,	
  and	
  may	
  also	
  promote	
  NF-­‐κB	
  
activation.	
  	
  PI3K	
  might	
  also	
  play	
  a	
  role	
  in	
  the	
  activation	
  of	
  AP-­‐1,	
  as	
  the	
  novel	
  PI3K	
  
effector	
  Bam32	
  contributes	
  to	
  activation	
  of	
  the	
  MAPK	
  cascade.	
  	
  Hatched	
  arrows	
  
indicate	
  one	
  or	
  more	
  steps	
  omitted	
  for	
  simplicity,	
  or	
  unknown	
  intermediates.	
  	
  Green	
  
arrows	
  represent	
  3-­‐phosphoinositide-­‐mediated	
  membrane	
  recruitment.	
  	
  Red	
  lines	
  
indicate	
  translocation	
  into	
  the	
  nucleus.	
  	
  A.C.	
  Donahue,	
  D.A.	
  Fruman	
  /	
  Seminars	
  in	
  Cell	
  
&	
  Developmental	
  Biology	
  15	
  (2004)	
  183–197.	
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addition,	
  Akt	
  has	
  been	
  shown	
  in	
  non-­‐B	
  cells	
  and	
  cancer	
  cell	
  lines	
  to	
  activate	
  the	
  

glycolytic	
  enzymes,	
  hexokinase	
  and	
  phosphofructokinase,	
  and	
  promotes	
  protein	
  

synthesis	
  through	
  signaling	
  to	
  mammalian	
  target	
  of	
  rapamycin	
  (mTOR)	
  (71-­‐72).	
  	
  

Akt	
  also	
  promotes	
  de	
  novo	
  lipogenesis	
  in	
  hematopoietic	
  cell	
  lines	
  by	
  

phosphorylation	
  and	
  activation	
  of	
  ATP	
  citrate	
  lyase	
  (ACL)	
  and	
  inhibition	
  of	
  fatty	
  

acid	
  β-­‐oxidation	
  via	
  inhibition	
  of	
  carnitine	
  palmitoyltransferase	
  (CPT)-­‐1A	
  

expression	
  (77-­‐79).	
  

Multiple	
  isoforms	
  of	
  Akt	
  exist	
  which	
  likely	
  permits	
  the	
  diversity	
  of	
  its	
  targets.	
  	
  

Akt1-­‐null	
  mice	
  have	
  reduced	
  organismal	
  size	
  (80-­‐82).	
  	
  In	
  contrast,	
  mice	
  deficient	
  of	
  

Akt2	
  have	
  mild	
  growth	
  deficiency	
  and	
  display	
  a	
  diabetic	
  phenotype	
  (83).	
  	
  The	
  role	
  of	
  

Akt3	
  is	
  less	
  clear	
  as	
  Akt3	
  knockout	
  mice	
  display	
  impaired	
  brain	
  development	
  (84,	
  

85).	
  	
  Furthermore,	
  the	
  disruption	
  of	
  Akt	
  in	
  an	
  immature	
  B	
  cell	
  line	
  (DT40)	
  promoted	
  

apoptosis	
  in	
  response	
  to	
  BCR	
  engagement,	
  illustrating	
  the	
  role	
  of	
  Akt	
  in	
  cellular	
  

growth	
  and	
  survival	
  (66).	
  

	
  

Development	
  of	
  B	
  cells	
  

B	
  cell	
  development	
  is	
  a	
  sequential	
  and	
  orderly	
  process	
  that	
  proceeds	
  by	
  the	
  

production	
  of	
  a	
  functional	
  antigen	
  receptor	
  (Figure	
  4)	
  (87-­‐90).	
  	
  In	
  the	
  bone	
  marrow,	
  

B	
  cells	
  begin	
  their	
  development	
  as	
  stem	
  cell	
  progenitors	
  (expressing	
  CD34),	
  cued	
  by	
  

interleukin-­‐7	
  and	
  stromal	
  cell	
  interaction	
  (91).	
  	
  DNA	
  polymerase	
  terminal	
  

deoxynucleotidyl	
  transferase	
  (Tdt)	
  and	
  recombination	
  activating	
  gene	
  product	
  

(RAG)	
  are	
  synthesized	
  and	
  initiate	
  antigen-­‐receptor	
  gene	
  rearrangement	
  (92).	
  	
  

Additionally,	
  genes	
  encoding	
  pax5,	
  pu.1	
  and	
  ikaros	
  are	
  transcriptionally	
  expressed	
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thereby	
  committing	
  the	
  stem	
  cell	
  to	
  B	
  cell	
  lineage	
  (93,	
  94).	
  	
  Progenitor	
  cells	
  undergo	
  

diversity-­‐joining	
  gene	
  segment	
  (D-­‐J)	
  joining	
  on	
  the	
  Ig	
  heavy	
  chain	
  (IgH)	
  

chromosome	
  to	
  become	
  early	
  pro-­‐B	
  cells.	
  	
  At	
  the	
  pro-­‐B	
  cell	
  stage,	
  cells	
  express	
  the	
  

identifying	
  surface	
  recognition	
  markers	
  CD45/B220	
  and	
  MHCII	
  (95).	
  	
  

	
  

	
  
Figure	
  4:	
  Development	
  of	
  B	
  cells,	
  adapted	
  from	
  (86).	
  	
  B	
  cells	
  begin	
  their	
  
development	
  in	
  the	
  bone	
  marrow	
  as	
  stem	
  cells.	
  	
  Progression	
  through	
  the	
  maturation	
  
and	
  development	
  process	
  is	
  controlled	
  by	
  the	
  expression	
  of	
  the	
  BCR.	
  	
  During	
  the	
  
immature	
  stage,	
  the	
  B	
  cell	
  exits	
  the	
  bone	
  marrow	
  and	
  travels	
  through	
  the	
  blood	
  
stream	
  to	
  take	
  up	
  residency	
  in	
  lymphoid	
  organs,	
  specifically	
  the	
  spleen.	
  	
  Upon	
  
encounter	
  with	
  antigen	
  a	
  B	
  cell	
  may	
  progress	
  to	
  the	
  plasma	
  cell	
  or	
  memory	
  B	
  cell	
  
stage.	
  	
  	
  
	
  
	
  

Pre-­‐B	
  cells	
  are	
  characterized	
  when	
  membrane	
  µ	
  chains	
  and	
  surrogate	
  light	
  

chains	
  associate	
  with	
  the	
  pre-­‐B	
  cell	
  receptor	
  (1,	
  91).	
  	
  Following	
  a	
  burst	
  of	
  

proliferation,	
  variable–joining	
  gene	
  segment	
  (V-­‐J)	
  joining	
  on	
  the	
  light	
  chain	
  (IgL)	
  

occurs.	
  	
  Synthesized	
  and	
  expressed	
  on	
  the	
  cell	
  surface,	
  the	
  membrane	
  IgM	
  

characterizes	
  the	
  B	
  cell	
  as	
  being	
  at	
  the	
  immature	
  stage.	
  	
  Efficient	
  elimination	
  of	
  

potentially	
  harmful,	
  self-­‐reactive	
  B	
  cells	
  occurs	
  at	
  the	
  immature	
  stage	
  in	
  one	
  of	
  three	
  

ways:	
  negative	
  selection	
  (BCR-­‐induced	
  cell	
  death),	
  inactivation	
  (anergy),	
  or	
  revision	
  

296 D.R. Kim / J. Chromatogr. B 815 (2005) 295–303

1. Introduction

With T lymphocytes, B lymphocytes are major cells re-
sponding to cellular defenses in our immune systems, spe-
cially in adaptive immunity capable of recognizing and se-
lectively eliminating specific foreign antigens (e.g. microor-
ganisms, virus, or molecules). T cells are mainly involved
in cellular immune-responses through the cytotoxic mecha-
nism and production of cytokines. In contrast, B cells play a
key role in humoral immune-responses by the production of
soluble components, named immunoglobulins (Ig) (or anti-
bodies). These antibody molecules can directly recognize to
foreign invaders and trigger to defeat them.BothBandT lym-
phocytes encounter antigens through specific antigen recep-
tors expressed on the surface of cells and become immuno-
competent cells.
B cell development begins in bone marrow as common

lymphoid stem cells differentiate into several distinctive in-
termediate B cells; progenitor B cell (pro-B cell), precursor B
cell (pre-B cell), immature B cell, and mature B cell. This B
cell differentiation is ordered by stepwise re-arrangements of
immunoglobulin genes (heavy chain and light chain genes)
and expression of specific surface marker proteins: B220,
c-kit, CD25 and IgM [1,2]. Overall scheme about B cell de-
velopment is depicted in Fig. 1. First, lymphoid stem cells
begin to differentiate into pro-B cells. This developmental
stage can be sub-divided into two different stages: early pro-
B cell stage and late pro-B cell stage. During the transition
from lymphoid stem cells to early pro-B cells, D-J joining of
Ig heavy chain gene segments takes place by expression of

Fig. 1. The developmental stages of B lymphocyte. B cell begins to develop from lymphoid stem cells in the bone marrow at the antigen-independent manner
and gets to mature in the periphery upon contact with antigens. Pre-B cells express pre-B cell receptor consisting of immunoglobulin (Ig) heavy chain and two
surrogate light chains (Vpre-B and !5). Immature or mature B cells express IgG or/and IgD as antigen receptors. The variable region of heavy chain genes (V,
D, J, and C segments) or light chain genes (V, J, and C segments) is produced from gene rearrangement specifically occurring at developmental stages.

two recombination activating gene (RAG1 and RAG2) at the
lymphoid-specificmanner upon the commitment to the B cell
lineage [3]. Development of early pro-B cells to late pro-B
cells induces V-DJ joining of Ig heavy chain gene segments.
Upon completion of rearrangement process of Ig heavy chain
genes, the re-arranged heavy chain gene (") is expressed to-
gether with two surrogate light chains (VpreB and !5) on the
surface of B cells [4]. These B cell groups are called Pre-
B cells, and they can be sub-divided into two groups. One
pre-B cell group appears at the earlier stage, and its cell size
is large (called large pre-B cell). This large pre-B cell then
undergoes further differentiation into the small size cell of
pre-B cell (called small pre-B cell). During this developmen-
tal process, the V-J joining of Ig light chain gene segments is
induced. Small pre-B cells become immature B cells by a fur-
ther differentiation process. These immature B cells express
complete IgMmolecules as a antigen receptor on the cell sur-
face [5]. These B cells differentiated in bone marrowmove to
periphery tissues and undertake onemore developmental step
to become naı̈vemature B cells. Upon encountering antigens,
naı̈veB cells are activated, proliferated and differentiated into
mature B cells in the periphery. Mature B cells express both
IgM and IgD as antigen receptor molecules. This antigen-
driven activation and clonal selection of naı̈ve B cells leads
to generation of plasma cells producing soluble antibodies
and memory B cells.
Cell surface markers are specifically expressed on the cell

surface at distinctive B cell lineages. Commitment to the B
cell lineage induces the expression of a protein tyrosine ki-
nase c-kit [6]. Thus, earlier B cells such as pro-B cells pre-
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of	
  the	
  specificity	
  of	
  their	
  BCRs	
  (receptor	
  editing).	
  	
  If	
  not	
  self-­‐reactive,	
  the	
  immature	
  

B	
  cell	
  will	
  emerge	
  from	
  the	
  bone	
  marrow	
  and	
  circulate	
  through	
  the	
  periphery.	
  

Mature	
  B	
  cells	
  reside	
  in	
  the	
  spleen	
  and	
  are	
  naïve	
  until	
  recognition	
  of	
  antigen.	
  	
  

BCR	
  cross-­‐linking	
  of	
  B	
  cells	
  during	
  the	
  transition	
  from	
  immature	
  to	
  mature	
  induces	
  

their	
  differentiation	
  to	
  follicular	
  mature	
  B	
  cells	
  (8,	
  96).	
  	
  Upon	
  stimulation	
  by	
  a	
  T	
  cell,	
  

B	
  cells	
  in	
  the	
  germinal	
  center	
  of	
  a	
  spleen	
  differentiate	
  into	
  memory	
  B	
  cells	
  or	
  plasma	
  

cells.	
  	
  Alternatively,	
  B	
  cells	
  may	
  be	
  stimulated	
  polyclonally	
  by	
  T-­‐dependent	
  or	
  

independent	
  antigenic	
  stimulation.	
  	
  Lipopolysaccharide	
  (LPS)	
  is	
  a	
  polyclonal	
  T-­‐

independent	
  (TI-­‐I)	
  stimulation	
  (87,	
  97,	
  98);	
  BCR	
  cross-­‐linking	
  with	
  interleukin-­‐4	
  

(IL-­‐4)	
  is	
  a	
  TI-­‐2	
  stimulation	
  (99),	
  whereas	
  Cluster	
  of	
  Differentiation	
  40	
  ligand	
  

(CD40L)	
  is	
  a	
  T-­‐dependent	
  antigenic	
  stimulus	
  (87,	
  100-­‐104).	
  	
  BCR	
  cross-­‐linking	
  

induces	
  proliferation	
  without	
  maturation,	
  whereas	
  addition	
  of	
  IL-­‐4	
  induces	
  

maturation	
  without	
  proliferation.	
  	
  CD40L	
  induces	
  proliferation,	
  differentiation	
  (Ig	
  

class	
  switching),	
  and	
  maturation	
  (99,	
  100,	
  105).	
  	
  This	
  differentiation	
  process	
  termed	
  

affinity-­‐maturation	
  requires	
  BCR	
  engagement,	
  positive	
  selection,	
  and	
  presence	
  of	
  

cytokines	
  (including	
  interleukin-­‐10	
  (IL-­‐10)	
  or	
  IL-­‐4).	
  	
  Dependent	
  upon	
  the	
  

transcription	
  factors	
  Blimp-­‐1/PRDM1	
  and	
  IRF4B,	
  cells	
  will	
  divide	
  rapidly	
  becoming	
  

plasmablasts,	
  and	
  eventually	
  plasma	
  cells,	
  and	
  begin	
  producing	
  large	
  volumes	
  of	
  

antibodies	
  (106).	
  	
  Once	
  the	
  plasma	
  cell	
  stage	
  is	
  achieved,	
  B	
  cells	
  may	
  be	
  eliminated	
  

by	
  apoptosis	
  or	
  relocate	
  to	
  the	
  bone	
  marrow	
  as	
  memory	
  B	
  cells.	
  	
  

Throughout	
  life,	
  from	
  fetal	
  to	
  adult,	
  B	
  cells	
  continue	
  to	
  be	
  generated	
  in	
  the	
  

bone	
  marrow	
  at	
  a	
  rate	
  of	
  5	
  x	
  107	
  cells	
  per	
  day	
  in	
  the	
  mouse.	
  	
  Of	
  which	
  2-­‐5	
  %	
  become	
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mature,	
  surface	
  Ig	
  positive	
  cells	
  of	
  the	
  periphery;	
  most	
  B	
  cells	
  die	
  by	
  apoptosis	
  (91,	
  

96).	
  	
  Autoimmune	
  diseases	
  where	
  proliferation	
  of	
  B	
  cells	
  or	
  activity	
  is	
  uncontrolled	
  

correlate	
  with	
  human	
  diseases	
  include	
  systemic	
  lupus	
  erythematosus,	
  rheumatoid	
  

arthritis,	
  scleroderma,	
  type	
  1	
  diabetes,	
  and	
  multiple	
  sclerosis	
  (107).	
  	
  Commonly	
  

researched	
  leukemias	
  of	
  plasma	
  cells	
  are	
  plasmacytoma,	
  multiple	
  myeloma,	
  and	
  

Waldenström	
  macroglobulinemia	
  (108,	
  109).	
  

	
  

B	
  cell	
  growth	
  and	
  glucose	
  utilization	
  

	
   Resting	
  lymphocytes	
  primarily	
  metabolize	
  aerobically	
  by	
  glycolysis	
  and	
  

oxidative	
  phosphorylation,	
  and	
  shift	
  to	
  generate	
  energy	
  in	
  large	
  part	
  by	
  up-­‐

regulating	
  aerobic	
  glycolysis	
  with	
  stimulation	
  (110,	
  111).	
  	
  B	
  cells	
  in	
  response	
  to	
  

antigen	
  will	
  enter	
  the	
  cell	
  cycle	
  from	
  quiescence	
  (G0)	
  and	
  undergo	
  a	
  period	
  of	
  

extensive	
  growth	
  (increased	
  size	
  and	
  volume).	
  	
  Cell	
  growth	
  and	
  DNA	
  synthesis	
  are	
  

tightly	
  coupled	
  and	
  regulated.	
  	
  B	
  cells	
  increase	
  in	
  cell	
  size	
  and	
  protein	
  synthesis	
  

through	
  the	
  Akt	
  and	
  NF-­‐κB	
  pathways	
  and	
  activation	
  of	
  the	
  transcription	
  factors,	
  

eIF4E	
  and	
  c-­‐myc,	
  to	
  develop	
  into	
  antibody-­‐secreting	
  plasma	
  cells	
  (67,	
  112,	
  113).	
  	
  

Dependent	
  on	
  increased	
  glucose	
  metabolism,	
  the	
  research	
  focus	
  of	
  the	
  Chiles’	
  

laboratory	
  has	
  been	
  in	
  examining	
  the	
  regulation	
  of	
  glycolysis	
  through	
  the	
  PI3K-­‐Akt	
  

pathway	
  in	
  activated	
  B	
  cells	
  (114).	
  

	
   Glucose	
  and	
  its	
  metabolites	
  are	
  utilized	
  as	
  a	
  carbon	
  source	
  for	
  the	
  synthesis	
  

of	
  amino	
  acids	
  and	
  phospholipids	
  and	
  in	
  addition,	
  its	
  metabolism	
  generates	
  ATP	
  and	
  

NADPH	
  and	
  regulates	
  apoptosis,	
  via	
  the	
  Bcl-­‐2	
  family	
  (115,	
  116,	
  120).	
  	
  The	
  activation	
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of	
  FL5.12B	
  cells	
  stimulates	
  glucose	
  uptake	
  and	
  glycolysis	
  to	
  promote	
  macro-­‐

molecular	
  synthesis	
  of	
  lipids	
  and	
  proteins	
  (79,	
  117,	
  118).	
  	
  In	
  B	
  cells,	
  intracellular	
  

glucose	
  is	
  converted	
  into	
  two	
  molecules	
  of	
  pyruvate,	
  that	
  are	
  converted	
  primarily	
  to	
  

lactate,	
  generating	
  ATP	
  and	
  NAD	
  from	
  NADH	
  (111,	
  114,	
  119).	
  	
  Progression	
  in	
  the	
  

cell	
  cycle	
  to	
  DNA	
  synthesis	
  in	
  lymphocytes	
  elicits	
  a	
  shift	
  in	
  catabolism	
  to	
  include	
  the	
  

pentose	
  phosphate	
  pathway.	
  	
  This	
  pathway	
  has	
  several	
  purposes	
  including	
  

providing	
  reduced	
  coenzyme	
  NADPH	
  for	
  reductive	
  biosynthesis	
  and	
  ribose	
  5-­‐

phosphate	
  for	
  nucleotide	
  synthesis.	
  	
  	
  

	
   Glucose	
  utilization	
  in	
  cells	
  includes	
  its	
  ability	
  to	
  be	
  a	
  source	
  of	
  carbon	
  for	
  the	
  

biosynthesis	
  of	
  lipids	
  (121,	
  124).	
  	
  The	
  glycolytic	
  product,	
  pyruvate,	
  directs	
  glucose	
  

carbons	
  into	
  lipid	
  synthesis	
  by	
  way	
  of	
  the	
  mitochondria	
  (79,	
  122-­‐124).	
  	
  In	
  the	
  Kreb’s	
  

cycle,	
  pyruvate	
  is	
  de-­‐carboxylated	
  and	
  converted	
  to	
  acetyl-­‐CoA	
  by	
  pyruvate	
  

dehydrogenase	
  complex,	
  upon	
  which	
  citrate	
  synthase	
  catalyzes	
  the	
  condensation	
  of	
  

acetyl-­‐CoA	
  with	
  oxaloacetate	
  to	
  produce	
  citrate.	
  	
  The	
  mitochondrial	
  citrate	
  is	
  then	
  

translocated	
  into	
  the	
  cytosol	
  where	
  ATP	
  citrate	
  lyase	
  converts	
  the	
  molecule	
  to	
  

oxaloacetate	
  and	
  acetyl-­‐CoA,	
  a	
  precursor	
  for	
  fatty	
  acids	
  and	
  cholesterol	
  (120,	
  125-­‐

127,	
  134).	
   Glutamine	
  is	
  an	
  additional	
  nutrient	
  required	
  for	
  in	
  vitro	
  culture	
  of	
  B	
  cells	
  

(121,	
  128-­‐133);	
  thus	
  the	
  possibility	
  of	
  glutamine	
  as	
  an	
  alternative	
  source	
  of	
  carbon	
  

for	
  lipid	
  synthesis	
  in	
  B	
  cells	
  was	
  considered,	
  as	
  it	
  may	
  be	
  metabolized	
  to	
  enter	
  the	
  

TCA	
  cycle	
  and	
  in	
  addition	
  yield	
  acetyl-­‐CoA.	
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ATP	
  citrate	
  lyase	
  and	
  acetyl-­‐CoA	
  synthesis	
  

ATP	
  citrate	
  lyase	
  (ACL)	
  is	
  a	
  regulated	
  cytoplasmic	
  enzyme	
  responsible	
  for	
  the	
  

generation	
  of	
  extra-­‐mitochondrial	
  acetyl-­‐CoA	
  (125,	
  135,	
  136).	
  	
  ACL	
  produces	
  acetyl-­‐

CoA	
  by	
  a	
  sequential	
  reaction:	
  with	
  Mg-­‐ATP	
  bound	
  first	
  to	
  histidine	
  760/765,	
  

followed	
  by	
  binding	
  of	
  citrate	
  and	
  CoA,	
  the	
  phospho-­‐enzyme	
  intermediate	
  forms	
  

oxaloacetate	
  and	
  acetyl-­‐CoA	
  (137-­‐141).	
  	
  Thus,	
  ACL	
  is	
  critical	
  for	
  the	
  conversion	
  of	
  

glucose	
  to	
  cytosolic	
  acetyl-­‐CoA	
  and	
  therefore	
  glucose-­‐dependent	
  lipogenesis.	
  	
  

Through	
  glycolysis,	
  acetyl-­‐CoA	
  is	
  generated	
  as	
  previously	
  mentioned,	
  and	
  enters	
  the	
  

de	
  novo	
  lipid	
  synthesis	
  pathway.	
  	
  Alternative	
  sources	
  for	
  acetyl-­‐CoA	
  synthesis	
  

include:	
  acetate	
  acquired	
  through	
  ethanol	
  or	
  from	
  the	
  extracellular	
  environment,	
  

amino	
  acid	
  degradation	
  (leucine	
  or	
  isoleucine),	
  or	
  β-­‐oxidation	
  of	
  lipids	
  of	
  lysosomal	
  

membranes	
  or	
  acquisition	
  from	
  the	
  extracellular	
  sources	
  (142-­‐148).	
  	
  These	
  

alternative	
  sources	
  of	
  acetyl-­‐CoA	
  are	
  degradative	
  or	
  scavenger	
  pathways	
  and	
  likely	
  

not	
  employed	
  during	
  cell	
  growth.	
  

ACL	
  enzyme	
  activity	
  has	
  been	
  shown	
  to	
  be	
  dependent	
  upon	
  its	
  

phosphorylation	
  status	
  and	
  the	
  presence	
  of	
  phosphorylated	
  sugars	
  (135,	
  149-­‐153).	
  	
  

Of	
  interest	
  to	
  this	
  investigation,	
  Berwick	
  et	
  al.	
  (2002)	
  reported	
  the	
  serine/threonine	
  

kinase	
  Akt	
  to	
  direct	
  phosphorylate	
  ACL	
  at	
  its	
  active	
  site	
  on	
  serine	
  454,	
  which	
  in	
  turn	
  

increased	
  its	
  enzymatic	
  activity	
  (150).	
  	
  ACL	
  may	
  be	
  regulated	
  allosterically;	
  the	
  

formation	
  of	
  an	
  active	
  enzymatic	
  site	
  requires	
  the	
  joining	
  of	
  four	
  homomeric	
  

subunits	
  into	
  a	
  stable	
  tetramer.	
  	
  The	
  expression	
  of	
  ACL	
  is	
  regulated	
  by	
  the	
  sterol	
  

response	
  element	
  binding	
  protein-­‐1	
  (SREBP-­‐1)	
  transcription	
  factors;	
  Akt	
  up-­‐
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regulates	
  ACL	
  mRNA	
  through	
  SREBP-­‐1	
  activation	
  (154-­‐156).	
  	
  Additionally	
  the	
  

regulation	
  of	
  ACL	
  may	
  be	
  mediated	
  by	
  three	
  phosphorylation	
  events:	
  1)	
  

phosphorylation	
  of	
  histidine	
  760/765	
  to	
  maintain	
  tetrameric	
  structure	
  (138,	
  157),	
  

2)	
  phosphorylation	
  of	
  ACL	
  at	
  serine	
  450	
  and	
  threonine	
  446	
  by	
  glycogen	
  synthase	
  

kinase	
  3	
  (GSK3)	
  for	
  reduced	
  enzymatic	
  activity	
  (158,	
  159)	
  3)	
  and	
  an	
  activating	
  

phosphorylation	
  event	
  mediated	
  by	
  Akt	
  at	
  serine	
  454	
  (150).	
  	
  	
  

Much	
  of	
  the	
  functional	
  inhibition	
  studies	
  of	
  ACL	
  have	
  been	
  conducted	
  in	
  cells	
  

wherein	
  ACL	
  is	
  highly	
  expressed.	
  	
  ACL	
  deficiency	
  in	
  mice	
  is	
  embryonic	
  lethal	
  so	
  no	
  

functional	
  complements	
  of	
  ACL	
  exist	
  within	
  cells	
  (156).	
  	
  ACL	
  knockdown	
  in	
  

leukemic	
  FL5.12	
  and	
  A549	
  lung	
  adenocarcinoma	
  cells	
  demonstrated	
  the	
  necessity	
  of	
  

ACL	
  expression	
  for	
  glucose-­‐dependent	
  lipid	
  synthesis	
  in	
  cellular	
  growth	
  and	
  

proliferation	
  of	
  cancerous	
  cells	
  (77,	
  122,	
  153,	
  166).	
  	
  ACL	
  knockdown	
  by	
  siRNA	
  

arrests	
  tumor	
  growth.	
  	
  In	
  vivo	
  imaging	
  of	
  A549	
  (non-­‐small	
  cell	
  lung	
  cancer	
  which	
  

bears	
  a	
  point	
  mutation	
  in	
  K-­‐Ras,	
  which	
  activates	
  the	
  PI3K-­‐Akt	
  pathway)	
  of	
  siRNA	
  

transfected	
  and	
  statin-­‐treated	
  tumors	
  significantly	
  decreased	
  in	
  volume	
  and	
  growth,	
  

as	
  well	
  as	
  in	
  cell	
  cycle	
  (160).	
  	
  The	
  chemical	
  inhibition	
  of	
  ACL	
  through	
  radicicol	
  (non-­‐

competitive	
  inhibitor)	
  or	
  hydroxycitrate	
  and	
  SB-­‐201076	
  (competitive	
  inhibitor)	
  

reduces	
  insulin	
  secretion	
  and	
  membrane	
  synthesis	
  in	
  pancreatic	
  β	
  cells	
  (161).	
  	
  ACL	
  

inhibition	
  also	
  reduces	
  cholesterol	
  and	
  fatty	
  acid	
  synthesis	
  in	
  liver	
  and	
  adipose	
  

tissue	
  (162,	
  163).	
  	
  It	
  is	
  not	
  known	
  if	
  ACL	
  plays	
  a	
  role	
  in	
  the	
  regulation	
  of	
  lipid	
  

biosynthesis	
  in	
  B	
  cells.	
  	
  A	
  novel	
  cell-­‐permeable	
  inhibitor,	
  compound-­‐9	
  (C-­‐9)	
  (also	
  

termed	
  BMS-­‐303141)	
  was	
  used	
  in	
  this	
  current	
  investigation	
  (see	
  Figure	
  5)	
  (164).	
  	
  C-­‐
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9	
  is	
  a	
  synthetic	
  organic	
  compound	
  (of	
  the	
  2-­‐hydroxy-­‐N-­‐arylbenzenesulfon-­‐amides	
  

class),	
  structurally	
  deviate	
  of	
  citrate,	
  designed	
  for	
  in	
  vivo	
  bioavailability	
  and	
  

specifically	
  inhibits	
  ACL	
  (Ki	
  is	
  0.13	
  μM)	
  (164,	
  165).	
  	
  Oral	
  treatment	
  with	
  C-­‐9	
  reduces	
  

plasma	
  cholesterol	
  and	
  triglycerides	
  in	
  serum	
  of	
  canines	
  fed	
  a	
  high-­‐fat	
  diet.	
  	
  

Additionally	
  in	
  cancerous	
  HepG2	
  cells,	
  C-­‐9	
  reduces	
  synthesized	
  cholesterol	
  levels	
  

(166).	
  	
  

	
  
Figure	
  5:	
  Annotated	
  Compound-­‐9	
  structure	
  (164).	
  

	
  

	
  

	
  

	
  

	
  

Interleukin-­‐4	
  

	
   Interleukin-­‐4	
  (IL-­‐4)	
  is	
  a	
  pleiotropic	
  cytokine	
  predominantly	
  generated	
  during	
  

the	
  immune	
  response	
  by	
  T-­‐lymphocytes	
  that	
  regulates	
  gene	
  expression	
  for	
  growth	
  

and	
  survival	
  in	
  B	
  cells.	
  	
  IL-­‐4	
  promotes	
  B	
  cell	
  maturation	
  through	
  MHCII	
  peptide	
  and	
  

CD23	
  expression,	
  and	
  immunoglobulin	
  class	
  switching	
  to	
  IgG1	
  and	
  IgE	
  (99).	
  	
  As	
  a	
  co-­‐

stimulant,	
  IL-­‐4	
  increases	
  glycolysis	
  and	
  up-­‐regulates	
  Bcl-­‐XL,	
  an	
  anti-­‐apoptotic	
  

protein	
  (167-­‐169).	
   

	
   Binding	
  of	
  IL-­‐4	
  to	
  its	
  cognate	
  receptor	
  (IL-­‐4/13Rα	
  and	
  γc)	
  results	
  in	
  the	
  

activation	
  of	
  several	
  signal	
  transduction	
  cascades,	
  including	
  the	
  Janus	
  kinase	
  1	
  

(JAK1)	
  and	
  JAK3	
  tyrosine	
  kinases	
  (see	
  Figure	
  6)	
  (167,	
  170).	
  	
  JAK1/3	
  phosphorylates	
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Figure	
  6:	
  IL-­‐4	
  Receptor	
  Signaling.	
  	
  The	
  JAK/STAT6	
  pathway	
  and	
  PI3K-­‐Akt	
  pathway	
  
are	
  activated	
  in	
  B	
  cells	
  in	
  response	
  to	
  the	
  cytokine,	
  IL-­‐4.	
  	
  	
  
	
  
	
  
tyrosine	
  residues	
  in	
  the	
  cytoplasmic	
  domain	
  of	
  the	
  IL-­‐4Rα	
  that	
  serve	
  as	
  docking	
  

sites	
  for	
  signal	
  transducer	
  and	
  activator	
  of	
  transcription	
  6	
  (STAT6)	
  (167,	
  171).	
  	
  

Tyrosine	
  phosphorylation	
  of	
  STAT6	
  promotes	
  its	
  homo-­‐dimerization	
  and	
  the	
  

subsequent	
  nuclear	
  translocation	
  for	
  gene	
  expression	
  (171).	
  	
  The	
  IL-­‐4Rα	
  chain	
  also	
  

recruits	
  and	
  promotes	
  the	
  insulin	
  receptor	
  substrate-­‐2	
  (IRS-­‐2)	
  association	
  with	
  

PI3K	
  (p85α	
  subunit)	
  for	
  subsequent	
  generation	
  of	
  phosphoinositides	
  (167,	
  171).	
  

	
   Inhibition	
  of	
  PI3K	
  activity	
  or	
  deficiency	
  in	
  p85α, STAT6,	
  or	
  IRS-­‐2	
  blocks	
  the	
  

ability	
  of	
  IL-­‐4	
  to	
  prevent	
  apoptosis	
  in	
  hematopoietic	
  cells	
  (169,	
  172-­‐174).	
  	
  Studies	
  of	
  

IL-­‐4,	
  IL-­‐13,	
  IL-­‐4Rα,	
  or	
  STAT6	
  knockout	
  animals	
  have	
  demonstrated	
  the	
  important	
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role	
  of	
  this	
  signal	
  transduction	
  pathway	
  in	
  the	
  development	
  of	
  protective	
  immunity	
  

against	
  most	
  nematode	
  parasites	
  and	
  pathogenesis	
  of	
  allergic	
  diseases	
  (99,	
  175-­‐

178).	
  	
  

	
  

Mitogenic	
  activation	
  through	
  lipopolysaccharide	
  

	
   A	
  bacterial	
  membrane	
  component,	
  lipopolysaccharide	
  (LPS)	
  is	
  a	
  polyclonal	
  

activator	
  of	
  B	
  cells	
  that	
  is	
  recognized	
  by	
  the	
  toll-­‐like	
  receptor-­‐4	
  (TLR4).	
  	
  Despite	
  low	
  

expression,	
  TLR4	
  is	
  a	
  pattern	
  recognition	
  receptor	
  that	
  executes	
  a	
  host	
  defense	
  

response	
  for	
  growth,	
  proliferation	
  and	
  maturation	
  of	
  B	
  cells	
  to	
  secrete	
  

immunoglobulins	
  (179-­‐182,	
  184).	
  	
  The	
  importance	
  of	
  LPS	
  recognition	
  to	
  TLR4	
  is	
  

demonstrated	
  in	
  mice	
  lacking	
  TLR4	
  (C3H/HeJ	
  mouse	
  strain)	
  (183);	
  TLR4-­‐/-­‐	
  B	
  cells	
  

demonstrate	
  severe	
  impairment	
  of	
  MHCII	
  expression	
  and	
  hypo-­‐responsiveness	
  to	
  

LPS,	
  wherein	
  the	
  splenic	
  B	
  cells	
  do	
  not	
  respond	
  to	
  the	
  mitogen	
  by	
  proliferation	
  

(180).	
   

	
   LPS	
  engagement	
  with	
  TLR4	
  triggers	
  the	
  recruitment	
  of	
  the	
  adaptor	
  proteins,	
  

myeloid	
  differentiation	
  primary-­‐response	
  protein	
  88	
  (MyD88)	
  or	
  Toll-­‐Interleukin-­‐1	
  

receptor	
  domain-­‐containing	
  adaptor	
  protein	
  inducing	
  IFN-­‐β	
  (TRIF)	
  (186).	
  	
  Classical	
  

nuclear	
  factor-­‐κB	
  and	
  MAP	
  kinase	
  pathways	
  are	
  activated	
  in	
  both	
  adaptor	
  protein-­‐

mediated	
  pathways,	
  leading	
  to	
  AP1	
  transcription	
  factor-­‐mediated	
  gene	
  

transcription	
  (185,	
  187).	
  	
  MyD88	
  recruits	
  the	
  complex	
  of	
  interleukin-­‐1	
  receptor	
  

(IL1R)-­‐associated	
  kinase	
  4	
  (IRAK4)	
  and	
  IRAK1	
  to	
  an	
  engaged	
  TLR4	
  receptor	
  

whereby	
  IRAK1	
  is	
  phosphorylated,	
  dissociates	
  from	
  the	
  receptor,	
  and	
  proceeds	
  to	
  



	
   17	
  

interact	
  with	
  the	
  TNFR-­‐associated	
  factor	
  6	
  (TRAF6).	
  	
  The	
  IRAK1/TRAF6	
  complex	
  

signals	
  to	
  activate	
  IκB	
  kinase	
  complex	
  (IKK),	
  which	
  in	
  turn	
  phosphorylates	
  and	
  

targets	
  IκB	
  for	
  degradation,	
  permitting	
  the	
  nuclear	
  translocation	
  of	
  NF-­‐κB	
  for	
  gene	
  

transcription.	
  The	
  IRAK1/TRAF6	
  complex	
  can	
  also	
  activate	
  the	
  Jun	
  N-­‐terminal	
  

kinase	
  (JNK)	
  and	
  p38	
  mitogen-­‐activated	
  protein	
  kinase	
  (MAPK)	
  pathways.	
  	
  

Additionally,	
  TLR4	
  engagement	
  induces	
  activation	
  of	
  MyD88-­‐independent	
  

pathways,	
  which	
  involve	
  TRIF	
  and	
  TRIF-­‐related	
  adaptor	
  molecule	
  (TRAM).	
  	
  This	
  

signal	
  branch	
  point	
  in	
  the	
  LPS-­‐activated	
  pathway	
  results	
  in	
  the	
  activation	
  of	
  

interferon-­‐responsive	
  factor	
  3	
  (IRF3),	
  which	
  mediates	
  transcription	
  of	
  the	
  IFN-­‐

inducible	
  genes	
  and	
  activates	
  a	
  second	
  delayed	
  wave	
  of	
  NF-­‐κB	
  transcription.	
  

	
   Deficiency	
  of	
  MyD88	
  or	
  IRAK4	
  has	
  been	
  identified	
  in	
  a	
  few	
  human	
  patients.	
  	
  

Individuals	
  possess	
  an	
  increased	
  proportion	
  of	
  auto-­‐reactive	
  B	
  cells	
  and	
  recurrent	
  

bacterial	
  infections	
  (188-­‐192).	
  	
  Furthermore,	
  the	
  MyD88	
  or	
  IRAK4	
  deficiency	
  in	
  

murine	
  models	
  leads	
  to	
  resistance	
  to	
  sepsis	
  by	
  lack	
  of	
  inflammatory	
  response	
  (184,	
  

185).	
  	
  	
  

	
  

Endomembrane	
  expansion	
  and	
  lipid	
  synthesis	
  in	
  the	
  generation	
  of	
  plasma	
  cells	
  	
  

Through	
  extrinsic	
  signal,	
  B	
  cells	
  mature	
  into	
  antibody-­‐secreting	
  plasma	
  cells.	
  	
  

The	
  differentiation	
  process	
  requires	
  many	
  intracellular	
  changes	
  for	
  the	
  mass-­‐

production	
  of	
  highly	
  specific	
  immunoglobulin	
  and	
  is	
  transcriptional	
  controlled,	
  as	
  

the	
  inositol-­‐response	
  factor1α	
  (IRF1),	
  B-­‐lymphocyte	
  induced	
  maturation	
  protein	
  1	
  

(BLIMP-­‐1),	
  and	
  X-­‐box	
  protein1	
  (XBP1)	
  are	
  activated,	
  others	
  utilized	
  during	
  earlier	
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developmental	
  stages	
  (Paired	
  box	
  protein,	
  PAX5)	
  are	
  suppressed	
  (193).	
  	
  

Plasma	
  cells	
  generate	
  a	
  secretory	
  apparatus	
  through	
  the	
  expansion	
  of	
  their	
  

intracellular	
  membrane	
  networks.	
  This	
  process	
  institutes	
  a	
  re-­‐organization	
  and	
  re-­‐

distribution	
  of	
  plasma	
  membrane	
  lipid	
  content	
  as	
  well	
  as	
  induced	
  gene	
  expression	
  

for	
  lipogenic	
  enzymes	
  (194-­‐198).	
  	
  In	
  B	
  cells,	
  the	
  unfolded	
  protein	
  response	
  (UPR)	
  

pathway	
  initiates	
  the	
  membrane	
  expansion	
  driven	
  by	
  active	
  XBP-­‐1	
  (194,	
  199).	
  	
  The	
  

UPR	
  is	
  responsible	
  for	
  delaying	
  protein	
  synthesis	
  and	
  inducing	
  the	
  expression	
  of	
  

endoplasmic	
  reticulum	
  (ER)	
  resident	
  proteins	
  (chaperones	
  and	
  folding	
  enzymes),	
  as	
  

well	
  as	
  promoting	
  phospholipid	
  synthesis	
  (200,	
  201).  The	
  ER	
  and	
  Golgi	
  apparatus	
  

are	
  the	
  major	
  endomembrane	
  compartments	
  wherein	
  a	
  majority	
  of	
  de	
  novo	
  bulk	
  

membrane	
  lipid	
  and	
  protein	
  synthesis	
  occurs	
  (195,	
  120).	
  	
  

A	
  majority	
  of	
  lipids	
  in	
  membranes	
  are	
  phospholipids,	
  glycerophospholipids	
  

and	
  sphingolipids	
  (202).	
  	
  In	
  the	
  murine	
  B	
  cell	
  lymphoma	
  cell	
  model	
  (CH12.lx),	
  

differentiation	
  via	
  LPS	
  stimulation	
  induces	
  the	
  synthesis	
  of	
  three	
  major	
  membrane	
  

lipids:	
  phosphatidylcholine	
  (PC),	
  phosphatidylethanolamine	
  (PE),	
  and	
  cholesterol	
  

(C)	
  (203).	
  	
  The	
  cytoplasmic	
  leaflet	
  of	
  mammalian	
  plasma	
  membrane	
  is	
  highly	
  

enriched	
  in	
  PS	
  and	
  PE,	
  whereas	
  the	
  outer	
  leaflet	
  is	
  enriched	
  with	
  PC.	
  	
  To	
  synthesize	
  

PC,	
  the	
  cytidine	
  diphosphate	
  (CDP)–choline	
  pathway	
  is	
  elicited	
  in	
  a	
  PI3K-­‐Akt-­‐

dependent	
  manner	
  (204-­‐206).	
  	
  Phosphatidylserine	
  (PS)	
  synthesis	
  occurs	
  in	
  the	
  ER,	
  

to	
  which	
  a	
  decarboxylation	
  event	
  occurs	
  to	
  produce	
  PE	
  (207,	
  208).	
  	
  Additional	
  lipids	
  

synthesized	
  in	
  the	
  ER	
  and	
  transferred	
  to	
  the	
  Golgi	
  are	
  phosphatidylinositol	
  (PI),	
  

phosphatidylglycerol	
  (PG),	
  sphingosine	
  (and	
  the	
  modification	
  to	
  sphingomyelin),	
  

and	
  ceramide	
  (CM)	
  (209,	
  210).	
  	
  Cardiolipin	
  (CL),	
  a	
  lipid	
  present	
  only	
  in	
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mitochondria	
  and	
  inner	
  mitochondrial	
  membrane,	
  is	
  synthesized	
  de	
  novo	
  as	
  

mitochondrial	
  numbers	
  increase	
  in	
  response	
  to	
  LPS	
  (211).	
  	
  Interestingly	
  XBP-­‐1	
  has	
  

been	
  shown	
  to	
  increase	
  mitochondrial	
  mass	
  and	
  function,	
  as	
  well	
  as	
  the	
  size	
  of	
  the	
  

ER	
  and	
  its	
  proteins	
  (200);	
  XBP-­‐1	
  deficiency	
  in	
  B	
  cells	
  reduces	
  lipid	
  synthesis	
  of	
  PC,	
  

SM,	
  and	
  PI	
  (198).	
  	
  

The	
  production	
  of	
  cholesterol	
  through	
  de	
  novo	
  synthesis	
  or	
  acquisition	
  from	
  

extracellular	
  sources	
  is	
  required	
  for	
  differentiation	
  and	
  proliferation	
  of	
  lymphocytes	
  

(212).	
  	
  Occuring	
  in	
  the	
  ER,	
  the	
  synthesis	
  of	
  cholesterol	
  (C)	
  utilizes	
  acetyl-­‐CoA	
  

subunits.	
  	
  Two	
  acetyl-­‐CoA	
  units	
  are	
  condensed	
  to	
  form	
  aceto-­‐acyl	
  CoA,	
  which	
  is	
  

further	
  condensed	
  to	
  another	
  acetyl-­‐CoA	
  to	
  form	
  3-­‐hydroxy-­‐3-­‐methylglutaryl-­‐

coenzyme	
  A	
  (HMG-­‐CoA).	
  	
  HMG-­‐CoA	
  reductase	
  in	
  the	
  ER	
  reduces	
  HMG-­‐CoA	
  to	
  

mevalonate	
  for	
  its	
  conversion	
  to	
  isoprene	
  units.	
  	
  The	
  condensation	
  of	
  six	
  activated	
  

isoprenes	
  forms	
  squalene,	
  which	
  is	
  through	
  a	
  series	
  of	
  many	
  more	
  reactions	
  modify	
  

and	
  rearrangement	
  the	
  structure	
  for	
  the	
  resulting	
  product	
  of	
  cholesterol.	
  	
  The	
  

ability	
  to	
  block	
  cholesterol	
  biosynthesis	
  with	
  lovastatin	
  has	
  been	
  shown	
  to	
  inhibit	
  

cancer	
  cell	
  growth	
  (126,	
  213,	
  214).	
  

As	
  previously	
  described,	
  the	
  cytoplasmic	
  enzyme	
  ATP-­‐citrate	
  lyase	
  (ACL)	
  

converts	
  oxaloacetate	
  and	
  citrate	
  to	
  acetyl-­‐CoA	
  (127).	
  	
  In	
  de	
  novo	
  lipogenesis,	
  acetyl-­‐

CoA	
  is	
  the	
  building	
  block	
  through	
  which	
  lipids	
  such	
  as	
  cholesterol	
  and	
  fatty	
  acids	
  are	
  

synthesized.	
  	
  In	
  a	
  committed	
  step	
  of	
  fatty	
  acid	
  synthesis	
  pathway,	
  acetyl-­‐CoA	
  

carboxylase	
  (ACC)	
  irreversibly	
  carboxylates	
  acetyl-­‐CoA	
  to	
  form	
  malonyl-­‐CoA.	
  	
  

Malonyl-­‐CoA	
  and	
  acetyl-­‐CoA	
  combine	
  to	
  form	
  long	
  chain	
  fatty	
  acids	
  primarily	
  

palmitate	
  (C16)	
  or	
  stearate	
  (C18),	
  by	
  fatty	
  acid	
  synthase	
  (FAS)	
  to	
  be	
  utilized	
  in	
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cholesterol	
  synthesis	
  or	
  glycerolipid	
  synthesis	
  (215).	
  	
  Additionally	
  glycerol	
  3-­‐

phosphate,	
  acquired	
  from	
  the	
  glycolytic	
  pathway,	
  combines	
  with	
  malonyl-­‐CoA	
  to	
  

form	
  phosphatidic	
  acid	
  (PA).	
  	
  PA	
  can	
  be	
  modified	
  to	
  generate	
  glycerophospholipids	
  

with	
  amino	
  head	
  group	
  attached	
  (serine,	
  choline,	
  ethanolamine,	
  etc.)	
  or	
  hydrolyzed	
  

to	
  triacylglycerols.	
  	
  Of	
  note,	
  due	
  to	
  high	
  expression	
  in	
  cancers,	
  the	
  selective	
  

inhibition	
  of	
  FAS	
  leads	
  to	
  cancerous	
  cell	
  apoptosis	
  in	
  vitro	
  and	
  in	
  vivo	
  (216,	
  217).	
  

B	
  cells	
  in	
  the	
  process	
  of	
  differentiation	
  mature	
  to	
  the	
  plasma	
  cell	
  stage	
  by	
  

undergoing	
  periods	
  of	
  growth	
  (i.e.	
  cell	
  mass	
  accompanied	
  with	
  size	
  and	
  de	
  novo	
  

macromolecular	
  synthesis)	
  and	
  proliferation	
  to	
  expand	
  intracellular	
  membrane	
  

networks,	
  and	
  undergo	
  organelle	
  biosynthesis	
  for	
  Ig	
  synthesis	
  and	
  assembly	
  (196,	
  

195,	
  203,	
  218).	
  The	
  extent	
  to	
  which	
  the	
  essential	
  and	
  regulated	
  enzyme	
  ACL	
  

contributes	
  to	
  the	
  regulation	
  of	
  lipid	
  biosynthesis	
  in	
  B	
  cells	
  is	
  not	
  known	
  and	
  was	
  

the	
  subject	
  of	
  this	
  investigation	
  (156).	
  	
  

In	
  a	
  previous	
  report,	
  cell	
  cycle	
  progression	
  of	
  B	
  cells	
  correlated	
  with	
  

membrane	
  synthesis	
  (203).	
  	
  In	
  B	
  cell	
  lymphoma	
  cells	
  (CH12.lx),	
  the	
  expansion	
  of	
  ER	
  

and	
  Golgi	
  has	
  been	
  shown	
  to	
  expand	
  in	
  response	
  to	
  LPS	
  for	
  proliferation	
  and	
  

differentiation	
  to	
  and	
  IgM	
  secreting	
  plasma	
  cell	
  (203).	
  	
  In	
  addition	
  to	
  elevation	
  of	
  

phospholipid	
  synthesis,	
  CH12.lx	
  cells	
  stimulated	
  with	
  LPS	
  cells	
  elevated	
  gene	
  

expression	
  (lipin1,	
  elongase,	
  and	
  choline	
  phosphotransferase)	
  for	
  FA	
  synthesis,	
  

elongation,	
  and	
  desaturation.	
  	
  The	
  essential	
  membrane	
  lipids	
  (i.e.	
  glycolipids,	
  

cholesterol,	
  and	
  phospholipids)	
  were	
  synthesized	
  in	
  activated	
  B	
  cells	
  to	
  support	
  

membrane	
  expansion	
  and	
  notably	
  organelle	
  biosynthesis	
  (120,	
  211,	
  219).	
  	
  In	
  

previous	
  reports,	
  de	
  novo	
  lipogenesis	
  increases	
  in	
  B	
  cells	
  stimulated	
  with	
  LPS,	
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coinciding	
  with	
  reported	
  membrane	
  and	
  organelle	
  biosynthesis.	
  	
  The	
  lipids	
  were	
  

phosphatidylcholine	
  (PC),	
  phosphatidylethanolamine	
  (PE),	
  cardiolipin	
  (CL),	
  and	
  

cholesterol	
  (C)	
  (120,	
  203).	
  	
  B	
  cells	
  also	
  synthesized	
  ceramides	
  (CM)	
  

phosphatidylglycerol	
  (PG),	
  phosphatidylserine	
  (PS),	
  phosphatidylinositol	
  (PI)	
  and	
  

sphingolipids	
  (SM),	
  lipids	
  reported	
  to	
  be	
  maturation	
  markers,	
  components	
  of	
  

membrane	
  structure	
  and	
  lipid	
  rafts,	
  as	
  well	
  as	
  signal	
  transducers	
  in	
  apoptosis	
  (202,	
  

220-­‐222).	
  	
  c-­‐myc,	
  previously	
  mentioned	
  as	
  a	
  target	
  of	
  the	
  PI3K-­‐Akt	
  pathway,	
  has	
  

been	
  shown	
  to	
  be	
  responsible	
  for	
  phosphatidylcholine	
  (PC)	
  synthesis	
  and	
  necessary	
  

for	
  biogenesis	
  of	
  mitochondria.	
  	
  Akt	
  has	
  also	
  been	
  shown	
  to	
  directly	
  down-­‐regulate	
  

β-­‐oxidation	
  through	
  inhibition	
  of	
  carnitine	
  palmitoyltransferase	
  (CPT1α)	
  activity,	
  

stimulating	
  PC	
  and	
  fatty	
  acid	
  (FA)	
  synthesis	
  (79).	
  	
  Therefore,	
  the	
  putative	
  

connection	
  between	
  activation	
  signal	
  pathway	
  and	
  de	
  novo	
  lipogenesis	
  in	
  B	
  cells	
  was	
  

investigated.	
  	
  	
  

The	
  synthetic	
  pathways	
  of	
  lipids	
  are	
  interconnected	
  and	
  de	
  novo	
  lipogenesis	
  

may	
  commence	
  with	
  ACL	
  activity	
  to	
  generate	
  acetyl-­‐CoA	
  (Figure	
  7)	
  (204,	
  223,	
  224).	
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  Figure	
  7:	
  Interconnected	
  conversion	
  of	
  synthesized	
  lipids,	
  adapted	
  from	
  
Hermansson	
  et	
  al.,	
  (2011)	
  (223);	
  [14C]-­‐acetyl-­‐CoA	
  is	
  incorporated	
  into	
  diacylglycerol	
  
(DAG)	
  and	
  fatty	
  acids	
  (FA)	
  by	
  fatty	
  acid	
  synthase.	
  	
  Newly	
  synthesized	
  fatty	
  acids	
  are	
  
incorporated	
  into	
  DAG,	
  ceramide	
  (CM),	
  and	
  cholesterol	
  (C).	
  Condensation	
  of	
  DAG	
  
and	
  glycerol	
  3-­‐phosphate	
  (an	
  intermediate	
  of	
  glycolysis)	
  synthesizes	
  
phosphatidylglycerol	
  (PG),	
  that	
  can	
  be	
  converted	
  to	
  phosphatidic	
  acid	
  (PA),	
  or	
  
condense	
  with	
  DAG	
  for	
  the	
  formation	
  of	
  the	
  mitochondrial	
  associated	
  lipid,	
  
cardiolipin	
  (CL).	
  Phosphatidylinositol	
  (PI)	
  also	
  can	
  be	
  generated	
  at	
  this	
  branch	
  in	
  
lipid	
  biosynthesis	
  through	
  modification	
  of	
  PA.	
  	
  The	
  observed	
  incorporation	
  of	
  
glucose	
  carbon	
  in	
  phosphatidylcholine	
  (PC)	
  in	
  response	
  to	
  B	
  cell	
  stimulation	
  may	
  be	
  
distributed	
  into	
  additional	
  lipid	
  species	
  via	
  active	
  CDP-­‐choline	
  and	
  CDP-­‐
ethanolamine	
  pathways	
  (220).	
  	
  As	
  illustrated,	
  PC	
  can	
  be	
  converted	
  to	
  sphingolipids	
  
(sphingomyelin,	
  SM)	
  or	
  phosphatidylserine	
  (PS),	
  while	
  phosphatidylethanolamine	
  
(PE)	
  can	
  be	
  synthesized	
  through	
  PS	
  or	
  by	
  ethanolamine	
  and	
  DAG	
  condensation.	
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The	
  most	
  abundant	
  glycerophospholipid	
  specie,	
  PC	
  is	
  synthesized	
  in	
  the	
  ER	
  

and	
  Golgi	
  from	
  diacylglycerol	
  via	
  the	
  Kennedy–CEPT	
  pathway	
  or	
  CPT	
  (222).	
  	
  PC	
  

serves	
  as	
  a	
  precursor	
  to	
  the	
  membrane	
  lipids,	
  SM	
  and	
  PE	
  (225,	
  203).	
  	
  PE	
  is	
  the	
  

second	
  most	
  abundant	
  lipid,	
  formed	
  through	
  lipid	
  head	
  group	
  exchange	
  from	
  PS.	
  	
  PS	
  

has	
  been	
  shown	
  to	
  play	
  a	
  role	
  in	
  apoptosis	
  and	
  serve	
  as	
  a	
  cofactor	
  to	
  activate	
  PKC,	
  

and	
  associates	
  with	
  dynamin	
  and	
  Na+K+	
  ATPase	
  (209,	
  226-­‐228).	
  	
  PE	
  has	
  been	
  shown	
  

in	
  hepatic	
  tissue	
  to	
  promote	
  secretion	
  and	
  maturation	
  of	
  lipoprotein	
  as	
  well	
  as	
  

enriched	
  in	
  the	
  cleavage	
  furrow	
  during	
  cytokinesis	
  (229-­‐231).	
  	
  The	
  major	
  free	
  fatty	
  

acids	
  are	
  C14:0	
  [myristic],	
  C16:0	
  [palmitic],	
  C18:0	
  [stearic],	
  C18:1	
  [oleic],	
  C18:2	
  

[linoleic],	
  and	
  C20:0	
  [arachidic])	
  (129,	
  130,	
  232-­‐234).	
  	
  These	
  free	
  fatty	
  acids	
  may	
  

contribute	
  to	
  lipid	
  tail	
  moieties	
  of	
  PE,	
  PG,	
  and	
  PC	
  in	
  B	
  cells.	
  	
  In	
  addition,	
  FA	
  have	
  

been	
  shown	
  to	
  serve	
  as	
  structural	
  components	
  of	
  membrane	
  and	
  signaling	
  

molecules	
  such	
  as	
  sphingolipids,	
  cholesterol,	
  and	
  glycosylphosphatidylinositol	
  

anchored	
  proteins	
  (210,	
  220).	
  	
  	
  

	
  

The	
  role	
  of	
  glucose	
  metabolism	
  in	
  the	
  immune	
  response	
  to	
  extracellular	
  

stimuli	
  suggests	
  its	
  requirement	
  for	
  cellular	
  growth,	
  survival,	
  and	
  differentiation.	
  

This	
  investigation	
  sought	
  to	
  examine	
  the	
  regulation	
  of	
  glucose	
  in	
  the	
  synthesis	
  of	
  

lipids	
  in	
  B	
  cells.	
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Materials	
  and	
  methods	
  

B	
  cell	
  isolation	
  and	
  culture	
  

BALB/cAnNTac mice	
  and	
  p85α-­‐deficient	
  mice	
  (BALB/cAnNTac-­‐Pik3r1	
  N12)	
  were	
  

obtained	
  from	
  Taconic	
  Farms	
  (Germantown,	
  NY).	
  	
  CBA/CaHN-­‐Btkxid/J,	
  CBA/CaJ,	
  

C.129S2-­‐Stat6tm1Gru/J,	
  and	
  BALB/cJ	
  were	
  obtained	
  from	
  the	
  Jackson	
  Laboratory	
  (Bar	
  

Harbor,	
  ME).	
  	
  Housed	
  at	
  Boston	
  College,	
  mice	
  were	
  cared	
  for	
  and	
  handled	
  at	
  all	
  

times	
  in	
  accordance	
  with	
  National	
  Institutes	
  of	
  Health	
  and	
  Boston	
  College	
  

guidelines.	
  C57BL/6	
  X	
  129x1/SvJ	
  and	
  PKCδ-­‐deficient	
  (PKCδ-­‐/-­‐)	
  were	
  a	
  generous	
  gift	
  

from	
  Dr.	
  Thomas	
  Rothstein,	
  Boston	
  University	
  Medical	
  School,	
  Division	
  of	
  

Immunology	
  and	
  Infectious	
  Disease,	
  Boston,	
  MA.	
  	
  The	
  strains	
  of	
  129xSV	
  and	
  BLNK-­‐/-­‐

-­‐deficient	
  mice	
  were	
  a	
  generous	
  gift	
  from	
  Dr.	
  Anne	
  Satterthwaite,	
  UT	
  Southwestern	
  

Medical	
  Center,	
  Department	
  of	
  Internal	
  Medicine,	
  Dallas,	
  TX.	
  	
  Splenic	
  tissues	
  of	
  age-­‐

matched	
  C57BL/6	
  and	
  BTK-­‐deficient	
  (BTK-­‐/-­‐)	
  mice	
  were	
  a	
  generous	
  gift	
  from	
  Dr.	
  

Robert	
  Woodland	
  and	
  Sarah	
  Kenward	
  of	
  University	
  of	
  Massachusetts	
  Medical	
  

School,	
  Dept.	
  of	
  Molecular	
  Genetics	
  and	
  Microbiology,	
  Worcester,	
  MA. 

Splenic	
  B	
  cells	
  from	
  mice	
  at	
  8	
  to	
  12	
  weeks	
  were	
  isolated	
  and	
  purified	
  by	
  negative	
  

selection	
  using	
  the	
  B	
  Cell	
  Isolation	
  Kit,	
  a	
  MidiMACS™	
  Separator,	
  and	
  an	
  LS	
  Column	
  

(Miltenyi	
  Biotec	
  Inc.	
  Auburn,	
  CA).	
  	
  CD43+	
  B	
  cells,	
  T	
  cells,	
  NK	
  cells,	
  dendritic	
  cells,	
  

macrophages,	
  granulocytes,	
  and	
  erythroid	
  cells	
  are	
  labeled	
  with	
  a	
  cocktail	
  of	
  biotin-­‐

conjugated	
  antibodies	
  against	
  CD43	
  (Ly-­‐48),	
  CD4	
  (L3T4),	
  and	
  Ter-­‐119,	
  as	
  well	
  as	
  

Anti-­‐Biotin	
  MicroBeads.	
  	
  Purified	
  B	
  cells	
  were	
  cultured	
  in	
  RPMI-­‐1640	
  medium	
  

(Mediatech,	
  Inc.	
  Manassas,	
  VA)	
  plus	
  10	
  %	
  FCS	
  (Atlanta	
  Biologicals,	
  Inc.	
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Lawrenceville,	
  GA),	
  2	
  mM	
  L-­‐glutamine,	
  10	
  mM	
  HEPES,	
  pH	
  7.4,	
  50	
  µM	
  β-­‐

mercaptoethanol,	
  50	
  U/mL	
  penicillin,	
  50	
  µg/mL	
  streptomycin.	
  	
  Small	
  dense	
  B	
  cells	
  

were	
  isolated	
  following	
  centrifugation	
  through	
  a	
  discontinuous	
  72	
  %	
  /65	
  %	
  /50	
  %	
  

Percoll	
  gradient	
  (Sigma-­‐Aldrich	
  Co,	
  St.	
  Louis,	
  MO).	
  	
  

F(ab')2	
  fragments	
  of	
  goat	
  anti-­‐mouse	
  IgM	
  were	
  obtained	
  from	
  Jackson	
  

ImmunoResearch	
  Laboratories,	
  Inc.	
  (West	
  Grove,	
  PA).	
  	
  Murine	
  IL-­‐4	
  was	
  from	
  EMD	
  

Millipore	
  Corporation	
  (Billerica,	
  MA)	
  or	
  R&D	
  Systems,	
  Inc.	
  (Minneapolis,	
  MN).	
  	
  

Lipopolysaccharide	
  (LPS	
  O111:B4	
  or	
  S.	
  typhosa)	
  was	
  from	
  Sigma-­‐Aldrich	
  (St.	
  Louis,	
  

MO).	
  	
  CD40L/CD8	
  was	
  a	
  kind	
  gift	
  from	
  Dr.	
  Tom	
  Rothstein.	
  	
  LY294002,	
  wortmannin,	
  

rapamycin,	
  and	
  rottlerin	
  were	
  from	
  CalBiochem-­‐NovaBiochem	
  Corp.	
  (San	
  Diego,	
  

CA).	
  	
  Compound-­‐9	
  (C-­‐9)	
  was	
  synthesized	
  by	
  AsisChem	
  Inc.	
  (Watertown,	
  MA)	
  

according	
  to	
  methods	
  described	
  by	
  Li	
  et	
  al.	
  2007	
  (164).	
  	
  All	
  other	
  reagents,	
  unless	
  

otherwise	
  noted,	
  were	
  obtained	
  from	
  Fisher	
  Scientific	
  (Pittsburgh,	
  PA).	
  

	
  

Cell	
  extraction	
  and	
  Western	
  blotting	
  

Stimulated	
  as	
  specified	
  in	
  the	
  figure	
  legends,	
  B	
  cells	
  were	
  solubilized	
  for	
  whole	
  cell	
  

extracts	
  in	
  Triton	
  X-­‐100	
  buffer	
  (20	
  mM	
  Tris,	
  pH	
  7.4,	
  100	
  mM	
  NaCl,	
  0.1%	
  Triton	
  X-­‐

100)	
  containing	
  protease	
  inhibitor	
  cocktail	
  (Sigma-­‐	
  Aldrich,	
  St.	
  Louis,	
  MO),	
  10	
  µM β-­‐

glycerophosphate,	
  1	
  µM	
  phenylmethylsulfonyl	
  fluoride	
  (PMSF),	
  1	
  µM	
  NaF,	
  1	
  µM	
  

okadaic	
  acid,	
  1	
  mM	
  dithiothreitol	
  (DTT),	
  and	
  1	
  µM	
  Na3VO4.	
  	
  For	
  glut-­‐1	
  extraction,	
  B	
  

cells	
  were	
  solubilized	
  in	
  membrane	
  protein	
  extraction	
  buffer	
  (0.1	
  %	
  sodium	
  

dodecylsulfate	
  (SDS),	
  1	
  %	
  Triton	
  X-­‐100,	
  and	
  protease	
  inhibitor	
  cocktail).	
  	
  Insoluble	
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debris	
  was	
  removed	
  by	
  centrifugation	
  at	
  14,000	
  x	
  g	
  for	
  15	
  min	
  (4oC).	
  	
  Lysate	
  protein	
  

was	
  separated	
  by	
  electrophoresis	
  through	
  7.5	
  %	
  polyacrylamide	
  SDS	
  gel	
  with	
  2X	
  

Laemelli	
  buffer	
  or	
  2.5X	
  glut-­‐loading	
  buffer	
  (5	
  %	
  SDS,	
  8	
  M	
  Urea,	
  0.16	
  M	
  DTT,	
  50	
  µM	
  

βME,	
  37oC	
  15	
  min),	
  or	
  5X	
  loading	
  buffer	
  (1.56	
  mL	
  2	
  M	
  Tris-­‐HCL	
  pH	
  6.8,	
  1	
  g	
  SDS,	
  5	
  mL	
  

glycerol,	
  2.5	
  mL	
  βME,	
  5	
  mg	
  bromophenol	
  blue,	
  25oC	
  30	
  min)	
  transferred	
  to	
  an	
  

Immobilon-­‐PVDF	
  membrane	
  (EMD	
  Millipore	
  Corp.	
  Billerica,	
  MA).	
  

For	
  membrane-­‐integrated	
  protein,	
  extracts	
  were	
  prepared	
  in	
  glut-­‐1	
  lysis	
  buffer	
  (50	
  

mM	
  HEPES,	
  pH	
  7.5,	
  150	
  mM	
  NaCl,	
  0.5	
  mM	
  EDTA,	
  1	
  mM	
  DTT,	
  1	
  mM	
  benzamidine,	
  1	
  

mM	
  PMSF).	
  	
  After	
  one	
  hour	
  on	
  ice,	
  insoluble	
  debris	
  was	
  pelleted	
  by	
  centrifugation	
  

500	
  x	
  g,	
  5	
  min.	
  	
  Supernatants	
  were	
  collected	
  stored	
  at	
  -­‐80oC	
  or	
  PNGase	
  F-­‐treated	
  

(New	
  England	
  BioLabs,	
  Inc.	
  Ipswich,	
  MA).	
  	
  Samples	
  were	
  separated	
  on	
  10	
  %	
  

polyacrylamide	
  SDS	
  gel	
  after	
  addition	
  of	
  2.5X	
  glut-­‐loading	
  buffer	
  (5	
  %	
  SDS,	
  8	
  M	
  

Urea,	
  0.16	
  M	
  DTT,	
  50	
  µM	
  βME,	
  37oC	
  15	
  min),	
  transferred	
  to	
  an	
  Immobilon-­‐PVDF	
  

membrane	
  (EMD	
  Millipore	
  Corporation,	
  Billerica,	
  MA).	
  	
  

The	
  membranes	
  were	
  blocked	
  in	
  TBS-­‐T	
  (20	
  mM	
  Tris	
  (pH	
  7.6),	
  137	
  mM	
  NaCl,	
  and	
  

0.05	
  %	
  Tween	
  20)	
  containing	
  5	
  %	
  nonfat	
  dry	
  milk	
  for	
  60	
  min	
  and	
  then	
  incubated	
  

overnight	
  (4°C)	
  with	
  described	
  primary	
  Ab.	
  	
  The	
  membrane	
  was	
  washed	
  several	
  

times	
  in	
  TBS-­‐T,	
  incubated	
  with	
  a	
  1:2500	
  dilution	
  of	
  anti-­‐rabbit	
  or	
  anti-­‐mouse	
  IgG-­‐

coupled	
  HRP	
  Ab	
  (60	
  min,	
  Santa	
  Cruz	
  Biotechnology	
  Inc.	
  Santa	
  Cruz,	
  CA)	
  and	
  

developed	
  by	
  ECL	
  (Kirkegaard	
  &	
  Perry	
  Laboratories,	
  Inc.	
  Gaithersburg,	
  MD).	
  	
  

Autoradiograms	
  were	
  scanned	
  with	
  Adobe	
  Photoshop	
  7.0	
  (Adobe	
  Systems,	
  Inc.,	
  San	
  

Jose,	
  CA).	
  	
  The	
  mean	
  density	
  of	
  each	
  band	
  was	
  analyzed	
  by	
  the	
  ImageJ	
  program	
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(NIH,	
  Bethesda,	
  MD).	
  	
  

The	
  primary	
  antibodies	
  used	
  were	
  raised	
  against	
  phosphorylated	
  ACL	
  (serine	
  454)	
  

and	
  total	
  ACL	
  (obtained	
  from	
  Cell	
  Signaling	
  Technology,	
  Inc.	
  Danvers,	
  MA),	
  

phosphorylated	
  Akt	
  (serine	
  473)	
  (Upstate/EMD	
  Millipore	
  Corporation,	
  Billerica,	
  

MA),	
  glut-­‐1	
  (Research	
  Diagnostics,	
  Inc.	
  Flanders,	
  NJ),	
  Na+K+	
  pump	
  (sodium	
  

potassium	
  ATPase	
  alpha	
  1,	
  Abcam	
  plc.	
  Cambridge,	
  MA),	
  and	
  heat	
  shock	
  protein	
  90	
  

(Enzo	
  Life	
  Sciences,	
  Inc.	
  Farmingdale,	
  NY).	
  	
  

	
  

Glucose	
  transporter	
  staining	
  by	
  flow	
  cytometry	
  

B	
  cells	
  stimulated	
  as	
  specified	
  in	
  the	
  figure	
  legends	
  were	
  washed	
  twice	
  in	
  staining	
  

buffer	
  (1	
  mL	
  PBS	
  containing	
  1	
  %	
  FCS/0.1	
  %	
  NaN3)	
  and	
  then	
  incubated	
  for	
  20	
  min	
  

(4°C)	
  with	
  the	
  anti-­‐CD16/CD32	
  (2.4G2)	
  mAb	
  Fc	
  block	
  reagent	
  (1:500	
  v/v	
  

Pharmingen).	
  	
  Cells	
  were	
  washed	
  twice	
  in	
  0.1	
  mL	
  staining	
  buffer	
  and	
  re-­‐suspended	
  

in	
  250 µL	
  Cytofix/Cytoperm	
  solution	
  (4°C,	
  Pharmingen).	
  	
  After	
  20	
  min,	
  cells	
  were	
  

washed	
  twice	
  in	
  0.5	
  mL	
  Perm/Wash	
  solution,	
  re-­‐suspended	
  in	
  0.1	
  mL	
  Perm/Wash	
  

solution,	
  and	
  incubated	
  with	
  1:500	
  dilution	
  of	
  anti-­‐glut-­‐1	
  Ab	
  (Research	
  Diagnostics,	
  

Inc.	
  Flanders,	
  NJ)	
  or	
  isotype	
  control	
  Ab	
  (4°C).	
  	
  After	
  60	
  min,	
  cells	
  were	
  washed	
  3	
  

times	
  in	
  0.1	
  mL	
  Perm/Wash	
  solution	
  and	
  then	
  incubated	
  with	
  PE-­‐conjugated	
  F(ab)’2	
  

fragments	
  of	
  goat	
  anti-­‐rabbit	
  IgG	
  (1:800	
  CalTag	
  Laboratories	
  (Burlingame,	
  CA)	
  for	
  1	
  

hr	
  (4°C).	
  	
  Cells	
  were	
  then	
  washed	
  in	
  0.1	
  mL	
  Perm/Wash	
  solution,	
  and	
  glut-­‐1	
  staining	
  

was	
  measured	
  by	
  flow	
  cytometry	
  on	
  a	
  BD	
  FACSCanto	
  cytometer	
  and	
  the	
  data	
  

analyzed	
  by	
  FACSDiva	
  software	
  (BD	
  Biosciences). 
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For	
  surface	
  glut-­‐1	
  staining,	
  B	
  cells	
  were	
  simply	
  not	
  re-­‐suspended	
  in	
  fix	
  or	
  

permeabilizing	
  solutions.	
  	
  

	
  

Immunocytochemistry	
  

Stimulated	
  as	
  specified	
  in	
  the	
  figure	
  legends	
  splenic	
  B	
  cells	
  (1	
  x	
  105)	
  in	
  suspension	
  

200	
  µL	
  BioWhite	
  fixative	
  (Bioview	
  Ltd.	
  New	
  Zion,	
  Israel)	
  were	
  centrifuged	
  onto	
  

glass	
  slides	
  using	
  a	
  Cytospin	
  (Thermo	
  Electron,	
  Pittsburgh,	
  PA).	
  	
  Slides	
  were	
  

incubated	
  in	
  3.7	
  %	
  (v/v)	
  formaldehyde	
  (20	
  min),	
  permeabilized	
  with	
  0.5	
  %	
  (v/v)	
  

Triton	
  X-­‐100	
  (5	
  min),	
  and	
  subsequently	
  blocked	
  in	
  2	
  %	
  (w/v)	
  BSA	
  (30	
  min).	
  	
  Slides	
  

were	
  incubated	
  with	
  anti-­‐glut-­‐1	
  antibody	
  (ab14683,	
  Abcam	
  plc.	
  Cambridge,	
  MA)	
  for	
  

18	
  hr,	
  followed	
  by	
  a	
  1	
  hr	
  incubation	
  with	
  FITC-­‐conjugated	
  goat	
  anti–rabbit	
  IgG	
  

(Jackson	
  ImmunoResearch	
  Laboratories,	
  Inc.	
  West	
  Grove,	
  PA).	
  	
  After	
  4	
  washes	
  with	
  

PBS,	
  slides	
  were	
  mounted	
  with	
  Aqua-­‐Poly/Mount	
  (Polysciences,	
  Inc.	
  Warrington,	
  

PA)	
  and	
  analyzed	
  by	
  confocal	
  laser	
  scanning	
  microscopy	
  at	
  488	
  nm	
  excitation	
  (Leica	
  

TCS	
  SP5	
  confocal	
  microscope;	
  Leica	
  Microsystems,	
  Wetzlar,	
  Germany).	
  	
  A	
  100x/0.53	
  

numeric	
  aperture	
  objective	
  was	
  used	
  to	
  visualize	
  the	
  images.	
  	
  Leica	
  Confocal	
  

Software	
  version	
  2.61	
  was	
  used	
  to	
  acquire	
  the	
  images.	
  	
  	
  

	
  

Assessment	
  of	
  cell	
  cycle	
  and	
  viability	
  

Approximately	
  5	
  x	
  105	
  cells	
  stimulated	
  as	
  described	
  in	
  the	
  figure	
  legends	
  were	
  

collected,	
  washed	
  in	
  PBS,	
  and	
  then	
  re-­‐suspended	
  in	
  PBS	
  containing	
  0.1	
  %	
  Triton	
  X-­‐	
  

100,	
  50 µg/mL	
  propidium	
  iodide	
  (PI)	
  and	
  50 µg/mL	
  RNase	
  IIIA.	
  	
  After	
  incubating	
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for	
  30	
  min	
  (370C),	
  DNA	
  content	
  was	
  measured	
  by	
  flow	
  cytometry	
  using	
  a	
  FACSCanto	
  

cytometer	
  and	
  BDFACS	
  Diva	
  software	
  (BD	
  Biosciences	
  San	
  Jose,	
  CA).	
  Acquired	
  data	
  

were	
  analyzed	
  with	
  Modfit	
  LT	
  V3.0	
  (Verity	
  Software	
  House,	
  Topsham,	
  ME).	
  

To	
  assess	
  viability,	
  5	
  x	
  105	
  cells	
  were	
  incubated	
  in	
  PBS	
  containing	
  0.5	
  %	
  FCS	
  and	
  1 

µg/mL	
  PI,	
  and	
  exclusion	
  of	
  PI	
  assessed	
  by	
  flow	
  cytometry.	
  	
  	
  

	
  

Assessment	
  of	
  relative	
  cellular	
  size	
  

B	
  cells	
  (4	
  x	
  106/ml)	
  were	
  stimulated	
  as	
  specified	
  in	
  the	
  figure	
  legends	
  and	
  were	
  

collected,	
  washed	
  in	
  PBS	
  containing	
  0.5	
  %	
  FCS,	
  and	
  evaluated	
  under	
  FSC-­‐A	
  

parameter	
  on	
  FACSCanto	
  cytometer	
  and	
  BDFACS	
  Diva	
  software	
  (BD	
  Biosciences,	
  

San	
  Jose,	
  CA).	
  	
  Flow	
  rate	
  and	
  parameters	
  (FSC,	
  SSC)	
  were	
  held	
  constant	
  for	
  duration	
  

of	
  experiment.	
  	
  	
  

Alternatively,	
  B	
  cells	
  (0.4	
  x	
  106)	
  in	
  culture	
  were	
  collected,	
  diluted	
  in	
  200	
  µL	
  PBS,	
  and	
  

analyzed	
  for	
  size	
  and	
  volume	
  by	
  Scepter	
  2.0	
  cell	
  counter	
  with	
  40	
  µM	
  sensors	
  (EMD	
  

Millipore Corporation,	
  Billerica,	
  MA)	
  	
  

	
  

ATP	
  determination	
  

Stimulated	
  as	
  specified	
  in	
  the	
  figure	
  legends,	
  B	
  cells	
  (4	
  x	
  106) were harvested,	
  

washed	
  twice	
  in	
  PBS,	
  centrifuged	
  (500	
  x	
  g,	
  8	
  min,	
  4oC)	
  and	
  cellular	
  pellets	
  were	
  re-­‐

suspended	
  in	
  500	
  µL	
  deionized	
  distilled	
  H2O.	
  	
  Using	
  the	
  bioluminescence	
  kit	
  

available	
  from	
  Molecular	
  Probes	
  (Invitrogen,	
  A22066),	
  the	
  amount	
  of	
  ATP	
  was	
  

calculated	
  in	
  triplicate	
  samples	
  from	
  a	
  standard	
  curve	
  on	
  a	
  Lumat	
  LB	
  9507	
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luminometer	
  (EG&G	
  Berthold	
  Bad	
  Wildbad,	
  Germany).	
  

	
  

Glucose	
  transport	
  measurements	
  

Glucose	
  transport	
  was	
  measured	
  by	
  monitoring	
  the	
  uptake	
  of	
  3H-­‐labeled	
  2-­‐deoxy-­‐	
  

D-­‐glucose	
  (2-­‐DOG)	
  (Amersham	
  Biosciences	
  Corp.	
  Piscataway,	
  NJ)	
  as	
  described	
  and	
  

adapted	
  from	
  Edinger	
  and	
  Thompson	
  (2002)	
  (73).	
  	
  B	
  cells	
  were stimulated as 

specified in the figure legends and	
  re-­‐suspended	
  at	
  3	
  x	
  107/mL	
  in	
  uptake	
  buffer	
  (10	
  

mM	
  HEPES	
  (pH	
  7.4),	
  136	
  mM	
  NaCl,	
  4.7	
  mM	
  KCl,	
  1.25	
  mM	
  CaCl2,	
  and	
  1.25	
  mM	
  

MgSO4).	
  	
  Transport	
  was	
  initiated	
  by	
  mixing	
  200	
  µL	
  B	
  cells	
  with	
  200 µL	
  uptake	
  buffer	
  

containing	
  200 µM	
  2-­‐deoxy-­‐D-­‐glucose	
  (2-­‐DOG)	
  and	
  2 µCi	
  (7.4	
  x	
  104	
  Bq)/mL	
  [3H]2-­‐

DOG	
  (Amersham	
  Biosciences	
  Corp.	
  Piscataway,	
  NJ).	
  	
  At	
  the	
  indicated	
  times,	
  50	
  µL	
  of	
  

the	
  transport	
  mixture	
  was	
  loaded	
  onto	
  a	
  discontinuous	
  gradient	
  of	
  200 µL	
  

bromododecane	
  per	
  40 µL	
  20	
  %	
  perchloric	
  acid,	
  and	
  the	
  gradient	
  was	
  then	
  

centrifuged	
  at	
  14000	
  x	
  g	
  (90	
  sec).	
  	
  Following	
  centrifugation,	
  the	
  upper	
  aqueous	
  and	
  

bromododecane	
  layers	
  were	
  decanted	
  and	
  the	
  perchloric	
  acid	
  phase	
  collected	
  and	
  

placed	
  into	
  a	
  vial	
  containing	
  5	
  mL	
  scintillation	
  cocktail.	
  	
  The	
  radioactivity	
  was	
  then	
  

quantitated	
  by	
  liquid	
  scintillation	
  spectrometry.	
  	
  To	
  assess	
  the	
  contribution	
  of	
  

glucose	
  uptake	
  mediated	
  by	
  glucose	
  transporters,	
  uptake	
  of	
  [3H]2-­‐DOG	
  was	
  

measured	
  in	
  the	
  presence	
  of	
  10 µM	
  cytochalasin	
  B,	
  a	
  potent	
  inhibitor	
  of	
  glucose	
  

transporter	
  activity.	
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Glucose	
  utilization	
  (glycolysis)	
  measurements	
  

B	
  cells	
  (106	
  cells/0.5	
  mL)	
  were	
  stimulated	
  as	
  specified	
  in	
  the	
  figure	
  legends	
  and	
  

incubated	
  with	
  5-­‐[3H]-­‐D-­‐glucose	
  (Amersham	
  Biosciences)	
  for	
  90	
  min.	
  	
  The	
  initial	
  

rate	
  of	
  anti-­‐Ig-­‐induced	
  glycolysis	
  remained	
  linear	
  for	
  180	
  min.	
  	
  Adapted	
  from	
  

Fitzpatrick	
  et	
  al.	
  1993	
  (128),	
  at	
  the	
  indicated	
  times,	
  100 µL	
  of	
  cells	
  was	
  removed	
  and	
  

placed	
  in	
  1.5	
  mL	
  free-­‐standing	
  microcentrifuge	
  tubes	
  containing	
  50	
  µL	
  0.2	
  N	
  HCl. 

The tubes were then placed	
  in	
  20	
  mL	
  scintillation	
  vials	
  containing	
  0.5	
  mL	
  water	
  and	
  

the	
  vials	
  capped	
  and	
  sealed.	
  	
  [3H]-­‐OH	
  was	
  separated	
  from	
  non-­‐metabolized	
  [3H]-­‐D-­‐

glucose	
  by	
  evaporation	
  diffusion	
  for	
  48	
  hr.	
  	
  The	
  amount	
  of	
  diffused	
  and	
  non-­‐diffused	
  

tritium	
  was	
  quantitated	
  by	
  liquid	
  scintillation	
  spectrometry	
  and	
  compared	
  with	
  

parallel	
  vials	
  containing	
  5-­‐[3H]-­‐D-­‐glucose	
  only	
  and	
  [3H]2O	
  alone.	
  

 

BrdU	
  incorporation	
  

2	
  x	
  106	
  B	
  cells	
  were	
  stimulated	
  as	
  specified	
  in	
  the	
  figure	
  legends	
  and	
  were	
  pulsed	
  for	
  

24	
  hr	
  with	
  20	
  µM	
  bromodeoxyuridine	
  (BrdU).	
  	
  Proliferation	
  was	
  measured	
  and	
  

quantified	
  on	
  BD	
  FACSCanto	
  as	
  amount	
  of	
  FITC-­‐BrdU	
  labeling	
  with	
  steps	
  following	
  

protocol	
  within	
  Pharmingen	
  FITC-­‐BrdU	
  Flow	
  kit	
  (San	
  Jose,	
  CA).	
  

	
  

RT-­‐PCR	
  

Subsequent	
  to	
  stimulation	
  as	
  specified	
  in	
  the	
  figure	
  legends,	
  total	
  RNA	
  was	
  isolated	
  

from	
  B	
  cells	
  using	
  the	
  RNeasy	
  mini	
  RNA	
  isolation	
  kit	
  (QIAGEN	
  Inc.,	
  Valencia,	
  CA),	
  

following	
  the	
  manufacturer’s	
  protocol.	
  	
  Following	
  DNase-­‐I	
  treatment,	
  2 µg	
  RNA	
  was	
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reverse-­‐transcribed	
  to	
  cDNA	
  using	
  MMLV	
  reverse	
  transcriptase	
  (Ambion	
  Inc.,	
  

Austin,	
  TX).	
  	
  Real-­‐time	
  PCR	
  was	
  performed	
  with	
  the	
  RealMasterMix	
  SYBR	
  (5Prime	
  

Inc.,	
  Gaithersburg,	
  MD)	
  on	
  a	
  Mastercycler	
  eGradient	
  realplex2	
  Real-­‐time	
  PCR	
  

detection	
  system	
  (Eppendorf,	
  Germany).	
  	
  Amplification	
  conditions	
  were	
  as	
  follows:	
  	
  

ldh2:	
  95oC	
  2	
  min,	
  followed	
  by	
  40	
  cycles	
  of	
  95oC	
  15	
  sec,	
  55oC	
  20	
  sec,	
  72oC	
  20	
  sec.	
  

hk2:	
  95oC	
  2	
  min,	
  followed	
  by	
  40	
  cycles	
  of	
  95oC	
  15	
  sec,	
  58oC	
  20	
  sec,	
  72oC	
  20	
  sec.	
  

pfk1:	
  95oC	
  2	
  min,	
  followed	
  by	
  40	
  cycles	
  of	
  95oC	
  15	
  sec,	
  58oC	
  20	
  sec,	
  72oC	
  20	
  sec.	
  

glut-­‐1:	
  95oC	
  5	
  min,	
  followed	
  by	
  40	
  cycles	
  of	
  95oC	
  45	
  sec,	
  60oC	
  45	
  sec,	
  72oC	
  45	
  sec.	
  

Real-­‐time	
  primers	
  contained	
  a	
  specified	
  amplicon	
  length	
  of	
  between	
  150	
  and	
  200	
  

bp.	
  Primers	
  were	
  as	
  follows:	
  forward	
  (F)	
  reverse	
  (R)	
  in	
  5’	
  to	
  3’	
  format	
  

β2microglobulin	
  F-­‐CACCCGCCTCACATTGAAATA	
  R-­‐CATGCTTAACTCTGCAGGCGT	
  

18S	
  	
   	
   	
   	
  F-­‐GGTGGTGGTCGTTGGTGTG	
   R-­‐ACAGGGCGGTGGGTTGG	
  	
  

ldh2	
  	
  	
   	
   	
  F-­‐CATCGTGGTTTCCAACCCA	
   R-­‐CGGAATCGAGCAGAATCCA	
  

ldh3	
  	
  	
   	
   	
  F-­‐AGTGGTGTAAACGTTGCTGGC	
  R-­‐CCACCACCTGCTTGTGAACAT	
  

hk2	
  	
   	
   	
   	
  F-­‐TGGAGATTTCTAGGCGGTTCC	
  R-­‐CATCCGGAGTTGACCTCACAA	
  

pfk1	
  	
  	
   	
   	
  F-­‐TCCGAGGAAGGCGTTTTGA	
   R-­‐TGACGGCTACATTGCAGTTGC	
  

glut-­‐1(2)	
  	
   	
   	
  F-­‐GAGCCCATCCCATCCACCAC	
   R-­‐TAAGCACAGCAGCCACAAAGG	
  

glut-­‐1	
  (D/E)	
   	
  F-­‐CTAGAGCTTCGAGCGCAGCGC	
   R-­‐AGGCCAACAGGTTCATCATC	
  

Relative	
  expression	
  of	
  RNA	
  was	
  determined	
  as	
  the	
  relative	
  expression	
  =	
  2^(DDCT),	
  

where	
  DDCT	
  =	
  (cycle	
  threshold	
  (CT)	
  of	
  gene	
  of	
  interest):	
  (CT	
  of	
  β2-­‐microglobulin	
  or	
  

18S).	
  	
  Real-­‐time	
  SYBR-­‐green	
  dissociation	
  curves	
  show	
  one	
  species	
  of	
  amplicon	
  for	
  

each	
  primer	
  combination	
  (data	
  not	
  shown).	
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Lipid	
  isolation	
  and	
  HP-­‐TLC	
  

B	
  cells	
  (75	
  x	
  106)	
  were	
  stimulated	
  as	
  specified	
  in	
  the	
  figure	
  legends	
  in	
  medium	
  

containing	
  1 µCi/mL	
  [14C]-­‐U-­‐D-­‐glucose	
  (MP	
  Biomedicals,	
  LLC.	
  Solon,	
  OH)	
  for	
  

indicated	
  time	
  points,	
  washed	
  in	
  PBS,	
  and	
  pellets	
  were	
  stored	
  -­‐80oC.	
  	
  Cellular	
  lipids	
  

were	
  extracted	
  in	
  methanol:	
  chloroform	
  (1:1)	
  overnight	
  (25oC).	
  Neutral	
  and	
  acidic	
  

lipids	
  were	
  separated	
  using	
  DEAE-­‐Sephadex	
  (A-­‐25,	
  Pharmacia	
  Biotech,	
  Upsala,	
  

Sweden)	
  column	
  chromatography.	
  	
  Briefly,	
  DEAE-­‐Sephadex	
  was	
  prepared	
  in	
  bulk	
  by	
  

washing	
  the	
  resin	
  three	
  times	
  with	
  solvent	
  B	
  (CHCl3:	
  CH3OH:	
  0.8	
  M	
  Na	
  acetate,	
  30:	
  

60:	
  8	
  by	
  volume),	
  equilibrating	
  in	
  solvent	
  B	
  overnight,	
  followed	
  by	
  washing	
  three	
  

times	
  with	
  solvent	
  A	
  (CHCl3:	
  CH3OH:	
  dH2O,	
  30:	
  60:	
  8,	
  by	
  volume)	
  until	
  neutral.	
  	
  The	
  

total	
  lipid	
  extract,	
  isolated	
  in	
  chloroform-­‐methanol	
  (1:1),	
  was	
  suspended	
  in	
  solvent	
  

A	
  and	
  applied	
  to	
  a	
  solvent	
  A-­‐equilibrated	
  DEAE-­‐Sephadex	
  column	
  (1.2	
  mL	
  bed	
  

volume).	
  	
  The	
  column	
  was	
  washed	
  twice	
  with	
  15	
  mL	
  solvent	
  A	
  and	
  the	
  entire	
  neutral	
  

lipid	
  fraction,	
  consisting	
  of	
  the	
  initial	
  eluent	
  plus	
  washes,	
  was	
  collected.	
  	
  This	
  

fraction	
  contained	
  cholesterol,	
  phosphatidylcholine,	
  phosphatidylethanolamine	
  and	
  

plasmologens,	
  sphingomyelin,	
  and	
  neutral	
  GSLs	
  to	
  include	
  cerebrosides	
  and	
  GA2.	
  	
  

Next,	
  acidic	
  lipids	
  were	
  eluted	
  from	
  the	
  column	
  with	
  35	
  mL	
  solvent	
  B.	
  	
  The	
  acidic	
  

lipid	
  fraction	
  containing	
  gangliosides	
  was	
  dried	
  by	
  rotary	
  evaporation	
  and	
  

transferred	
  to	
  a	
  15	
  mL	
  graduated	
  conical	
  glass	
  tube	
  using	
  CHCl3:	
  CH3OH	
  (1:1,	
  by	
  

volume)	
  and	
  adjusted	
  to	
  7	
  mL	
  using	
  the	
  same	
  solvent.	
  	
  Water	
  was	
  added	
  and	
  the	
  

mixture	
  was	
  inverted,	
  vortexed,	
  and	
  centrifuged	
  for	
  about	
  10	
  min	
  at	
  1200	
  x	
  g	
  to	
  

partition	
  gangliosides	
  in	
  the	
  upper	
  phase	
  (235,	
  236).	
  	
  The	
  upper	
  aqueous	
  phase	
  was	
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removed	
  and	
  the	
  lower	
  organic	
  phase	
  was	
  washed	
  once	
  with	
  4.5	
  mL	
  of	
  the	
  Folch	
  

‘pure	
  solvent	
  upper	
  phase’	
  (CHCl3:	
  CH3OH:	
  dH2O,	
  3:48:47,	
  by	
  volume).	
  	
  The	
  

combined	
  upper	
  phases,	
  containing	
  gangliosides,	
  were	
  adjusted	
  to	
  11	
  mL	
  using	
  

CH3OH.	
  The	
  acidic	
  phospholipid	
  fraction	
  (Folch	
  lower	
  phase)	
  was	
  evaporated	
  under	
  

a	
  stream	
  of	
  nitrogen	
  and	
  re-­‐suspended	
  in	
  1	
  mL	
  of	
  CHCl3:	
  CH3OH	
  (1:1,	
  by	
  volume).	
  	
  

This	
  fraction	
  contained	
  fatty	
  acids,	
  cardiolipin,	
  phosphatidylserine,	
  

phosphatidylinositol,	
  sulfatides.	
  	
  Neutral	
  lipids	
  were	
  dried	
  by	
  rotary	
  evaporation	
  

and	
  re-­‐suspended	
  in	
  1	
  mL	
  CHCl3:	
  CH3OH	
  (2:1,	
  by	
  volume).	
  	
  An	
  internal	
  standard	
  

(oleoyl	
  alcohol)	
  was	
  added	
  to	
  the	
  neutral	
  and	
  acidic	
  lipid	
  standards	
  and	
  samples	
  as	
  

loading	
  controls	
  (237).	
  	
  Purified	
  lipid	
  standards	
  were	
  either	
  purchased	
  from	
  

Matreya	
  Inc.	
  (Pleasant	
  Gap,	
  PA,	
  USA),	
  Sigma	
  (St.	
  Louis,	
  MO,	
  USA),	
  or	
  were	
  a	
  gift	
  from	
  

Dr.	
  Robert	
  Yu	
  (Medical	
  College	
  of	
  Georgia,	
  Augusta,	
  GA,	
  USA).	
  	
  For	
  extraction	
  

controls,	
  B	
  cell	
  samples	
  were	
  spiked	
  with	
  10 µg	
  lysophosphocholine	
  and	
  

cerebrosides	
  (Avanti	
  Polar	
  Lipids,	
  Inc.	
  Alabaster,	
  Alabama)	
  as	
  both	
  lipids	
  were	
  not	
  

seen	
  in	
  preliminary	
  bulk	
  lipid	
  isolation	
  of	
  B	
  cell	
  used	
  the	
  method	
  described	
  here.	
  	
  

Separated	
  by	
  thin-­‐layer	
  chromatography,	
  plates	
  were	
  developed	
  first	
  to	
  4.5	
  cm	
  (of	
  

10	
  cm	
  total	
  length)	
  in	
  chloroform:	
  methanol:	
  acetate:	
  formate:	
  water	
  (35:	
  15:	
  6:	
  2:	
  1	
  

volumes),	
  and	
  then	
  to	
  10	
  cm	
  with	
  hexane:	
  diisopropyl	
  ether:	
  acetate	
  (65:	
  35:	
  2	
  

volumes).	
  	
  [14C]-­‐labeled	
  lipids	
  were	
  visualized	
  on	
  phosphoimager	
  (Storm820,	
  

Amersham	
  Biosciences)	
  or	
  by	
  film	
  exposure,	
  minimum	
  1	
  week.	
  	
  Total	
  lipids	
  were	
  

then	
  visualized	
  by	
  charring	
  in	
  the	
  presence	
  of	
  a	
  solution	
  of	
  3	
  %	
  Cu(OAc)2	
  and	
  8	
  %	
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H3PO4.	
  	
  Densitometry	
  was	
  conducted	
  with	
  ImageQuant	
  and	
  LamagTCL	
  scanner	
  with	
  

winScan	
  softwares.	
  	
  	
  

 

ACL	
  enzymatic	
  activity	
  measurements	
  

[14C]-­‐citric	
  acid	
  and	
  MicroScint-­‐O	
  were	
  obtained	
  from	
  Perkin	
  Elmer	
  (Waltham,	
  MA).	
  

All	
  other	
  reagents	
  are	
  from	
  Sigma-­‐Aldrich	
  (St.	
  Louis,	
  MO).	
  	
  Approximately	
  5	
  x	
  106	
  B	
  

cells,	
  stimulated	
  as	
  specified	
  in	
  the	
  figure	
  legends,	
  were	
  lysed	
  in	
  150	
  µL	
  lysis	
  buffer	
  

(10	
  mM	
  Tris,	
  pH	
  8.0,	
  150	
  mM	
  NaCl,	
  23	
  mM	
  deoxycholate,	
  1	
  %	
  NP-­‐40,	
  0.1	
  %	
  SDS)	
  

supplemented	
  with	
  1	
  mM	
  PMSF,	
  protease	
  inhibitor	
  cocktail.	
  	
  The	
  lysate	
  was	
  

centrifuged	
  at	
  14,000	
  x	
  g	
  for	
  10	
  min.	
  	
  The	
  supernatant	
  assessed	
  for	
  ACL	
  activity	
  

using	
  the	
  method	
  of	
  Ma	
  et	
  al.	
  2009	
  (238).	
  	
  The	
  enzymatic	
  reaction	
  of	
  B	
  cell	
  extracts	
  

was	
  carried	
  out	
  in	
  17.5 µL	
  of	
  reaction	
  buffer	
  (87	
  mM	
  Tris,	
  pH	
  8.0,	
  20 µM	
  MgCl2,	
  10	
  

mM	
  KCl,	
  10	
  mM	
  DTT)	
  containing	
  substrates	
  100	
  µM	
  CoA,	
  400 µM	
  ATP,	
  150 µM	
  

[14C]-­‐citrate	
  (specific	
  activity:	
  2	
  µCi/µmol)	
  at	
  37oC	
  for	
  3	
  hr.	
  	
  The	
  reaction	
  was	
  

terminated	
  by	
  the	
  addition	
  of	
  1	
  µL	
  0.5	
  M	
  EDTA.	
  	
  An	
  aliquot	
  of	
  60 µL	
  MicroScint-­‐O	
  

was	
  then	
  added	
  to	
  the	
  reaction	
  mixture	
  and	
  incubated	
  at	
  room	
  temperature	
  

overnight	
  with	
  gentle	
  shaking.	
  	
  The	
  samples	
  were	
  centrifuged	
  14000	
  x	
  g,	
  15	
  min.	
  	
  

Aliquots	
  of	
  supernatant	
  were	
  collected	
  in	
  triplicate	
  (10	
  µL)	
  and	
  [14C]-­‐acetyl	
  CoA	
  was	
  

detected	
  with	
  a	
  Packard	
  Bioscience	
  Tri-­‐Carb	
  2900	
  liquid	
  scintillation	
  analyzer	
  

(PerkinElmer,	
  Inc.	
  Waltham,	
  MA).	
  	
  The	
  count	
  time	
  was	
  5	
  min	
  and	
  the	
  unit	
  of	
  signal	
  is	
  

expressed	
  as	
  CPM. 

ACL	
  activity	
  was	
  also	
  measured	
  via	
  the	
  malate	
  dehydrogenase	
  coupled	
  method,	
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described	
  by	
  Linn	
  and	
  Srere	
  1979	
  (239).	
  	
  B	
  cells	
  (8	
  x106)	
  were	
  stimulated	
  as	
  

specified	
  in	
  the	
  figure	
  legends	
  and	
  solubilized	
  in	
  RIPA	
  buffer	
  (25	
  mM	
  Tris	
  (pH	
  7.6),	
  

150	
  mM	
  NaCl,	
  1	
  %	
  NP-­‐40,	
  1	
  %	
  sodium	
  deoxycholate,	
  0.1	
  %	
  SDS)	
  containing	
  2.5 

µg/mL leupeptin/aprotinin,	
  10	
  mM β-­‐glycerophosphate, 1	
  mM	
  PMSF,	
  1	
  mM	
  NaF,	
  and	
  

1	
  mM	
  Na3VO4.	
  	
  Insoluble	
  debris	
  was	
  removed	
  by	
  centrifugation	
  at	
  15,000	
  x	
  g	
  for	
  15	
  

min	
  (4°C).	
  	
  Whole	
  cell	
  lysates	
  were	
  added	
  at	
  a	
  1:19	
  ratio	
  to	
  the	
  reaction	
  mixture	
  

containing	
  100	
  mM	
  Tris-­‐HCL	
  (pH	
  8.7),	
  20	
  mM	
  potassium	
  citrate,	
  10	
  mM	
  MgCl2,	
  10 

mM	
  DTT,	
  0.5	
  U/mL	
  malate	
  dehydrogenase,	
  0.33	
  mM	
  CoASH,	
  0.14	
  mM	
  NADH,	
  and	
  5	
  

mM	
  ATP.	
  	
  Change	
  in	
  absorbance	
  at	
  340	
  nm	
  was	
  read	
  every	
  30	
  s	
  over	
  12	
  min	
  on	
  

SpectraMax	
  M5	
  Spectrophotometer	
  with	
  SoftMax	
  Pro	
  v5.4	
  (Molecular	
  Devices,	
  LLC	
  

Sunnyvale,	
  California).	
  	
  Change	
  in	
  absorbance	
  in	
  the	
  absence	
  of	
  exogenous	
  ATP	
  was	
  

subtracted	
  from	
  change	
  in	
  absorbance	
  in	
  the	
  presence	
  of	
  ATP.	
  	
  These	
  experiments	
  

were	
  carried	
  out	
  in	
  collaboration	
  with	
  Dr.	
  Maria	
  Gumina,	
  Department	
  of	
  Biology,	
  

Boston	
  College,	
  Chestnut	
  Hill,	
  MA.	
  

	
  

Lactate	
  assay	
  	
  

B	
  cells	
  stimulated	
  and	
  cultured	
  as	
  described	
  in	
  figure	
  legend.	
  	
  Post-­‐centrifugation	
  

(500	
  x	
  g),	
  culture	
  media	
  was	
  collected	
  as	
  cell-­‐free	
  supernatant	
  and	
  assessed	
  for	
  

lactate	
  concentrations.	
  	
  Lactate	
  was	
  measured	
  in	
  supernatants	
  using	
  an	
  assay	
  kit	
  

according	
  to	
  the	
  manufacturer’s	
  instructions	
  (Pointe	
  Scientific,	
  Inc.	
  Detroit,	
  MI).	
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Glucose	
  Consumption/	
  CO2	
  Capture	
  

Stimulated	
  as	
  specified	
  in	
  the	
  figure	
  legends,	
  B	
  cells	
  (4	
  x	
  106/mL)	
  were	
  cultured	
  in	
  

media	
  without	
  bicarbonate	
  with	
  (1	
  µCi/mL)	
  [14C1]-­‐D-­‐glucose	
  or	
  [14C6]-­‐D-­‐glucose.	
  	
  

The	
  method	
  was	
  adapted	
  from	
  procedure	
  detailed	
  by	
  Taber	
  et	
  al.	
  1976	
  (240).	
  	
  In	
  

brief,	
  aliquots	
  of	
  250	
  µl	
  cell	
  suspension	
  were	
  placed	
  in	
  a	
  96	
  well	
  Falcon	
  tissue	
  

culture	
  plate	
  and	
  immediately	
  the	
  plate	
  was	
  covered	
  with	
  prepared	
  filter	
  paper	
  

impregnated	
  with	
  12	
  N	
  Ba(OH)2	
  and	
  a	
  plastic	
  lid.	
  	
  The	
  lid	
  was	
  sealed	
  with	
  Parafilm	
  

and	
  secured	
  with	
  rubber	
  bands.	
  	
  The	
  plate	
  was	
  then	
  wrapped	
  in	
  aluminum	
  foil	
  to	
  

limit	
  exposure	
  to	
  light	
  and	
  incubated	
  at	
  37oC,	
  48	
  hr.	
  	
  The	
  paper	
  was	
  then	
  removed	
  

and	
  briefly	
  immersed	
  in	
  acetone,	
  allowed	
  to	
  air-­‐dry,	
  and	
  heated	
  for	
  5	
  min	
  at	
  110°C.	
  	
  

The	
  paper	
  is	
  exposed	
  on	
  X-­‐ray	
  film	
  for	
  1	
  to	
  7	
  days	
  to	
  examine	
  the	
  amount	
  of	
  capture	
  

CO2	
  in	
  form	
  of	
  barium	
  carbonate.	
  

The	
  Ba(OH)2	
  saturated	
  paper	
  was	
  prepared	
  by	
  dipping	
  pieces	
  of	
  Whatman	
  3MM	
  

paper	
  (11	
  x	
  7	
  cm)	
  with	
  saturated	
  12	
  N	
  Ba(OH)2,	
  drying	
  the	
  papers	
  by	
  blotting	
  with	
  

filter	
  paper,	
  and	
  storing	
  in	
  a	
  desiccator	
  over	
  a	
  KOH	
  pellets	
  until	
  dry	
  (up	
  to	
  5	
  days)	
  to	
  

avoid	
  prolonged	
  contact	
  of	
  the	
  paper	
  with	
  atmospheric	
  CO2.	
  

	
  

Gas	
  chromatography/mass	
  spectroscopy	
  

Unstimulated	
  and	
  LPS-­‐stimulated	
  B	
  cells	
  (6.5	
  x	
  106)	
  were	
  cultured	
  in	
  modified	
  

RPMI-­‐1640	
  containing	
  10	
  %	
  dialyzed	
  FCS	
  (Atlanta	
  Biologicals,	
  Mannassas	
  GA)	
  and	
  

50	
  %	
  13C-­‐U-­‐glucose	
  (1	
  g/L)	
  or	
  50	
  %	
  13C-­‐U-­‐glutamine	
  (0.3	
  g/L)	
  (Cambridge	
  Isotope	
  

Laboratories,	
  Inc.	
  Andover,	
  MA)	
  in	
  the	
  absence	
  or	
  presence	
  of	
  compound-­‐9	
  (35	
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µM).	
  	
  At	
  4	
  hr,	
  24	
  hr,	
  36	
  hr,	
  and	
  48	
  hr,	
  B	
  cells	
  were	
  harvested,	
  centrifuged	
  at	
  500	
  x	
  g,	
  

and	
  the	
  supernatant	
  collected	
  and	
  frozen	
  at	
  -­‐80oC.	
  	
  Cellular	
  pellets	
  were	
  washed	
  in	
  

PBS,	
  re-­‐centrifuged	
  and	
  cellular	
  pellets	
  devoid	
  of	
  supernatant	
  frozen	
  at	
  -­‐80oC.	
  	
  

Further	
  steps	
  of	
  this	
  method	
  and	
  analysis	
  were	
  conducted	
  by	
  Dr.	
  Adam	
  Richardson	
  

and	
  Dr.	
  David	
  Scott	
  of	
  The	
  Cancer	
  Center;	
  Burnham	
  Institute	
  for	
  Medical	
  Research	
  

(La	
  Jolla,	
  CA).	
  	
  Cell	
  pellets	
  were	
  extracted	
  with	
  a	
  1:1:1	
  mix	
  of	
  H2O:	
  CH3OH:	
  CHCl3.	
  	
  

The	
  CHCl3	
  extracts	
  were	
  methylated	
  to	
  produce	
  fatty	
  acid	
  methyl	
  esters	
  (FAMES)	
  

and	
  analyzed	
  by	
  GC-­‐MS.	
  	
  C17:0	
  fatty	
  acid	
  was	
  added	
  to	
  the	
  samples	
  to	
  serve	
  as	
  an	
  

internal	
  standard.	
  	
  Relative	
  amounts	
  of	
  fatty	
  acids	
  were	
  calculated	
  based	
  on	
  

intensity	
  of	
  methyl	
  ester	
  ions	
  and	
  adjusted	
  for	
  internal	
  standard	
  as	
  needed.	
  	
  The	
  

amounts	
  of	
  different	
  fatty	
  acids	
  were	
  based	
  on	
  total	
  ion	
  count	
  peak	
  area.	
  	
  Fatty	
  acid	
  

synthesis	
  and	
  labeling	
  of	
  constituent	
  acetyl	
  units	
  in	
  fatty	
  acids	
  were	
  calculated	
  using	
  

methods	
  from	
  Lee	
  et	
  al.	
  1994	
  (234).	
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Results	
  

I.	
  B	
  cells	
  modulate	
  glucose	
  utilization	
  through	
  growth	
  and	
  survival	
  pathways.	
  

	
   Glucose	
  is	
  a	
  ubiquitous	
  source	
  of	
  energy	
  for	
  mammalian	
  cells	
  and	
  is	
  utilized	
  

in	
  a	
  multitude	
  of	
  cellular	
  processes.	
  	
  The	
  steps	
  involved	
  in	
  the	
  metabolism	
  of	
  glucose	
  

have	
  been	
  biochemically	
  elucidated	
  for	
  many	
  years,	
  yet	
  I	
  aimed	
  to	
  investigate	
  the	
  

regulation	
  and	
  biological	
  importance	
  underlying	
  the	
  utilization	
  of	
  glucose	
  in	
  B	
  cell	
  

biology.	
  	
  

	
  

A.	
  Regulation	
  of	
  glucose	
  transport	
  in	
  primary	
  splenic	
  B	
  cells	
  

This	
  investigation	
  began	
  by	
  establishing	
  the	
  uptake	
  of	
  glucose	
  in	
  B	
  cells	
  

responding	
  to	
  signals	
  that	
  stimulate	
  activation.	
  	
  B	
  cells	
  do	
  not	
  store	
  glucose	
  as	
  

glycogen	
  and	
  thus	
  rely	
  on	
  obtaining	
  glucose	
  from	
  external	
  sources	
  (241).	
  	
  B	
  cell	
  

receptor	
  (BCR)	
  engagement	
  and	
  signaling	
  is	
  achieved	
  in	
  vitro	
  by	
  its	
  cross-­‐linking	
  

with	
  F(ab)’2	
  IgM	
  (αIg)	
  (242).	
  	
  The	
  amount	
  of	
  glucose	
  uptake	
  was	
  measured	
  in	
  

quiescent,	
  small	
  dense	
  splenic	
  B	
  cells	
  (Media)	
  and	
  cells	
  stimulated	
  for	
  15	
  hr	
  with	
  

αIg.	
  	
  The	
  quantity	
  of	
  [3H]-­‐2-­‐deoxy-­‐glucose	
  taken	
  into	
  B	
  cells	
  within	
  60	
  sec	
  of	
  

exposure	
  in	
  culture	
  increased	
  in	
  lymphocytes	
  stimulated	
  with	
  αIg	
  (Figure	
  1A).	
  	
  To	
  

assure	
  the	
  specificity	
  of	
  the	
  uptake	
  (transporter-­‐mediated	
  versus	
  simple	
  diffusion),	
  

cytochalasin	
  B	
  was	
  added	
  to	
  cells,	
  as	
  it	
  is	
  a	
  glucose	
  transporter	
  inhibitor	
  (Ki	
  =	
  1	
  µM)	
  

(243,	
  244).	
  	
  The	
  rate	
  at	
  which	
  [3H]-­‐2-­‐deoxy-­‐glucose	
  was	
  taken	
  up	
  by	
  B	
  cells	
  in	
  the	
  

presence	
  of	
  cytochalasin	
  B	
  was	
  linear	
  within	
  90	
  sec	
  of	
  exposure	
  to	
  glucose	
  in	
  culture	
  

(Figure	
  1A	
  inset);	
  cytochalasin	
  B	
  blocked	
  this	
  increase.	
  	
  Therefore	
  the	
  induced	
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uptake	
  illustrated	
  with	
  αIg	
  stimulation	
  is	
  mediated	
  through	
  the	
  function	
  of	
  specific	
  

glucose	
  transporters	
  in	
  the	
  B	
  cell	
  plasma	
  membrane.	
  

Alternatively,	
  I	
  investigated	
  the	
  effects	
  of	
  other	
  B	
  cell	
  stimuli,	
  including:	
  

lipopolysaccharide	
  (LPS)	
  and	
  interleukin-­‐4	
  (IL-­‐4).	
  	
  LPS	
  is	
  a	
  surface	
  antigen	
  from	
  the	
  

surface	
  of	
  Gram-­‐positive	
  bacteria	
  that	
  engages	
  the	
  toll-­‐like	
  receptor	
  (TLR4)	
  and	
  is	
  

sufficient	
  to	
  induce	
  B	
  cell	
  proliferation	
  and	
  differentiation	
  (97,	
  98).	
  	
  IL-­‐4	
  is	
  a	
  

cytokine	
  that	
  upon	
  binding	
  to	
  its	
  receptor	
  (IL-­‐4R)	
  on	
  the	
  B	
  cell	
  surface	
  initiates	
  

growth	
  (i.e.	
  increased	
  cell	
  size	
  and	
  mass)	
  and	
  survival,	
  but	
  not	
  proliferation	
  of	
  B-­‐

lymphocytes	
  (245,	
  246).	
  	
  I	
  compared	
  glucose	
  uptake	
  in	
  B	
  cells	
  unstimulated	
  (Media)	
  

to	
  those	
  cultured	
  with	
  stimuli	
  for	
  15	
  hr.	
  	
  Uptake	
  was	
  significantly	
  induced	
  with	
  αIg,	
  

LPS,	
  and	
  IL-­‐4	
  (Figure	
  1B).	
  	
  The	
  largest	
  increase	
  in	
  uptake	
  was	
  observed	
  in	
  B	
  cells	
  

stimulated	
  with	
  αIg.	
  	
  These	
  data	
  indicate	
  that	
  upon	
  activation,	
  B	
  cells	
  increase	
  

uptake	
  of	
  extracellular	
  glucose.	
  	
  

	
   Since	
  glucose	
  transport	
  increased	
  with	
  B	
  cell	
  stimulation,	
  I	
  examined	
  the	
  

expression	
  of	
  glucose	
  transporters.	
  	
  A	
  constitutively	
  expressed	
  carrier	
  that	
  directs	
  

glucose	
  from	
  extracellular	
  to	
  intracellular	
  compartments	
  is	
  glucose	
  transporter-­‐1	
  

(glut-­‐1)	
  (247).	
  	
  Quiescent	
  B	
  cells	
  stimulated	
  with	
  αIg	
  and	
  IL-­‐4	
  (αIg	
  +	
  IL-­‐4),	
  αIg,	
  IL-­‐4,	
  

or	
  LPS	
  were	
  collected	
  at	
  3	
  hr,	
  9	
  hr,	
  and	
  20	
  hr	
  for	
  subsequent	
  protein	
  extraction	
  and	
  

glut-­‐1	
  detection	
  by	
  Western	
  blotting.	
  	
  As	
  shown	
  in	
  Figure	
  2A,	
  the	
  amount	
  of	
  glut-­‐1	
  

protein	
  recovered	
  in	
  B	
  cell	
  extracts	
  increased	
  with	
  αIg	
  +	
  IL-­‐4	
  above	
  unstimulated	
  

(Media)	
  at	
  20	
  hr	
  post-­‐stimulation	
  and	
  to	
  a	
  lesser	
  extent	
  in	
  αIg,	
  IL-­‐4	
  and	
  LPS	
  extracts.	
  	
  

Of	
  note,	
  extracts	
  of	
  LPS	
  stimulation	
  at	
  3	
  hr	
  and	
  9	
  hr	
  were	
  poorly	
  transferred	
  or	
  the	
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glut-­‐1	
  carrier	
  degraded,	
  shown	
  by	
  Ponceau	
  S	
  staining	
  of	
  the	
  PVDF	
  membrane	
  prior	
  

to	
  incubation	
  with	
  anti-­‐glut-­‐1	
  Ab.	
  	
  Typical	
  of	
  glut-­‐1	
  migration	
  in	
  poly-­‐acrylamide	
  

SDS	
  gels,	
  distinct	
  bands	
  were	
  not	
  readily	
  visualized;	
  glut-­‐1	
  appeared	
  to	
  migrate	
  as	
  

smears	
  that	
  increased	
  in	
  intensity	
  as	
  a	
  function	
  of	
  time	
  post-­‐stimulation.	
  	
  I	
  

speculated	
  this	
  is	
  due	
  to	
  the	
  inherent	
  features	
  of	
  the	
  glut-­‐1	
  protein	
  and	
  extraction	
  

process	
  since	
  in	
  the	
  literature	
  glut-­‐1	
  has	
  been	
  shown	
  to	
  be	
  highly	
  glycosylated,	
  

comprised	
  of	
  7-­‐12	
  membrane	
  spanning	
  domains	
  (248,	
  249).	
  	
  To	
  reduce	
  the	
  glut-­‐1	
  

smear	
  evident	
  during	
  SDS-­‐PAGE,	
  I	
  incubated	
  B	
  cell	
  protein	
  extracts	
  obtained	
  from	
  

IL-­‐4	
  stimulated	
  (20	
  hr)	
  and	
  unstimulated	
  B	
  cells	
  with	
  the	
  de-­‐glycosylating	
  enzyme	
  

PNGase	
  F	
  and	
  repeated	
  the	
  Western	
  blot	
  (248,	
  250).	
  	
  Glut-­‐1	
  was	
  detected	
  as	
  a	
  smear	
  

in	
  samples	
  without	
  enzyme	
  treatment,	
  however	
  glut-­‐1	
  migrated	
  in	
  a	
  distinct	
  band	
  

with	
  PNGase	
  treatment	
  in	
  both	
  media	
  and	
  IL-­‐4	
  stimulated	
  B	
  cell	
  extracts	
  (Figure	
  

2B).	
  	
  Increase	
  in	
  glut-­‐1	
  expression	
  was	
  apparent	
  with	
  concise	
  band	
  designation	
  on	
  

Western	
  blot.	
  

To	
  ensure	
  that	
  my	
  detergent	
  lysis	
  procedure	
  was	
  extracting	
  plasma	
  

membrane	
  integral	
  proteins,	
  I	
  examined	
  another	
  membrane-­‐associated	
  transporter-­‐	
  

the	
  sodium-­‐potassium	
  ATPase	
  exchange	
  pump	
  (Na+K+	
  pump).	
  	
  The	
  Na+K+	
  pump	
  is	
  

responsible	
  for	
  the	
  maintenance	
  of	
  ion	
  gradients	
  necessary	
  for	
  cell	
  volume	
  and	
  

potential	
  (251).	
  	
  The	
  Na+K+	
  pump	
  expression	
  was	
  shown	
  to	
  be	
  up-­‐regulated	
  in	
  

human	
  T-­‐cells	
  with	
  the	
  stimulation	
  with	
  interleukin-­‐2	
  (252).	
  	
  B	
  cells	
  stimulated	
  with	
  

αIg	
  +	
  IL-­‐4,	
  αIg,	
  IL-­‐4,	
  or	
  LPS	
  were	
  collected	
  and	
  protein	
  extracted	
  at	
  3	
  hr,	
  9	
  hr,	
  and	
  20	
  

hr	
  for	
  detection	
  of	
  Na+K+	
  pump	
  by	
  Western	
  blotting.	
  	
  In	
  stimulated	
  B	
  cell	
  extracts	
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(Figure	
  2C),	
  an	
  increase	
  in	
  Na+K+	
  pump	
  expression	
  was	
  detected	
  within	
  3	
  hr	
  in	
  

response	
  to	
  each	
  stimulus.	
  	
  Further	
  increase	
  of	
  Na+K+	
  pump	
  protein	
  was	
  detected	
  at	
  

all	
  time	
  points	
  of	
  stimulation	
  with	
  αIg	
  and	
  αIg	
  +	
  IL-­‐4.	
  	
   

	
   T-­‐lymphocytes	
  and	
  myoblasts	
  upon	
  cellular	
  stimulation	
  undergo	
  a	
  process	
  

termed	
  “glut-­‐trafficking”	
  wherein	
  glucose	
  transporters	
  migrate	
  from	
  cytoplasmic	
  

vesicles	
  to	
  the	
  plasma	
  membrane	
  upon	
  cellular	
  activation	
  (253-­‐256).	
  	
  I	
  sought	
  to	
  

investigate	
  the	
  glut-­‐1	
  localization	
  in	
  naïve	
  and	
  activated	
  B	
  cells,	
  meanwhile	
  

confirming	
  the	
  induction	
  of	
  glut-­‐1.	
  	
  Using	
  immunocytochemistry	
  (ICC),	
  first	
  I	
  

determined	
  the	
  optimal	
  dose	
  of	
  anti-­‐glut-­‐1	
  antibody	
  for	
  detection	
  by	
  confocal	
  

microscopy.	
  	
  B	
  cells	
  left	
  unstimulated	
  (Media)	
  or	
  stimulated	
  with	
  αIg	
  +	
  IL-­‐4	
  for	
  24	
  hr	
  

were	
  fixed,	
  permeabilized,	
  and	
  then	
  stained	
  with	
  increasing	
  concentrations	
  of	
  anti-­‐

glut-­‐1	
  antibody.	
  	
  Indirectly	
  detected	
  by	
  fluorescently	
  tagged	
  secondary	
  antibody	
  

(anti-­‐rabbit	
  IgG-­‐FITC),	
  glut-­‐1	
  in	
  B	
  cells	
  was	
  optimally	
  detected	
  at	
  a	
  dilution	
  of	
  1:200	
  

(Figure	
  3).	
  	
  Compared	
  to	
  unstimulated,	
  I	
  was	
  able	
  to	
  observe	
  a	
  clear	
  increase	
  in	
  glut-­‐

1	
  staining	
  in	
  αIg	
  +	
  IL-­‐4	
  stimulated	
  B	
  cells.	
  	
  	
  

Having	
  established	
  the	
  ability	
  to	
  detect	
  glut-­‐1	
  by	
  ICC,	
  I	
  proceeded	
  to	
  examine	
  

glut-­‐1	
  expression	
  in	
  B	
  cells	
  stimulated	
  for	
  43	
  hr	
  with	
  additional	
  stimuli:	
  αIg,	
  αIg	
  +	
  

IL-­‐4,	
  and	
  IL-­‐4.	
  	
  This	
  time	
  point	
  was	
  chosen	
  to	
  allow	
  B	
  cells	
  to	
  respond	
  to	
  stimuli	
  for	
  

differentiation	
  and	
  proliferation,	
  without	
  progression	
  through	
  cell	
  division,	
  which	
  

occurs	
  at	
  48	
  hr,	
  as	
  well	
  as	
  maximizing	
  possible	
  glut-­‐1	
  expression.	
  	
  B	
  cells	
  were	
  also	
  

stimulated	
  with	
  the	
  maturation	
  factor	
  cluster	
  of	
  differentiation	
  40-­‐ligand	
  (CD40L).	
  	
  

CD40	
  is	
  a	
  receptor	
  on	
  the	
  surface	
  of	
  B	
  cells	
  that	
  recognizes	
  T-­‐lymphocyte	
  CD40	
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ligand	
  (CD40L)	
  (103).	
  	
  Physiologically	
  relevant,	
  the	
  interaction	
  of	
  CD40L:CD40	
  

permits	
  B	
  cells	
  to	
  mature	
  into	
  plasma	
  cells	
  that	
  produce	
  antibodies	
  of	
  different	
  

classes	
  other	
  than	
  immunoglobulin	
  M	
  (IgM),	
  namely	
  immunoglobulin	
  G	
  (IgG),	
  

immunoglobulin	
  A	
  (IgA),	
  and	
  immunoglobulin	
  E	
  (IgE)	
  (104).	
  	
  Glut-­‐1	
  was	
  induced	
  in	
  

B	
  cells	
  under	
  a	
  variety	
  of	
  stimuli,	
  including	
  αIg	
  +	
  IL-­‐4,	
  αIg,	
  and	
  CD40L	
  (Figure	
  4).	
  	
  I	
  

was	
  unable	
  to	
  visualize	
  glut-­‐1	
  localization	
  in	
  the	
  cytosol	
  by	
  ICC	
  despite	
  labeling	
  of	
  

glut-­‐1	
  in	
  αIg	
  +	
  IL-­‐4,	
  αIg,	
  and	
  CD40L	
  stimulated	
  B	
  cells	
  because	
  most	
  of	
  the	
  cytosol	
  is	
  

taken	
  up	
  with	
  the	
  nucleus.	
  	
  Low	
  level	
  staining	
  was	
  unexpected	
  given	
  that	
  the	
  levels	
  

of	
  glut-­‐1	
  protein	
  examined	
  by	
  Western	
  blot	
  (Figure	
  3)	
  demonstrated	
  an	
  increase	
  in	
  

glut-­‐1	
  under	
  IL-­‐4	
  stimulation	
  at	
  20	
  hr. 

	
   To	
  further	
  confirm	
  glut-­‐1	
  induction	
  in	
  activated	
  B	
  cells,	
  I	
  examined	
  its	
  

expression	
  by	
  flow	
  cytometry.	
  	
  B	
  cells	
  were	
  harvested	
  at	
  6	
  hr	
  and	
  12	
  hr	
  after	
  

stimulation	
  with	
  αIg,	
  fixed,	
  permeabilized,	
  and	
  incubated	
  with	
  anti-­‐glut-­‐1	
  antibody.	
  

Subsequent	
  addition	
  of	
  phytoerythrin	
  (PE)-­‐conjugated	
  secondary	
  antibody	
  to	
  

indirectly	
  label	
  the	
  glut-­‐1	
  protein	
  permitted	
  quantification	
  of	
  fluorescence	
  by	
  flow	
  

cytometry.	
  	
  As	
  illustrated	
  in	
  Figure	
  5,	
  B	
  cells	
  induced	
  glut-­‐1	
  expression	
  following	
  αIg	
  

stimulation	
  at	
  6	
  hr	
  (blue	
  line)	
  and	
  12	
  hr	
  (red	
  line).	
  	
  Moreover,	
  glut-­‐1	
  expression	
  in	
  B	
  

cells	
  stimulated	
  with	
  IL-­‐4	
  was	
  induced	
  at	
  15	
  hr	
  (Figure	
  6).	
  	
  In	
  summary,	
  the	
  results	
  

suggest	
  increased	
  surface	
  expression	
  of	
  glut-­‐1	
  protein	
  in	
  B	
  cells	
  activated	
  by	
  

extracellular	
  stimuli.	
  	
  	
  

	
   I	
  next	
  examined	
  if	
  transcription	
  of	
  the	
  glut-­‐1	
  gene	
  increased	
  as	
  well.	
  	
  To	
  

examine	
  glut-­‐1	
  transcript	
  levels,	
  RNA	
  was	
  extracted	
  from	
  B	
  cells	
  stimulated	
  with	
  αIg	
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or	
  CD40L	
  for	
  6	
  hr,	
  11	
  hr,	
  and	
  24	
  hr	
  and	
  evaluated	
  by	
  semi-­‐quantitative	
  real-­‐time	
  

PCR.	
  	
  The	
  ratio	
  of	
  expression	
  of	
  glut-­‐1	
  to	
  the	
  housekeeping	
  gene	
  18S	
  rRNA	
  transcript	
  

was	
  calculated	
  in	
  unstimulated	
  B	
  cells	
  (Media)	
  and	
  served	
  as	
  a	
  standard	
  baseline	
  

SYBR	
  green	
  ratio	
  of	
  1.	
  	
  Comparison	
  of	
  the	
  ratio	
  of	
  glut-­‐1:18S	
  transcripts	
  for	
  αIg	
  or	
  

CD40L	
  stimuli	
  to	
  the	
  relative	
  level	
  of	
  glut-­‐1:18S	
  in	
  media	
  revealed	
  increased	
  glut-­‐1	
  

mRNA	
  transcripts	
  (Figure	
  7).	
  	
  In	
  particular,	
  B	
  cells	
  stimulated	
  with	
  αIg	
  for	
  11	
  hr	
  

increased	
  relative	
  glut-­‐1	
  expression	
  8-­‐fold,	
  whereas	
  CD40L	
  induced	
  relative	
  glut-­‐1	
  

expression	
  2-­‐fold	
  at	
  6	
  hr	
  and	
  maintained	
  the	
  induced	
  level	
  at	
  24	
  hr.	
  	
  These	
  results	
  

suggest	
  that	
  the	
  induction	
  of	
  glut-­‐1	
  occurs	
  at	
  the	
  transcriptional	
  level	
  in	
  B	
  cells	
  

stimulated	
  with	
  αIg	
  or	
  CD40L.	
  	
  It	
  should	
  be	
  mentioned	
  that	
  for	
  mRNA	
  studies,	
  B	
  cells	
  

were	
  isolated	
  from	
  an	
  alternative	
  strain,	
  CBA/CaJ	
  mice	
  rather	
  than	
  the	
  previous	
  

BALBc/ByJ	
  strain.	
  	
  Despite	
  variation	
  in	
  haplotype	
  (H-­‐2k)	
  vs.	
  (H-­‐2d),	
  each	
  inbred	
  

strain	
  has	
  routinely	
  and	
  commonly	
  used	
  in	
  the	
  scientific	
  community	
  and	
  no	
  

alterations	
  in	
  B	
  cell	
  population	
  or	
  signaling	
  as	
  a	
  result	
  of	
  stimuli	
  used	
  in	
  my	
  

experiments	
  were	
  found	
  (257).	
  	
  

In	
  summary,	
  the	
  results	
  have	
  demonstrated	
  that	
  B	
  cells	
  induce	
  not	
  only	
  

glucose	
  transport,	
  but	
  also	
  expression	
  of	
  the	
  glut-­‐1	
  transporter	
  on	
  the	
  cell	
  surface	
  in	
  

response	
  to	
  stimulation	
  by	
  activation	
  signals.	
  	
  I	
  next	
  proceeded	
  to	
  examine	
  

intracellular	
  signaling	
  pathways	
  activated	
  by	
  stimulation	
  for	
  putative	
  role(s)	
  in	
  the	
  

observed	
  induction	
  of	
  glucose	
  uptake	
  and	
  glut-­‐1	
  expression.	
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B.	
  	
  Activation	
  of	
  signaling	
  pathways	
  involved	
  in	
  B	
  cell	
  glucose	
  utilization	
  

	
   I	
  sought	
  to	
  identify	
  intracellular	
  signaling	
  pathways	
  that	
  regulate	
  glucose	
  

uptake	
  and	
  glut-­‐1	
  expression	
  in	
  B	
  cells	
  following	
  BCR	
  ligation.	
  	
  Activated	
  by	
  

extracellular	
  stimuli, PI3K	
  and	
  its	
  molecular	
  targets	
  have	
  been	
  suggested	
  as	
  major	
  

effectors	
  of	
  viability,	
  growth,	
  and	
  proliferation	
  in	
  T	
  cells,	
  though	
  the	
  role	
  of	
  this	
  

pathway	
  has	
  yet	
  to	
  be	
  established	
  in	
  B	
  cells	
  (119,	
  73,	
  255,	
  258,	
  259).	
  	
  PI3K	
  is	
  a	
  dimer	
  

comprised	
  of	
  a	
  catalytic	
  and	
  regulatory	
  subunit,	
  predominantly	
  p110δ/γ	
  and	
  p85α	
  in	
  

murine	
  B	
  cells,	
  respectively	
  (260).	
  	
  With	
  this	
  in	
  mind,	
  I	
  sought	
  to	
  determine	
  if	
  PI3K	
  

activity	
  was	
  necessary	
  for	
  αIg-­‐mediated	
  induction	
  of	
  glucose	
  transport	
  through	
  the	
  

use	
  of	
  chemical	
  inhibition	
  of	
  PI3K	
  and	
  in	
  mice	
  deficient	
  in	
  the	
  p85α.	
  

	
   B	
  cells	
  were	
  stimulated	
  with	
  αIg	
  for	
  15	
  hr	
  in	
  the	
  presence	
  or	
  absence	
  of	
  two	
  

PI3K	
  inhibitors,	
  LY294002	
  (LY)	
  and	
  wortmannin	
  (Wort),	
  and	
  subsequently	
  

evaluated	
  for	
  glucose	
  uptake.	
  	
  LY	
  is	
  a	
  potent,	
  competitive	
  inhibitor	
  of	
  PI3K	
  that	
  

irreversibly	
  binds	
  to	
  p110	
  at	
  the	
  ATP	
  binding	
  site	
  (261-­‐264).	
  	
  Wort	
  is	
  a	
  highly	
  

potent,	
  non-­‐competitive,	
  yet	
  irreversible	
  inhibitor	
  that	
  is	
  specific	
  for	
  the	
  catalytic	
  

site	
  in	
  p110γ	
  subunit	
  of	
  PI3K	
  (265,	
  266).	
  	
  The	
  addition	
  of	
  LY	
  or	
  Wort	
  to	
  B	
  cells	
  

reduced	
  the	
  αIg-­‐mediated	
  increase	
  in	
  [3H]-­‐2-­‐deoxy-­‐glucose	
  uptake	
  (Figure	
  8).	
  	
  Wort	
  

addition	
  resulted	
  in	
  relatively	
  less	
  inhibition	
  of	
  uptake	
  in	
  comparison	
  to	
  LY	
  

treatment.	
  	
  This	
  result	
  was	
  perhaps	
  due	
  to	
  the	
  expression	
  of	
  the	
  alternative	
  isoform	
  

of	
  PI3K	
  catalytic	
  subunit,	
  p110δ,	
  in	
  B	
  cells	
  that	
  may	
  require	
  a	
  higher	
  concentration	
  

for	
  complete	
  inhibition	
  of	
  its	
  activity	
  (260,	
  265,	
  267,	
  268).	
  

Glucose	
  uptake	
  was	
  also	
  measured	
  in	
  B	
  cells	
  treated	
  with	
  rapamycin	
  (Rap)	
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for	
  15	
  hr.	
  	
  Rap	
  is	
  an	
  inhibitor	
  of	
  mammalian	
  target	
  of	
  rapamycin	
  (mTOR),	
  a	
  complex	
  

activated	
  by	
  Akt	
  through	
  PI3K,	
  which	
  has	
  been	
  reported	
  to	
  be	
  involved	
  in	
  regulating	
  

glucose	
  metabolism	
  (264,	
  269,	
  270).	
  	
  The	
  amount	
  of	
  glucose	
  uptake	
  was	
  not	
  affected	
  

by	
  the	
  addition	
  of	
  Rap	
  (Figure	
  8).	
  	
  These	
  results	
  suggested	
  that	
  BCR-­‐induced	
  glucose	
  

uptake	
  requires	
  PI3K	
  activity. 

I	
  obtained	
  murine	
  knockout	
  models	
  to	
  further	
  identify	
  the	
  contribution	
  of	
  

PI3K	
  activity	
  in	
  glucose	
  uptake	
  of	
  B	
  cells.	
  	
  Mice	
  deficient	
  in	
  the	
  PI3K	
  regulatory	
  

subunit	
  p85α	
  (p85α-­‐/-­‐)	
  have	
  low	
  splenic	
  B-­‐lymphocyte	
  numbers,	
  smaller	
  body	
  mass,	
  

and	
  shorter	
  life	
  span	
  (271).	
  	
  As	
  a	
  consequence,	
  I	
  was	
  unable	
  to	
  obtain	
  sufficient	
  B	
  

cell	
  numbers	
  and	
  viability	
  for	
  glucose	
  uptake	
  experiments.	
  	
  I	
  therefore	
  examined	
  

glut-­‐1	
  expression	
  by	
  flow	
  cytometry	
  in	
  these	
  p85α-­‐/-­‐	
  B	
  cells	
  stimulated	
  with	
  αIg.	
  	
  B	
  

cells	
  of	
  p85α-­‐/-­‐	
  mice	
  were	
  cultured	
  in	
  the	
  presence	
  of	
  αIg	
  for	
  12	
  hr,	
  collected,	
  fixed,	
  

and	
  permeabilized.	
  	
  Expression	
  of	
  glut-­‐1	
  was	
  quantified	
  by	
  flow	
  cytometry	
  after	
  cell	
  

samples	
  were	
  incubated	
  with	
  anti-­‐glut-­‐1	
  antibody	
  and	
  PE-­‐conjugated	
  secondary	
  

antibody	
  (Figure	
  9).	
  	
  The	
  p85α-­‐/-­‐	
  B	
  cells	
  failed	
  to	
  increase	
  glut-­‐1	
  expression	
  at	
  12	
  hr	
  

post-­‐αIg	
  stimulation	
  above	
  the	
  amount	
  displayed	
  in	
  control	
  unstimulated	
  B	
  cells	
  

(Media).	
  	
  

	
   I	
  next	
  sought	
  to	
  examine	
  additional	
  BCR-­‐associated	
  signaling	
  components	
  

mediating	
  BCR-­‐induced	
  glut-­‐1	
  expression.	
  	
  Bruton’s	
  agammaglobulinemia	
  tyrosine	
  

kinase	
  (BTK)	
  is	
  a	
  kinase	
  that	
  has	
  been	
  shown	
  to	
  be	
  important	
  for	
  B	
  cell	
  

development,	
  differentiation,	
  and	
  signaling	
  (18).	
  	
  Mutations	
  in	
  BTK	
  lead	
  to	
  X-­‐linked	
  

immunodeficiency	
  (XID)	
  in	
  mice	
  (19,	
  30).	
  	
  As	
  previously	
  described	
  in	
  Introduction	
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section,	
  BTK	
  is	
  active	
  following	
  BCR	
  engagement,	
  directly	
  regulated	
  by	
  PH	
  domain	
  

interaction	
  with	
  lipids	
  formed	
  by	
  PI3K	
  activity	
  (20,	
  23,	
  24,	
  272).	
  	
  I	
  utilized	
  XID	
  mice	
  

to	
  decipher	
  the	
  requirement	
  of	
  BTK	
  activity	
  for	
  induction	
  of	
  glut-­‐1	
  expression	
  in	
  B	
  

cells	
  responding	
  to	
  stimuli.	
  	
  Given	
  the	
  low	
  recovery	
  of	
  B	
  cells	
  from	
  XID	
  splenic	
  

tissue,	
  glut-­‐1	
  expression	
  was	
  monitored	
  by	
  immunocytochemistry	
  (ICC).	
  	
  XID	
  B	
  cells	
  

were	
  harvested	
  after	
  24	
  hr	
  of	
  αIg	
  stimulation,	
  and	
  examined	
  for	
  glut-­‐1	
  expression.	
  	
  

By	
  ICC,	
  XID	
  B	
  cells	
  did	
  not	
  measurably	
  increase	
  glut-­‐1	
  expression	
  in	
  response	
  to	
  αIg	
  

(Figure	
  10).	
  	
  In	
  contrast,	
  B	
  cells	
  from	
  CBA/CaJ	
  strain,	
  the	
  control	
  background	
  strain	
  

of	
  XID	
  mice,	
  increased	
  glut-­‐1	
  expression	
  at	
  24	
  hr	
  post-­‐αIg	
  stimulation.	
  	
  These	
  results	
  

indicate	
  the	
  engagement	
  of	
  the	
  BCR	
  by	
  αIg	
  induced	
  glut-­‐1	
  expression,	
  at	
  least	
  in	
  

part,	
  through	
  BTK	
  function.	
  

In	
  summary,	
  the	
  results	
  have	
  suggested	
  a	
  role	
  for	
  PI3K	
  activity	
  to	
  increase	
  

glucose	
  uptake	
  in	
  B	
  cells	
  specifically	
  activated	
  via	
  BCR	
  ligation.	
  	
  Notably,	
  I	
  have	
  

established	
  a	
  role	
  for	
  the	
  PI3K	
  subunit,	
  p85α,	
  and	
  BTK	
  activity	
  in	
  mediating	
  BCR-­‐

induced	
  glut-­‐1	
  expression.	
  	
  

 

C.	
  Growth	
  and	
  viability	
  of	
  splenic	
  B	
  cells	
  in	
  ex	
  vivo	
  cultures	
  

	
   I	
  next	
  explored	
  the	
  role	
  of	
  glucose	
  in	
  B	
  cells	
  responding	
  to	
  stimuli	
  that	
  promote	
  

growth	
  and	
  survival.	
  	
  Using	
  flow	
  cytometry,	
  I	
  monitored	
  size	
  alterations	
  using	
  the	
  

parameter	
  of	
  forward	
  scatter-­‐area	
  (FSC-­‐A).	
  	
  The	
  relative	
  area	
  of	
  light	
  scatter	
  

distributed	
  from	
  individual	
  cells	
  passing	
  through	
  laser	
  beam	
  are	
  captured	
  and	
  

quantified	
  by	
  electronic	
  sensors	
  to	
  provide	
  a	
  relative	
  size	
  unit	
  (arbitrary	
  unit,	
  au)	
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for	
  a	
  cell	
  or	
  “event”	
  (273).	
  	
  An	
  increase	
  in	
  FSC-­‐A,	
  i.e.	
  induced	
  cellular	
  enlargement,	
  

was	
  observed	
  in	
  B	
  cells	
  stimulated	
  with	
  αIg,	
  αIg	
  +	
  IL-­‐4,	
  CD40L,	
  IL-­‐4,	
  or	
  LPS	
  at	
  20	
  hr	
  

and	
  40	
  hr.	
  	
  The	
  greatest	
  increase	
  in	
  FSC-­‐A	
  was	
  displayed	
  in	
  B	
  cells	
  in	
  response	
  to	
  αIg	
  

+	
  IL-­‐4	
  stimulation,	
  increasing	
  to	
  ~200000	
  au	
  at	
  48	
  hr	
  (Figure	
  11A).	
  	
  Stimulation	
  

with	
  CD40L,	
  αIg,	
  or	
  LPS	
  also	
  enlarged	
  B	
  cells	
  at	
  20	
  hr	
  and	
  40	
  hr,	
  whereas	
  IL-­‐4	
  only	
  

slightly	
  increased	
  the	
  FSC-­‐A	
  of	
  B	
  cells	
  compared	
  to	
  control	
  unstimulated	
  B	
  cells	
  

(Media).	
  	
  B	
  cells	
  cultured	
  in	
  medium	
  alone	
  without	
  stimulation	
  (Media)	
  decrease	
  in	
  

size	
  within	
  20	
  hr.	
  	
  

	
   I	
  also	
  investigated	
  the	
  viability	
  of	
  B	
  cells	
  in	
  response	
  to	
  alternative	
  activating	
  

stimuli.	
  	
  Viability	
  was	
  assayed	
  by	
  flow	
  cytometry,	
  as	
  the	
  number	
  of	
  cells	
  (shown	
  in	
  

percent	
  PI	
  negative	
  out	
  of	
  10,000	
  events)	
  capable	
  of	
  excluding	
  the	
  nucleic	
  acid	
  dye	
  

propidium	
  iodide	
  (PI).	
  	
  The	
  viability	
  of	
  unstimulated	
  B	
  cells	
  (Media)	
  over	
  time	
  in	
  

culture	
  decreased	
  to	
  52	
  %	
  within	
  24	
  hr.	
  	
  Without	
  stimulation,	
  B	
  cells	
  apoptose	
  

within	
  24	
  hr	
  and	
  more	
  so	
  at	
  48	
  hr	
  due	
  to	
  removal	
  from	
  the	
  in	
  vivo	
  environment	
  and	
  

transfer	
  to	
  in	
  vitro	
  culture	
  (274,	
  275).	
  	
  Viability	
  decreased	
  with	
  αIg	
  stimulation	
  over	
  

time,	
  with	
  minimum	
  viability	
  of	
  50	
  %	
  at	
  24	
  hr.	
  	
  B	
  cells	
  were	
  also	
  stimulated	
  with	
  IL-­‐

4,	
  CD40L,	
  αIg	
  +	
  IL-­‐4,	
  and	
  LPS	
  for	
  24	
  hr	
  and	
  48	
  hr,	
  collected	
  and	
  analyzed.	
  	
  Addition	
  

of	
  IL-­‐4	
  to	
  αIg	
  stimulation	
  resulted	
  in	
  survival	
  of	
  B	
  cells	
  (Figure	
  11B)	
  (168,	
  169).	
  	
  The	
  

viability	
  of	
  B	
  cells	
  was	
  maintained	
  with	
  moderate	
  reduction	
  up	
  to	
  48	
  hr	
  under	
  

conditions	
  of	
  IL-­‐4,	
  CD40L,	
  αIg	
  +	
  IL-­‐4,	
  and	
  LPS	
  stimulation.	
  	
  Collectively,	
  these	
  results	
  

indicated	
  that	
  B	
  cells	
  in	
  response	
  to	
  growth	
  and	
  differentiation	
  stimuli	
  increase	
  size	
  

and	
  maintain	
  viability.	
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D.	
  Requirement	
  of	
  glucose	
  for	
  growth	
  and	
  survival	
  of	
  stimulated	
  B	
  cells	
  

To	
  evaluate	
  the	
  requirement	
  of	
  increased	
  glucose	
  utilization	
  for	
  growth	
  or	
  

survival	
  of	
  B	
  cells,	
  I	
  measured	
  cell	
  size	
  and	
  viability	
  in	
  response	
  to	
  IL-­‐4	
  by	
  flow	
  

cytometry	
  in	
  the	
  presence	
  or	
  absence	
  of	
  the	
  glycolytic	
  inhibitors	
  2-­‐deoxy-­‐glucose	
  

(2DG)	
  or	
  iodoacetamide	
  (IAN).	
  	
  A	
  glucose	
  analog,	
  2DG	
  inhibits	
  hexokinase,	
  whereas	
  

IAN	
  is	
  an	
  irreversible	
  inhibitor	
  of	
  cysteine	
  peptidases	
  and	
  inhibits	
  glucose	
  

metabolism	
  by	
  interacting	
  with	
  glyceraldehyde	
  3-­‐dehydrogenase	
  as	
  well	
  as	
  other	
  

putative	
  glycolytic	
  enzymes	
  (276-­‐278).	
  	
  IL-­‐4	
  stimulated	
  B	
  cells	
  were	
  treated	
  with	
  1	
  

mM	
  2DG	
  or	
  10	
  µM	
  IAN	
  for	
  18	
  hr	
  and	
  then	
  assayed	
  for	
  size	
  and	
  viability.	
  	
  Induced	
  

cellular	
  size	
  in	
  response	
  to	
  IL-­‐4	
  was	
  not	
  diminished	
  by	
  the	
  addition	
  of	
  2DG	
  or	
  IAN.	
  	
  

The	
  presence	
  of	
  2DG	
  with	
  IL-­‐4	
  stimulation	
  reduced	
  the	
  enlargement	
  of	
  cells	
  to	
  

128000	
  FSC-­‐A	
  from	
  131000	
  FSC-­‐A	
  demonstrated	
  without	
  inhibitor,	
  however	
  this	
  

change	
  was	
  not	
  statistically	
  significant	
  (Figure	
  12A).	
  	
  IAN	
  prevented	
  enlargement	
  of	
  

cells	
  similarly	
  reducing	
  FSC-­‐A.	
  	
  	
  

The	
  assessment	
  of	
  viability	
  at	
  18	
  hr	
  of	
  IL-­‐4	
  stimulated	
  B	
  cells	
  with	
  addition	
  of	
  

IAN	
  and	
  2DG	
  was	
  also	
  conducted.	
  	
  Both	
  inhibitors	
  provided	
  similar	
  results	
  wherein	
  

a	
  reduction	
  of	
  viability	
  in	
  IL-­‐4	
  stimulated	
  B	
  cells	
  by	
  30	
  %	
  (Figure	
  12B).	
  	
  

Alternatively,	
  I	
  measured	
  cell	
  size	
  and	
  viability	
  in	
  response	
  to	
  IL-­‐4	
  by	
  flow	
  

cytometry	
  in	
  the	
  presence	
  or	
  absence	
  of	
  inhibition	
  of	
  glucose	
  uptake	
  (glucose	
  

transporter)	
  with	
  5-­‐thioglucopyranose	
  (5TG)	
  or	
  inhibition	
  of	
  glycolysis	
  

(hexokinase)	
  evaluated	
  with	
  3-­‐bromopyruvate	
  (BP)	
  (276,	
  277,	
  279).	
  	
  Neither	
  5TG	
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nor	
  BP	
  had	
  a	
  significant	
  effect	
  on	
  IL-­‐4	
  stimulated	
  B	
  cell	
  viability	
  or	
  size	
  at	
  24	
  hr	
  

(Figures	
  13	
  and	
  14,	
  respectively).	
  	
  The	
  results	
  thus	
  suggest	
  B	
  cells	
  respond	
  to	
  IL-­‐4	
  in	
  

a	
  manner	
  dependent	
  on	
  glucose	
  metabolism	
  for	
  viability	
  and	
  not	
  cellular	
  size.	
  

	
  

E.	
  Metabolism	
  of	
  glucose	
  in	
  B	
  cells	
  in	
  response	
  to	
  BCR	
  cross-­‐linking	
  

I	
  have	
  shown	
  thus	
  far	
  that	
  B	
  cells	
  respond	
  to	
  a	
  variety	
  of	
  extracellular	
  stimuli	
  

that	
  promote	
  growth	
  and/or	
  survival	
  by	
  increasing	
  glucose	
  uptake	
  at	
  least	
  in	
  part	
  

via	
  glut-­‐1	
  transporters.	
  	
  In	
  addition,	
  the	
  glucose	
  response	
  to	
  BCR	
  engagement	
  was	
  

mediated	
  by	
  activation	
  of	
  the	
  signal	
  molecules	
  BTK	
  and	
  PI3K.	
  	
  To	
  further	
  explore	
  the	
  

utilization	
  of	
  intracellular	
  glucose	
  in	
  activated	
  B	
  cells,	
  I	
  examined	
  the	
  ability	
  of	
  cells	
  

to	
  metabolize	
  glucose	
  through	
  glycolysis.	
  	
  By	
  pulsing	
  B	
  cells	
  with	
  [3H]-­‐5-­‐glucose	
  (1	
  

µCi/ml),	
  the	
  glycolytic	
  rate	
  was	
  quantified	
  as	
  the	
  production	
  of	
  tritiated	
  water	
  

([3H]OH)	
  from	
  the	
  penultimate	
  step	
  of	
  glycolysis	
  (280).	
  	
  As	
  shown	
  in	
  Figure	
  15,	
  B	
  

cells	
  upon	
  stimulation	
  with	
  αIg	
  increased	
  the	
  rate	
  of	
  glucose	
  metabolism	
  via	
  

glycolysis	
  within	
  20	
  hr	
  and	
  maintained	
  a	
  high	
  rate	
  of	
  glycolysis	
  for	
  48	
  hr.	
  

I	
  also	
  explored	
  the	
  ability	
  of	
  additional	
  stimuli	
  to	
  enhance	
  the	
  glycolysis	
  of	
  

acquired	
  glucose	
  in	
  B	
  cells.	
  	
  Cells	
  were	
  stimulated	
  with	
  CD40L,	
  LPS,	
  αIg	
  +	
  IL-­‐4,	
  IL-­‐4,	
  

and	
  for	
  comparison	
  αIg	
  for	
  20	
  hr	
  and	
  glycolysis	
  assays	
  performed.	
  	
  An	
  increased	
  

rate	
  of	
  glycolysis	
  was	
  observed	
  in	
  all	
  samples,	
  though	
  the	
  increase	
  above	
  

unstimulated	
  B	
  cells	
  varied	
  with	
  different	
  stimuli.	
  	
  B	
  cells	
  stimulated	
  with	
  CD40L,	
  

LPS,	
  or	
  αIg	
  +	
  IL-­‐4	
  produced	
  the	
  largest	
  increase	
  in	
  glycolytic	
  rate	
  at	
  20	
  hr	
  (Figure	
  

16).	
  	
  IL-­‐4	
  stimulated	
  B	
  cells	
  in	
  comparison	
  to	
  αIg	
  displayed	
  a	
  lower	
  rate	
  of	
  glycolysis,	
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despite	
  the	
  increase	
  above	
  unstimulated	
  (Media)	
  B	
  cells.	
  	
  These	
  results	
  indicate	
  that	
  

the	
  rate	
  of	
  glycolysis	
  was	
  increased	
  in	
  activated	
  B	
  cells	
  responding	
  to	
  external	
  

stimuli	
  and	
  correlate	
  to	
  aforementioned	
  results	
  observing	
  a	
  differential	
  in	
  glucose	
  

transport.	
  

	
   I	
  next	
  sought	
  to	
  evaluate	
  putative	
  role(s)	
  of	
  intracellular	
  signal	
  molecules	
  in	
  

the	
  regulation	
  of	
  glycolysis.	
  To	
  decipher	
  the	
  role	
  of	
  PI3K	
  in	
  induction	
  of	
  glycolysis,	
  I	
  

again	
  used	
  the	
  PI3K	
  inhibitors,	
  LY	
  and	
  Wort.	
  	
  B	
  cells	
  were	
  stimulated	
  with	
  αIg	
  in	
  the	
  

presence	
  of	
  LY	
  or	
  Wort	
  for	
  12	
  hr	
  and	
  glycolysis	
  assays	
  performed.	
  	
  The	
  increased	
  

rate	
  of	
  glycolysis	
  provided	
  by	
  αIg	
  stimulation	
  was	
  significantly	
  reduced	
  in	
  B	
  cells	
  

cultured	
  with	
  LY	
  or	
  Wort	
  (Figure	
  17).	
  	
  The	
  inhibition	
  of	
  PI3K	
  activity	
  resulted	
  in	
  

reduced	
  glycolytic	
  rates	
  to	
  levels	
  displayed	
  in	
  control	
  untreated	
  B	
  cells	
  (Media).	
  	
  

Therefore	
  PI3K	
  activity	
  is	
  required	
  for	
  induction	
  of	
  glycolysis	
  in	
  the	
  response	
  to	
  

cross-­‐linking	
  of	
  the	
  BCR.	
  	
  	
  

	
  The	
  role	
  of	
  PI3K	
  activity	
  in	
  induction	
  of	
  glycolysis	
  of	
  αIg	
  stimulated	
  B	
  cells	
  

was	
  also	
  evaluated	
  in	
  p85α-­‐/-­‐	
  mice.	
  	
  B	
  cells	
  of	
  p85a-­‐/-­‐	
  and	
  BALBc/ByJ	
  (WT)	
  mice	
  

were	
  stimulated	
  with	
  αIg	
  for	
  18	
  hr	
  and	
  28	
  hr	
  and	
  glycolytic	
  rates	
  measured.	
  	
  The	
  

p85α-­‐deficient	
  B	
  cells	
  failed	
  to	
  increase	
  glycolysis	
  in	
  response	
  to	
  αIg	
  (Figure	
  18),	
  

whereas	
  wild-­‐type	
  B	
  cells	
  stimulated	
  with	
  αIg	
  increased	
  the	
  rate	
  of	
  glycolysis	
  at	
  18	
  

hr	
  and	
  28	
  hr.	
  	
  Taken	
  together,	
  the	
  activity	
  of	
  PI3K	
  is	
  essential	
  for	
  the	
  induction	
  of	
  

glycolysis	
  in	
  response	
  to	
  BCR	
  engagement.	
  

In	
  addition,	
  I	
  evaluated	
  the	
  role	
  of	
  functional	
  BTK	
  in	
  the	
  control	
  of	
  BCR-­‐

mediated	
  glycolysis.	
  	
  Murine	
  B	
  cells	
  obtained	
  from	
  XID	
  or	
  control	
  wild-­‐type	
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(CBA/CaJ)	
  strains	
  were	
  stimulated	
  with	
  αIg	
  and	
  glycolytic	
  rates	
  determined.	
  	
  

Engagement	
  of	
  the	
  BCR	
  by	
  αIg	
  resulted	
  in	
  a	
  moderate	
  increase	
  in	
  glycolysis	
  in	
  XID	
  B	
  

cells	
  within	
  3	
  hr	
  with	
  no	
  additional	
  increase	
  at	
  6	
  hr,	
  12	
  hr,	
  or	
  22	
  hr,	
  in	
  comparison	
  to	
  

unstimulated	
  XID	
  B	
  cells	
  (Figure	
  19A).	
  	
  Similarly,	
  CBA/CaJ	
  B	
  cells	
  upon	
  αIg	
  

stimulation	
  induced	
  glycolysis	
  at	
  3	
  hr,	
  however	
  a	
  significant	
  increase	
  in	
  glycolytic	
  

rate	
  was	
  exhibited	
  at	
  6	
  hr,	
  12	
  hr,	
  and	
  especially	
  at	
  22	
  hr.	
  	
  To	
  determine	
  if	
  

functionally	
  BTK-­‐deficient	
  B	
  cells	
  respond	
  to	
  extracellular	
  stimuli	
  by	
  increased	
  

glycolysis	
  independent	
  of	
  the	
  BCR,	
  glycolysis	
  was	
  monitored	
  in	
  XID	
  and	
  CBA/CaJ	
  B	
  

cells	
  stimulated	
  with	
  CD40L	
  for	
  3	
  hr,	
  6	
  hr,	
  12	
  hr,	
  and	
  22	
  hr.	
  	
  The	
  increase	
  of	
  

glycolysis	
  in	
  response	
  to	
  CD40L	
  was	
  similar	
  in	
  B	
  cells	
  from	
  XID	
  or	
  CBA/CaJ,	
  

suggesting	
  a	
  regulatory	
  role	
  BTK	
  in	
  BCR-­‐mediated	
  glycolytic	
  flux.	
  	
  Similar	
  results	
  

were	
  obtained	
  in	
  BTK-­‐deficient	
  B	
  cells	
  (Figure	
  19B)	
  stimulated	
  with	
  CD40L	
  (for	
  6	
  

hr,	
  12	
  hr,	
  and	
  23	
  hr)	
  or	
  αIg	
  (for	
  6	
  hr,	
  12	
  hr,	
  23	
  hr,	
  44	
  hr,	
  and	
  72	
  hr).	
  	
  Therefore	
  BTK	
  

is	
  a	
  necessary	
  signaling	
  component	
  involved	
  in	
  activation	
  pathways	
  following	
  BCR	
  

engagement,	
  not	
  CD40L,	
  for	
  increased	
  glycolysis.	
  	
  	
  

	
   The	
  B-­‐cell	
  linker	
  protein	
  (BLNK)	
  is	
  an	
  adaptor	
  protein	
  that	
  promotes	
  

membrane	
  recruitment,	
  activation,	
  and	
  association	
  of	
  BCR	
  with	
  BTK,	
  PLCγ,	
  and	
  PI3K	
  

(281).	
  	
  Defects	
  in	
  BLNK	
  lead	
  to	
  inhibition	
  of	
  B	
  cell	
  maturation	
  and	
  differentiation	
  

and	
  cause	
  agammaglobulinemia	
  (282).	
  	
  I	
  examined	
  BLNK	
  for	
  its	
  contribution	
  to	
  the	
  

regulation	
  of	
  glucose	
  utilization	
  in	
  BLNK-­‐deficient	
  B	
  cells	
  (BLNK-­‐/-­‐).	
  	
  B	
  cells	
  of	
  both	
  

BLNK-­‐/-­‐	
  and	
  the	
  control	
  strain	
  (129xSV)	
  were	
  stimulated	
  with	
  αIg,	
  CD40L,	
  and	
  LPS	
  

for	
  5	
  hr,	
  and	
  glycolysis	
  assays	
  were	
  performed.	
  	
  129xSV	
  B	
  cells	
  increased	
  glycolysis,	
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as	
  BLNK-­‐/-­‐	
  B	
  cells	
  were	
  also	
  able	
  to	
  induce	
  glycolysis	
  in	
  response	
  to	
  BCR	
  ligation	
  

(Figure	
  20).	
  	
  129xSV	
  B	
  cells	
  with	
  LPS	
  or	
  CD40L	
  to	
  have	
  comparable	
  levels	
  of	
  

glycolysis	
  at	
  5	
  hr.	
  	
  In	
  response	
  to	
  LPS	
  or	
  CD40L,	
  BLNK-­‐deficiency	
  led	
  to	
  an	
  induction	
  

of	
  glycolysis	
  in	
  comparison	
  to	
  wild-­‐type	
  B	
  cells.	
  	
  As	
  expected,	
  BLNK-­‐/-­‐	
  B	
  cells	
  

increased	
  the	
  glycolytic	
  rate	
  via	
  LPS	
  or	
  CD40L	
  to	
  identical	
  degrees	
  as	
  in	
  wild-­‐type	
  B	
  

cells	
  as	
  these	
  stimuli	
  in	
  published	
  reports	
  have	
  been	
  shown	
  to	
  induce	
  proliferation	
  

in	
  BLNK–deficient	
  B	
  cells	
  (33,	
  283,	
  284).	
  

BCR	
  cross-­‐linking	
  results	
  in	
  the	
  activation	
  of	
  the	
  phospholipase	
  Cγ	
  (PLCγ)	
  

pathway	
  in	
  B	
  cells.	
  	
  PLCγ	
  hydrolyzes	
  PIP2	
  (the	
  membrane	
  phospholipid	
  generated	
  

by	
  PI3K)	
  to	
  produce	
  inositol-­‐3,4,5-­‐trisphosphate	
  (IP3)	
  and	
  diacylglycerol	
  (DAG),	
  

which	
  in	
  turn	
  increases	
  Ca2+	
  mobilization	
  and	
  activates	
  protein	
  kinase	
  C	
  (PKC),	
  

respectively	
  (32,	
  49,	
  285).	
  	
  I	
  evaluated	
  the	
  contribution	
  of	
  the	
  PLCγ-­‐PKC	
  pathway	
  in	
  

the	
  induction	
  of	
  glucose	
  metabolism	
  via	
  BCR	
  cross-­‐linking.	
  	
  Rottlerin	
  was	
  originally	
  

characterized	
  as	
  a	
  selective	
  inhibitor	
  of	
  PKCδ (IC50	
  =	
  3-­‐6	
  µM),	
  however	
  recent	
  

reports	
  indicate	
  that	
  this	
  inhibitor	
  also	
  acts	
  on	
  additional	
  to	
  members	
  of	
  the	
  PKC	
  

family	
  (286,	
  287).	
  	
  B	
  cells	
  stimulated	
  with	
  αIg	
  were	
  incubated	
  with	
  rottlerin	
  for	
  3	
  hr	
  

and	
  6	
  hr	
  and	
  glycolytic	
  flux	
  measured.	
  	
  An	
  increase	
  in	
  glycolysis	
  was	
  observed	
  with	
  

rottlerin	
  to	
  levels	
  similar	
  to	
  B	
  cells	
  stimulated	
  with	
  αIg	
  alone	
  (Figure	
  21).	
  	
  The	
  

combination	
  of	
  αIg	
  and	
  rottlerin	
  (αIg	
  +	
  Rottlerin)	
  amplified	
  the	
  glycolytic	
  rate	
  in	
  B	
  

cells	
  further.	
  	
  The	
  results	
  presented	
  here	
  were	
  not	
  expected,	
  as	
  rottlerin	
  appeared	
  to	
  

stimulate	
  glycolysis	
  rather	
  than	
  inhibit,	
  perhaps	
  due	
  to	
  the	
  lack	
  of	
  specificity	
  of	
  

rottlerin	
  (288).	
  	
  In	
  light	
  of	
  these	
  results,	
  I	
  subsequently	
  evaluated	
  the	
  role	
  of	
  PKCδ	
  in	
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BCR-­‐induced	
  glycolysis	
  from	
  PKCδ-­‐deficient	
  (PKCδ-­‐/-­‐)	
  B	
  cells.	
  	
  B	
  cells	
  of	
  PKCδ-­‐/-­‐	
  and	
  

control	
  wild-­‐type	
  background	
  strain	
  (WT:	
  C57BL/6	
  X	
  129x1/SvJ)	
  were	
  stimulated	
  

for	
  24	
  hr	
  with	
  αIg	
  and	
  assayed	
  for	
  glycolysis.	
  	
  PKCδ-­‐/-­‐	
  B	
  cells	
  increased	
  glycolysis	
  

within	
  24	
  hr	
  at	
  a	
  rate	
  that	
  was	
  only	
  slightly	
  reduced	
  in	
  comparison	
  to	
  WT	
  B	
  cells	
  

(Figure	
  22).	
  	
  These	
  results	
  therefore	
  suggest	
  the	
  role	
  of	
  PKCδ	
  in	
  the	
  down-­‐regulation	
  

of	
  glycolysis	
  in	
  B	
  cell	
  responses.	
  

	
  

F.	
  Functional	
  studies	
  on	
  the	
  metabolism	
  of	
  glucose	
  in	
  response	
  to	
  IL-­‐4	
  	
  

	
   IL-­‐4	
  stimulation	
  of	
  ex	
  vivo	
  B	
  cells	
  was	
  shown	
  in	
  the	
  aforementioned	
  

experiments	
  to	
  increase	
  glucose	
  uptake	
  and	
  utilization	
  via	
  glycolysis.	
  	
  As	
  part	
  of	
  a	
  

parallel	
  project,	
  I	
  investigated	
  glucose	
  utilization	
  in	
  B	
  cells	
  activated	
  by	
  IL-­‐4.	
  	
  To	
  this	
  

end,	
  I	
  obtained	
  knockout	
  mice	
  with	
  deficiency	
  in	
  a	
  signal	
  transducer	
  and	
  activator	
  of	
  

transcription	
  6	
  (STAT6)	
  (289).	
  	
  STAT6	
  is	
  required	
  for	
  IL-­‐4-­‐mediated	
  survival	
  of	
  B-­‐

lymphocytes	
  (169,	
  290).	
  	
  I	
  monitored	
  the	
  glycolytic	
  rate	
  in	
  STAT6-­‐deficient	
  (STAT6	
  

KO)	
  B	
  cells	
  within	
  48	
  hr	
  of	
  IL-­‐4	
  stimulation.	
  	
  Control	
  strain	
  BALBc/ByJ	
  (WT)	
  B	
  cells	
  

increased	
  glycolysis	
  in	
  the	
  presence	
  of	
  IL-­‐4,	
  but	
  not	
  STAT6	
  KO	
  B	
  cells	
  (Figure	
  23).	
  	
  

STAT6	
  therefore	
  is	
  necessary	
  for	
  the	
  response	
  of	
  B	
  cells	
  to	
  IL-­‐4.	
  	
  To	
  determine	
  if	
  

STAT6	
  was	
  sufficient	
  for	
  the	
  IL-­‐4-­‐mediated	
  induction	
  of	
  glycolysis,	
  I	
  restored	
  STAT6	
  

protein	
  by	
  the	
  addition	
  of	
  cell-­‐permeable	
  protein	
  fusion	
  constructs.	
  	
  Provided	
  by	
  Dr.	
  

Abu-­‐Amer,	
  STAT6	
  protein,	
  wild-­‐type	
  (WT)	
  or	
  constitutively	
  active	
  (VT:	
  valine,	
  

threonine	
  substitution)	
  was	
  fused	
  to	
  trans-­‐activating	
  transcriptional	
  activator	
  (TAT)	
  

(TAT-­‐STAT6	
  peptides),	
  to	
  allow	
  efficient	
  transported	
  into	
  cells	
  (291-­‐293).	
  	
  As	
  shown	
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in	
  Figure	
  23,	
  the	
  impairment	
  of	
  glycolysis	
  in	
  STAT6	
  KO	
  B	
  cells	
  responding	
  to	
  IL-­‐4	
  

stimulation	
  was	
  rescued	
  with	
  addition	
  of	
  TAT-­‐STAT6-­‐WT	
  at	
  48	
  hr.	
  	
  Furthermore,	
  

the	
  addition	
  of	
  STAT6-­‐VT	
  in	
  the	
  absence	
  of	
  IL-­‐4	
  stimulation	
  enhanced	
  the	
  induction	
  

of	
  glycolysis	
  above	
  that	
  observed	
  of	
  IL-­‐4	
  stimulated	
  WT	
  B	
  cells.	
  	
  Therefore,	
  B	
  cells	
  

responding	
  to	
  IL-­‐4	
  increase	
  glycolysis	
  in	
  a	
  STAT6-­‐dependent	
  manner.	
  

	
   	
  

G.	
  Related	
  experiments	
  on	
  glucose	
  metabolism	
  in	
  splenic	
  B	
  cells	
  

	
   Glucose	
  is	
  phosphorylated	
  by	
  hexokinase	
  (HK)	
  to	
  yield	
  glucose-­‐6	
  phosphate	
  

(294-­‐296).	
  	
  Phosphofructokinase	
  (PFK)	
  commits	
  glucose	
  to	
  glycolysis	
  by	
  the	
  

phosphorylation	
  of	
  fructose	
  6-­‐phosphate	
  to	
  fructose	
  1,6-­‐bisphosphate	
  (297).	
  	
  

Lactate	
  dehydrogenase	
  (LDH)	
  converts	
  the	
  end	
  product	
  of	
  glycolysis,	
  pyruvate,	
  to	
  

lactate	
  for	
  export	
  out	
  of	
  a	
  cell	
  (298-­‐304).	
  	
  I	
  investigated	
  the	
  expression	
  of	
  these	
  key	
  

glycolytic	
  enzymes	
  in	
  αIg	
  stimulated	
  B	
  cells	
  at	
  24	
  hr	
  and	
  48	
  hr	
  by	
  semi-­‐quantitative	
  

real	
  time	
  PCR.	
  	
  Relative	
  levels	
  of	
  gene	
  expression	
  of	
  pfk,	
  ldh,	
  and	
  hk	
  were	
  assessed	
  by	
  

comparison	
  of	
  the	
  threshold	
  cycle	
  number	
  of	
  the	
  target	
  gene	
  of	
  interest	
  to	
  the	
  

housekeeping	
  gene	
  of	
  18S	
  rRNA	
  (68,	
  305,	
  306).	
  	
  The	
  levels	
  of	
  enzyme	
  expression	
  

increased	
  in	
  response	
  to	
  activation	
  of	
  the	
  B	
  cells	
  within	
  24	
  hr,	
  particularly	
  pfk	
  

(Figure	
  24).	
  	
  The	
  expression	
  of	
  hk	
  was	
  not	
  induced	
  significantly	
  at	
  24	
  hr	
  or	
  48	
  hr.	
  	
  

	
   Glycolysis	
  may	
  also	
  be	
  modulated	
  by	
  the	
  intracellular	
  localization	
  of	
  glycolytic	
  

enzymes.	
  	
  Precedence	
  provided	
  by	
  Gottlob	
  et	
  al.	
  2001	
  (307)	
  indicated	
  lymphocytes	
  

upon	
  activation	
  through	
  Akt,	
  translocate	
  HK	
  from	
  cytosolic	
  fractions	
  to	
  the	
  outer	
  

mitochondrial	
  membrane	
  whereby	
  this	
  glycolytic	
  enzyme	
  interacted	
  with	
  the	
  

permeability	
  transition	
  pore	
  (the	
  voltage-­‐dependent	
  anion	
  channel	
  (VDAC)	
  and	
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Bax)	
  to	
  promote	
  cell	
  survival	
  (307-­‐310).	
  	
  Hexokinase by direct	
  interaction	
  with	
  the	
  

mitochondria	
  thereby	
  receives	
  preferred	
  access	
  to	
  mitochondrial	
  ATP	
  (311,	
  312).	
  	
  

With	
  the	
  knowledge	
  of	
  its	
  ability	
  to	
  associate	
  with	
  mitochondria,	
  I	
  sought	
  to	
  

examine	
  HK	
  localization	
  in	
  B	
  cells.	
  	
  I	
  was	
  unable	
  to	
  reproducibly	
  isolate	
  and	
  purify	
  

mitochondrial	
  fractions	
  from	
  primary	
  B	
  cells	
  to	
  monitor	
  HK,	
  by	
  methods	
  described	
  

by	
  Gottlob	
  et	
  al.	
  2001	
  (307).	
  	
  	
  

	
   I	
  next	
  monitored	
  glycolytic	
  metabolite	
  and	
  ATP	
  production	
  in	
  B	
  cells	
  in	
  

response	
  to	
  activation	
  stimuli	
  through	
  BCR	
  cross-­‐linking	
  or	
  IL-­‐4.	
  	
  Increased	
  glucose	
  

consumption	
  in	
  proliferating	
  cells	
  has	
  been	
  shown	
  to	
  yield	
  lactate;	
  glucose	
  through	
  

glycolysis	
  serves	
  as	
  an	
  energy	
  source	
  to	
  provide	
  fuel	
  for	
  increased	
  demand	
  (313).	
  	
  I	
  

evaluated	
  the	
  amount	
  of	
  lactate	
  produced	
  in	
  B	
  cells	
  stimulated	
  with	
  αIg.	
  	
  By	
  

colorimetric	
  enzyme	
  assay,	
  the	
  amount	
  of	
  lactate	
  secreted	
  into	
  the	
  culture	
  medium	
  

was	
  monitored	
  following	
  B	
  cell	
  stimulation	
  with	
  αIg	
  for	
  16	
  hr,	
  24	
  hr,	
  and	
  48	
  hr.	
  	
  As	
  

shown	
  in	
  Figure	
  25,	
  the	
  amount	
  of	
  lactate	
  produced	
  and	
  secreted	
  by	
  stimulated	
  B	
  

cells	
  increased	
  over	
  time.	
  	
  To	
  evaluate	
  the	
  glycolytic	
  response	
  elicited	
  through	
  BTK	
  

in	
  response	
  to	
  IL-­‐4,	
  I	
  purified	
  B	
  cells	
  from	
  XID	
  and	
  CBA/CaJ	
  mice.	
  	
  The	
  amount	
  of	
  

ATP	
  produced	
  from	
  glycolysis	
  or	
  respiration	
  was	
  quantified	
  in	
  B	
  cells	
  stimulated	
  

with	
  αIg	
  or	
  IL-­‐4	
  for	
  22	
  hr	
  by	
  bioluminescence	
  assay.	
  	
  I	
  observed	
  the	
  greatest	
  

concentration	
  of	
  ATP	
  (nM)	
  in	
  CBA/CaJ	
  B	
  cells	
  stimulated	
  with	
  IL-­‐4	
  and	
  a	
  significant	
  

increase	
  in	
  extracts	
  of	
  αIg	
  stimulation	
  (Figure	
  26).	
  	
  XID	
  B	
  cells	
  yielded	
  considerably	
  

less	
  ATP	
  than	
  CBA/CaJ	
  B	
  cells	
  under	
  all	
  experimental	
  conditions.	
  	
  As	
  expected,	
  the	
  

concentration	
  of	
  ATP	
  in	
  XID	
  B	
  cells	
  did	
  not	
  increase	
  with	
  αIg	
  and	
  only	
  slightly	
  with	
  

IL-­‐4	
  stimulation	
  at	
  22	
  hr.	
  	
  These	
  results	
  suggest	
  that	
  B	
  cells	
  in	
  response	
  to	
  αIg	
  or	
  IL-­‐
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4	
  increase	
  ATP	
  production	
  and	
  that	
  this	
  increase	
  requires	
  BTK	
  activity.	
  	
  	
  

I	
  next	
  sought	
  to	
  determine	
  the	
  metabolism	
  of	
  intracellular	
  glucose	
  through	
  

the	
  pentose	
  phosphate	
  shunt	
  (PPP)	
  and	
  the	
  citric	
  acid	
  cycle	
  (TCA).	
  	
  Through	
  

radioactive	
  labeling	
  experiments,	
  I	
  monitored	
  glucose	
  consumption	
  to	
  generate	
  CO2	
  

(314).	
  	
  The	
  generation	
  of	
  [14C]O2	
  from	
  [14C]-­‐1-­‐labeled	
  glucose	
  occurs	
  through	
  the	
  

PPP	
  whereby	
  glucose-­‐6	
  phosphate	
  is	
  utilized	
  to	
  generate	
  ribulose-­‐5-­‐phosphate,	
  CO2	
  

and	
  NADPH	
  (315).	
  	
  Further	
  CO2	
  may	
  be	
  generated	
  from	
  C-­‐1	
  and	
  C-­‐6	
  when	
  glucose	
  is	
  

metabolized	
  by	
  glycolytic	
  pathway,	
  pyruvate	
  dehydrogenase	
  complex,	
  and	
  TCA	
  

(316,	
  317).	
  	
  B	
  cells	
  were	
  cultured	
  in	
  the	
  presence	
  or	
  absence	
  of	
  αIg	
  or	
  IL-­‐4	
  for	
  44	
  hr	
  

in	
  bicarbonate-­‐free	
  media	
  and	
  the	
  released	
  [14C]O2	
  was	
  captured	
  with	
  saturated	
  

Ba(OH)2	
  filter	
  paper	
  sandwiched	
  in	
  a	
  sealed	
  culture	
  plate	
  (240).	
  	
  Autoradiography	
  

revealed	
  that	
  B	
  cells	
  stimulated	
  with	
  αIg	
  or	
  IL-­‐4	
  for	
  44	
  hr	
  primarily	
  produced	
  

[14C]O2	
  via	
  decarboxylation	
  at	
  C-­‐1,	
  not	
  significantly	
  from	
  C-­‐6	
  of	
  glucose	
  (Figure	
  27).	
  	
  

B	
  cells	
  stimulated	
  with	
  αIg	
  produced	
  a	
  greater	
  amount	
  of	
  [14C]O2	
  than	
  cells	
  

stimulated	
  with	
  IL-­‐4	
  or	
  control	
  unstimulated	
  B	
  cells.	
  	
  	
  

In	
  addition,	
  I	
  monitored	
  [14C]O2	
  production	
  in	
  B	
  cells	
  in	
  response	
  to	
  

additional	
  stimuli.	
  	
  B	
  cells	
  were	
  cultured	
  with	
  αIg	
  or	
  IL-­‐4	
  alone	
  or	
  in	
  combination,	
  or	
  

LPS	
  for	
  24	
  hr	
  and	
  monitored	
  for	
  [14C]O2	
  production	
  from	
  [14C]-­‐1-­‐glucose	
  or	
  [14C]-­‐6-­‐

glucose.	
  	
  B	
  cells,	
  stimulated	
  with	
  αIg	
  +	
  IL-­‐4	
  produced	
  the	
  greatest	
  amount	
  of	
  [14C]O2.	
  	
  

A	
  lesser	
  amount	
  of	
  [14C]O2	
  was	
  produced	
  in	
  B	
  cells	
  cultured	
  with	
  [14C]-­‐6-­‐glucose,	
  as	
  

an	
  increase	
  was	
  observed	
  only	
  with	
  αIg	
  +	
  IL-­‐4	
  stimulation.	
  	
  Of	
  note,	
  B	
  cells	
  

stimulated	
  with	
  IL-­‐4,	
  αIg	
  +	
  IL-­‐4,	
  or	
  LPS	
  significantly	
  increased	
  the	
  production	
  of	
  

[14C]O2	
  from	
  [14C]-­‐1-­‐glucose	
  or	
  [14C]-­‐6-­‐glucose	
  compared	
  to	
  unstimulated	
  (Media)	
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(Figure	
  28).	
  	
  I	
  alternatively	
  treated	
  B	
  cells	
  with	
  phorbol	
  myristate	
  acetate	
  and	
  

ionomycin	
  (PMA	
  +	
  Iono)	
  to	
  bypass	
  receptor	
  dependent	
  signal	
  pathways	
  and	
  mimic	
  

the	
  activation	
  of	
  the	
  PLCγ	
  pathway	
  through	
  activation	
  of	
  PKC	
  and	
  elevation	
  of	
  

calcium	
  ions	
  (318-­‐321).	
  	
  The	
  B	
  cell	
  response	
  to	
  activation	
  stimuli	
  increased	
  the	
  

metabolism	
  of	
  glucose	
  to	
  generate	
  [14C]O2.	
  	
  To	
  confirm	
  the	
  activity	
  of	
  PPP,	
  I	
  added	
  6-­‐

aminonicotinamide	
  (6-­‐ANA),	
  an	
  inhibitor	
  of	
  the	
  PPP	
  (322).	
  	
  B	
  cells	
  were	
  stimulated	
  

with	
  αIg	
  for	
  18	
  hr	
  were	
  again	
  monitored	
  for	
  the	
  release	
  of	
  [14C]O2	
  from	
  14C-­‐1-­‐

glucose,	
  but	
  in	
  the	
  presence	
  of	
  6-­‐ANA	
  for	
  24	
  hr.	
  	
  B	
  cells	
  produced	
  less	
  [14C]O2	
  than	
  

αIg	
  B	
  cells	
  without	
  inhibitor	
  (Figure	
  29),	
  though	
  a	
  minor	
  reduction.	
  	
  In	
  summary,	
  B	
  

cells	
  modulate	
  glucose	
  metabolism	
  through	
  BCR	
  mediated	
  signaling	
  events	
  for	
  the	
  

production	
  of	
  CO2,	
  as	
  well	
  as	
  ATP	
  and	
  lactate.	
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II.	
  ATP	
  Citrate	
  Lyase	
  is	
  a	
  regulatory	
  protein	
  in	
  activated	
  B-­‐lymphocytes	
  

	
   Differentiation	
  of	
  mature	
  B	
  cells	
  via	
  mitogens	
  results	
  in	
  activation	
  and	
  entry	
  

into	
  cell	
  cycle	
  as	
  well	
  as	
  immunoglobulin	
  (Ig)	
  production.	
  	
  During	
  the	
  proliferative	
  

response,	
  extensive	
  development	
  of	
  the	
  endoplasmic	
  reticulum	
  (ER)	
  network	
  and	
  

other	
  membrane	
  organelles	
  occurs	
  in	
  order	
  to	
  support	
  the	
  secretion	
  of	
  Ig.	
  	
  Their	
  

assembly	
  requires	
  substantial	
  increases	
  of	
  membrane	
  protein	
  and	
  phospholipid	
  

synthesis	
  (120,	
  323).	
  	
  	
  

In	
  keeping	
  with	
  this,	
  I	
  sought	
  to	
  investigate	
  whether	
  glucose	
  was	
  metabolized	
  

in	
  pathways	
  other	
  than	
  glycolysis.	
  	
  Notably,	
  it	
  has	
  been	
  reported	
  that	
  glucose-­‐

derived	
  carbons	
  can	
  be	
  shuttled	
  to	
  de	
  novo	
  lipid	
  synthesis	
  pathways	
  (119,	
  134,	
  324).	
  	
  

ATP	
  Citrate	
  Lyase	
  (ACL)	
  is	
  a	
  lipogenic	
  enzyme	
  that	
  catalyzes	
  a	
  critical	
  reaction	
  

linking	
  cellular	
  glucose	
  catabolism	
  and	
  lipogenesis	
  (127,	
  325).	
  	
  On	
  this	
  point	
  the	
  

metabolism	
  of	
  citrate	
  is	
  significantly	
  reliant	
  upon	
  ACL.	
  	
  From	
  the	
  glycolytic	
  end-­‐

product	
  pyruvate,	
  citrate	
  is	
  formed	
  as	
  an	
  intermediate	
  in	
  the	
  TCA	
  (Krebs)	
  cycle	
  in	
  

the	
  mitochondria	
  and	
  transported	
  out	
  and	
  into	
  the	
  cytoplasm	
  (Figure	
  30).	
  	
  The	
  

cytosolic	
  citrate	
  is	
  converted	
  into	
  acetyl-­‐Coenzyme	
  A	
  (acetyl-­‐CoA)	
  by	
  ACL	
  to	
  support	
  

lipid	
  synthesis.	
  	
  The	
  function	
  of	
  ACL	
  to	
  control	
  substrate	
  supply	
  for	
  glucose-­‐

dependent	
  lipid	
  synthesis	
  has	
  been	
  determined	
  by	
  both	
  siRNA	
  depletion	
  and	
  

chemical	
  inhibition	
  in	
  cell	
  lines	
  (122,	
  130,	
  153,	
  162,	
  164,	
  326).	
  	
  Down-­‐regulation	
  of	
  

ACL	
  activity	
  in	
  cancer	
  cell	
  lines	
  inhibits	
  cell	
  proliferation	
  in	
  vitro	
  and	
  in	
  vivo,	
  as	
  well	
  

as	
  decreases	
  cholesterol,	
  isoprenoid,	
  and	
  fatty	
  acid	
  synthesis.	
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A.	
  ACL	
  is	
  a	
  phosphorylated	
  in	
  B	
  cells	
  responding	
  to	
  extracellular	
  stimuli	
  

A	
  few	
  reports	
  in	
  the	
  literature	
  suggest	
  a	
  means	
  of	
  regulation	
  of	
  ACL	
  activity	
  is	
  

through	
  phosphorylation	
  events;	
  in	
  particular	
  the	
  enzymatic	
  activity	
  increases	
  with	
  

phosphorylation	
  at	
  the	
  residue	
  serine	
  454/455	
  (150-­‐152,	
  327).	
  	
  I	
  sought	
  to	
  

determine	
  if	
  ACL	
  was	
  phosphorylated	
  during	
  the	
  B	
  cell	
  response	
  to	
  antigenic	
  

stimulation.	
  	
  Cellular	
  extracts	
  were	
  prepared	
  from	
  B	
  cells	
  stimulated	
  with	
  IL-­‐4,	
  αIg,	
  

or	
  αIg	
  +	
  IL-­‐4	
  for	
  up	
  to	
  9	
  hr.	
  	
  Western	
  blotting	
  of	
  protein	
  extracts	
  with	
  anti-­‐phospho-­‐

serine454-­‐ACL	
  antibody	
  (Ab)	
  revealed	
  phosphorylation	
  of	
  ACL	
  at	
  serine	
  454	
  

(phospho-­‐serine454	
  ACL)	
  (Figure	
  31).	
  	
  As	
  band	
  intensity	
  relates	
  to	
  the	
  quantity	
  of	
  

phospho-­‐serine454	
  ACL	
  in	
  extracts,	
  B	
  cell	
  stimuli	
  increased	
  the	
  phosphorylation	
  of	
  

ACL	
  at	
  serine454	
  at	
  3	
  hr	
  and	
  was	
  maintained	
  up	
  to	
  9	
  hr,	
  in	
  comparison	
  to	
  

unstimulated	
  B	
  cells	
  (Media).	
  	
  	
  

In	
  addition,	
  phospho-­‐serine454	
  ACL	
  was	
  examined	
  in	
  extracts	
  prepared	
  from	
  

B	
  cells	
  stimulated	
  with	
  αIg,	
  IL-­‐4,	
  alone	
  or	
  in	
  combination	
  for	
  24	
  hr,	
  48	
  hr,	
  and	
  72	
  hr.	
  	
  

The	
  phosphorylation	
  of	
  ACL	
  at	
  serine454	
  was	
  maintained	
  up	
  to	
  72	
  hr	
  in	
  the	
  extracts	
  

of	
  stimulated	
  B	
  cells.	
  	
  Stimulation	
  of	
  B	
  cells	
  with	
  αIg	
  alone	
  at	
  these	
  extended	
  time	
  

points	
  displayed	
  a	
  greater	
  amount	
  of	
  phospho-­‐serine454	
  ACL	
  versus	
  αIg	
  +	
  IL-­‐4.	
  	
  The	
  

Western	
  blots	
  were	
  stripped	
  and	
  re-­‐probed	
  with	
  anti-­‐hsp90	
  Ab,	
  for	
  protein	
  loading	
  

control.	
  	
  These	
  results	
  suggest	
  that	
  B	
  cells	
  phosphorylate	
  ACL	
  at	
  serine454	
  in	
  

response	
  to	
  extracellular	
  stimuli.	
  	
  Of	
  note,	
  two	
  bands	
  were	
  detected	
  by	
  anti-­‐

phospho-­‐serine454	
  ACL	
  Ab.	
  	
  Currently,	
  I	
  do	
  not	
  know	
  if	
  the	
  additional	
  bands	
  reflect	
  a	
  

cross-­‐reactivity	
  or	
  non-­‐specific	
  interaction	
  of	
  the	
  antibody	
  with	
  an	
  unrelated	
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protein,	
  an	
  additional	
  isoform	
  of	
  ACL,	
  degradation	
  of	
  the	
  ACL	
  protein,	
  or	
  the	
  

phosphorylation	
  of	
  ACL	
  at	
  another	
  phospho-­‐specific	
  site	
  (127).	
  	
  

	
  

B.	
  Regulation	
  of	
  the	
  phosphorylation	
  of	
  ACL	
  

The	
  regulation	
  of	
  ACL	
  phosphorylation	
  in	
  tumor	
  cells	
  has	
  been	
  previously	
  

reported	
  to	
  be	
  dependent	
  upon	
  several	
  pathways,	
  including	
  the	
  PI3K-­‐Akt	
  pathway	
  

(150,	
  159,	
  328,	
  329).	
  	
  Berwick	
  et	
  al.	
  (2000)	
  reported	
  in	
  non-­‐immune	
  cells	
  the	
  ability	
  

of	
  Akt	
  to	
  induce	
  the	
  enzymatic	
  activity	
  of	
  ACL	
  upon	
  serine454	
  phosphorylation	
  (150).	
  	
  

Akt	
  is	
  a	
  downstream	
  target	
  of	
  PI3K,	
  phosphorylated	
  on	
  serine473	
  for	
  its	
  activation,	
  

which	
  will	
  activate	
  the	
  mTOR	
  complex	
  (330,	
  331).	
  	
  To	
  investigate	
  whether	
  PI3K	
  

activity	
  was	
  involved	
  in	
  the	
  phosphorylation	
  of	
  ACL	
  on	
  serine454,	
  I	
  treated	
  B	
  cells	
  

with	
  the	
  PI3K	
  inhibitors,	
  LY294002	
  (LY)	
  or	
  wortmannin	
  (Wort)	
  post-­‐6	
  hr	
  

stimulation	
  with	
  αIg,	
  IL-­‐4,	
  or	
  αIg	
  +	
  IL-­‐4.	
  	
  Cellular	
  extracts	
  were	
  prepared	
  and	
  the	
  

phosphorylation	
  of	
  ACL	
  at	
  serine454	
  was	
  determined	
  by	
  Western	
  blotting	
  

techniques.	
  	
  The	
  phosphorylation	
  of	
  ACL	
  at	
  serine454	
  was	
  reduced	
  following	
  

inhibition	
  of	
  PI3K	
  with	
  either	
  LY	
  or	
  Wort	
  (Figure	
  32).	
  	
  As	
  a	
  control	
  to	
  confirm	
  the	
  

activation	
  of	
  the	
  PI3K-­‐Akt	
  pathway,	
  B	
  cells	
  stimulated	
  with	
  αIg	
  and/or	
  IL-­‐4	
  were	
  

treated	
  with	
  rapamycin	
  and	
  the	
  phosphorylation	
  of	
  ACL	
  at	
  serine454	
  evaluated.	
  	
  

Rapamycin	
  is	
  an	
  inhibitor	
  of	
  the	
  mTOR	
  complex,	
  a	
  downstream	
  target	
  of	
  Akt,	
  which	
  

has	
  not	
  been	
  reported	
  to	
  phosphorylate	
  ACL,	
  but	
  is	
  activated	
  through	
  PI3K-­‐Akt	
  

during	
  proliferation	
  (331).	
  	
  By	
  western	
  blot,	
  ACL	
  was	
  phosphorylated	
  at	
  serine454	
  in	
  

the	
  presence	
  of	
  rapamycin.	
  	
  Only	
  with	
  PI3K	
  inhibition	
  was	
  the	
  ACL	
  phosphorylation	
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at	
  serine454	
  reduced,	
  suggestive	
  of	
  signal	
  transduction	
  via	
  active	
  PI3K-­‐Akt	
  for	
  

phosphorylation	
  of	
  ACL	
  at	
  serine454,	
  not	
  including	
  mTOR.	
  

To	
  confirm	
  the	
  requirement	
  of	
  PI3K	
  activity	
  for	
  ACL	
  phosphorylation	
  at	
  

serine454,	
  we	
  examined	
  ACL	
  phosphorylation	
  on	
  serine454	
  in	
  B	
  cells	
  from	
  mice	
  

deficient	
  in	
  the	
  regulatory	
  subunit	
  of	
  PI3K,	
  p85α.	
  	
  As	
  previously	
  mentioned,	
  p85α-­‐/-­‐	
  

mice	
  display	
  phenotypes	
  of	
  severe	
  immunodeficiency	
  and	
  agammaglobulemia,	
  

similar	
  to	
  XID	
  and	
  BTK	
  knockout	
  mice	
  (271,	
  332).	
  	
  We	
  isolated	
  B	
  cells	
  from	
  knock-­‐

out	
  (p85α-­‐/-­‐),	
  heterozygous	
  (p85α+/-­‐)	
  and	
  wild-­‐type	
  (p85α+/+)	
  BALB/c	
  mice	
  and	
  

whole	
  cell	
  extracts	
  were	
  prepared	
  from	
  B	
  cells	
  unstimulated	
  (Media)	
  or	
  stimulated	
  

with	
  αIg,	
  IL-­‐4,	
  αIg	
  +	
  IL-­‐4,	
  or	
  LPS	
  for	
  3	
  hr	
  and	
  6	
  hr.	
  	
  As	
  shown	
  by	
  Western	
  blot,	
  

phospho-­‐serine454	
  ACL	
  was	
  present	
  in	
  p85α+/-­‐	
  and	
  p85α+/+	
  B	
  cells	
  at	
  3	
  hr	
  and	
  6	
  hr;	
  

p85α-­‐/-­‐	
  B	
  cells	
  had	
  no	
  detectable	
  phosphorylation	
  of	
  serine454	
  on	
  ACL	
  (Figure	
  33).	
  	
  

In	
  addition,	
  LPS	
  stimulation	
  led	
  to	
  phosphorylation	
  of	
  ACL	
  at	
  serine454	
  at	
  6	
  hr	
  in	
  all	
  

p85α	
  genotypes.	
  	
  LPS	
  engages	
  the	
  TLR4	
  receptor	
  on	
  the	
  B	
  cell	
  surface,	
  upon	
  which	
  

pathways	
  generally	
  associated	
  with	
  BCR	
  engagement	
  are	
  activated	
  and	
  provide	
  

alternative	
  means	
  of	
  activation	
  for	
  B	
  cell	
  response	
  (179,	
  333,	
  334).	
  	
  I	
  have	
  not	
  

further	
  characterized	
  this	
  phosphorylation	
  event	
  and	
  further	
  studies	
  are	
  required	
  to	
  

examine	
  the	
  pathways	
  up-­‐regulating	
  the	
  phosphorylation	
  of	
  ACL	
  in	
  response	
  to	
  LPS	
  

in	
  B	
  cells.	
  	
  	
  

	
  

	
  

	
  



	
   63	
  

C.	
  ACL	
  activity	
  in	
  B	
  cells	
  

I	
  next	
  sought	
  to	
  determine	
  if	
  the	
  activity	
  of	
  ACL	
  was	
  regulated	
  in	
  B	
  cells	
  

following	
  receptor	
  stimulation.	
  	
  B	
  cells	
  stimulated	
  with	
  αIg	
  +	
  IL-­‐4	
  were	
  collected	
  

every	
  6	
  hr	
  for	
  up	
  to	
  48	
  hr	
  and	
  ACL	
  enzyme	
  activity	
  measured	
  by	
  the	
  citrate	
  lyase-­‐

malate	
  dehydrogenase	
  coupled	
  enzyme	
  (ACL-­‐MDH)	
  assay	
  (150,	
  239).	
  	
  The	
  reaction	
  

is:	
  	
   Citrate	
  +	
  CoA	
  +	
  ATP	
   	
  ACL	
   Acetyl-­‐CoA	
  +	
  Oxaloacetate	
  +	
  ADP	
  +	
  Pi	
  

	
   Oxaloacetate	
  +	
  NADH	
  +	
  H+	
  	
  	
   	
  MDH	
   Malate	
  +	
  NAD+	
  

ACL	
  activity,	
  monitored	
  by	
  the	
  oxidation	
  of	
  NADH	
  to	
  H+	
  and	
  NAD+,	
  increased	
  over	
  

time	
  of	
  B	
  cell	
  stimulation	
  with	
  αIg	
  +	
  IL-­‐4	
  (Figure	
  34).	
  	
  Thus,	
  B	
  cell	
  stimulation	
  

increased	
  ACL	
  activity.	
  	
  	
  

I	
  further	
  evaluated	
  the	
  role	
  of	
  the	
  PI3K-­‐Akt	
  pathway	
  for	
  ACL	
  enzymatic	
  

activity	
  in	
  PI3K-­‐deficient	
  B	
  cells.	
  	
  B	
  cells	
  of	
  p85α-­‐/-­‐,	
  p85α+/-­‐,	
  and	
  p85α+/+	
  BALB/c	
  

mice	
  were	
  stimulated	
  with	
  αIg	
  +	
  IL-­‐4	
  for	
  18	
  hr.	
  	
  Whole	
  cell	
  extracts	
  were	
  prepared	
  

and	
  ACL	
  enzymatic	
  activity	
  measured	
  by	
  the	
  ACL-­‐MDH	
  coupled	
  enzyme	
  assay,	
  

normalized	
  to	
  change	
  in	
  absorbance	
  in	
  the	
  absence	
  of	
  exogenous	
  ATP.	
  	
  Deficiency	
  of	
  

p85α	
  (p85α-­‐/-­‐	
  and	
  p85α+/-­‐)	
  in	
  B	
  cells	
  resulted	
  in	
  reduced	
  levels	
  of	
  ACL	
  enzymatic	
  

activity	
  equivalent	
  to	
  unstimulated	
  B	
  cell	
  extracts	
  (Figure	
  35).	
  	
  With	
  αIg	
  +	
  IL-­‐4	
  

stimulation,	
  B	
  cells	
  of	
  p85α+/+	
  displayed	
  an	
  elevated	
  enzymatic	
  activity	
  of	
  ACL	
  

within	
  18	
  hr.	
  	
  Collectively	
  these	
  results	
  suggest	
  that	
  PI3K	
  (via	
  p85α)	
  regulates	
  

serine454	
  phosphorylation	
  and	
  enzymatic	
  activity	
  of	
  ACL	
  in	
  activated	
  B	
  cells.	
  

To	
  corroborate	
  these	
  findings,	
  I	
  performed	
  an	
  alternative	
  ACL	
  enzyme	
  assay.	
  	
  

Enzymatic	
  activity	
  of	
  ACL	
  was	
  previously	
  dependent	
  upon	
  the	
  coupling	
  to	
  MDH	
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enzyme,	
  an	
  indirect	
  measurement,	
  and	
  this	
  limits	
  the	
  measurement	
  of	
  ACL	
  enzyme-­‐

inhibitor	
  interactions	
  (238).	
  	
  To	
  avoid	
  this	
  inherent	
  short-­‐coming,	
  I	
  directly	
  

measured	
  ACL	
  enzyme	
  activity	
  in	
  whole	
  cell	
  extracts	
  as	
  a	
  function	
  of	
  the	
  amount	
  of	
  

[14C]-­‐acetyl-­‐CoA	
  produced	
  from	
  the	
  conversion	
  of	
  [14C]-­‐labeled	
  citrate	
  to	
  acetyl-­‐CoA	
  

by	
  ACL,	
  monitored	
  by	
  the	
  differential	
  solubility	
  in	
  MicroScint-­‐O	
  ([14C]-­‐citrate	
  

remains	
  in	
  the	
  aqueous	
  phase)	
  (238).	
  	
  I	
  evaluated	
  the	
  enzymatic	
  activity	
  of	
  ACL	
  in	
  B	
  

cells	
  over	
  time	
  following	
  αIg	
  +	
  IL-­‐4	
  or	
  LPS	
  stimulation.	
  	
  B	
  cells	
  were	
  harvested	
  and	
  

whole	
  cell	
  extracts	
  prepared	
  every	
  6	
  hr	
  during	
  a	
  48	
  hr	
  time	
  period.	
  	
  The	
  ACL	
  activity	
  

at	
  each	
  time	
  point	
  was	
  then	
  evaluated	
  by	
  formation	
  of	
  [14C]-­‐acetyl-­‐CoA	
  at	
  180	
  min	
  

and	
  subsequently	
  extracted	
  in	
  MicroScint-­‐O.	
  	
  As	
  shown	
  in	
  Figure	
  36,	
  the	
  amount	
  of	
  

[14C]-­‐acetyl-­‐CoA	
  increased	
  in	
  extracts	
  of	
  B	
  cells	
  stimulated	
  for	
  up	
  to	
  24	
  hr	
  to	
  31	
  hr,	
  

thereafter	
  there	
  was	
  no	
  increase.	
  	
  This	
  confirmed	
  results	
  of	
  increased	
  activity	
  in	
  αIg	
  

+	
  IL-­‐4	
  stimulated	
  B	
  cell	
  samples	
  by	
  ACL-­‐MDH	
  enzyme	
  assay	
  and	
  in	
  addition	
  

illustrated	
  the	
  induction	
  of	
  ACL	
  enzyme	
  function	
  in	
  LPS	
  stimulated	
  B	
  cells.	
  	
  	
  

The	
  enzymatic	
  activity	
  of	
  ACL	
  in	
  stimulated	
  B	
  cells	
  was	
  also	
  evaluated	
  by	
  the	
  

addition	
  of	
  the	
  ACL-­‐specific	
  chemical	
  inhibitor,	
  compound-­‐9	
  (C-­‐9).	
  	
  This	
  synthetic	
  

compound	
  has	
  been	
  reported	
  to	
  specifically	
  inhibit	
  ACL	
  in	
  HepG2	
  cells	
  (IC50=	
  0.13	
  

µM)	
  (164).	
  	
  B	
  cells	
  were	
  stimulated	
  with	
  αIg	
  +	
  IL-­‐4	
  or	
  LPS	
  for	
  24	
  hr	
  in	
  the	
  presence	
  

or	
  absence	
  of	
  C-­‐9	
  (25	
  µM,	
  35	
  µM,	
  and	
  50	
  µM).	
  	
  Extracts	
  were	
  prepared	
  and	
  the	
  

direct	
  ACL	
  enzyme	
  assay	
  was	
  performed.	
  	
  The	
  amount	
  of	
  [14C]-­‐acetyl-­‐CoA	
  formed	
  

decreased	
  with	
  increasing	
  concentrations	
  of	
  C-­‐9	
  (Figure	
  37).	
  	
  These	
  results	
  

suggested	
  [14C]-­‐acetyl-­‐CoA	
  in	
  LPS	
  or	
  αIg	
  +	
  IL-­‐4	
  stimulated	
  B	
  cell	
  extracts	
  was	
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through	
  ACL	
  activity,	
  despite	
  only	
  a	
  reduced	
  and	
  incomplete	
  inhibition	
  of	
  [14C]-­‐

acetyl-­‐CoA	
  production.	
  	
  I	
  suggest	
  that	
  the	
  inhibition	
  of	
  ACL	
  enzymatic	
  activity	
  was	
  

not	
  complete	
  due	
  to	
  inherent	
  limitations	
  of	
  the	
  modified	
  assay:	
  measured	
  in	
  a	
  crude	
  

protein	
  extract	
  of	
  B	
  cells	
  not	
  with	
  purified	
  ACL	
  protein,	
  alternative	
  pathways	
  to	
  

generate	
  acetyl-­‐CoA	
  as	
  well	
  as	
  pathways	
  which	
  utilize	
  acetyl-­‐CoA	
  were	
  not	
  

inhibited,	
  the	
  amount	
  of	
  C-­‐9	
  which	
  was	
  incubated	
  with	
  ex	
  vivo	
  B	
  cells	
  was	
  the	
  

concentration	
  allowed	
  cellular	
  uptake	
  and	
  modification	
  of	
  cellular	
  response,	
  and	
  C-­‐9	
  

was	
  not	
  directly	
  added	
  to	
  extracts	
  in	
  the	
  enzyme	
  assay	
  due	
  to	
  the	
  insolubility	
  of	
  C-­‐9	
  

in	
  enzyme	
  assay	
  buffer	
  (164,	
  166).	
  

	
  

D.	
  Role	
  of	
  ACL	
  in	
  the	
  B	
  cell	
  growth	
  and	
  survival	
  responses	
  

	
  	
  I	
  sought	
  to	
  examine	
  the	
  role	
  of	
  endogenous	
  ACL	
  activity	
  in	
  B	
  cell	
  responding	
  

to	
  extracellular	
  stimuli	
  for	
  entry	
  into	
  G1	
  phase,	
  characterized	
  by	
  increased	
  cellular	
  

size	
  and	
  mass	
  (335,	
  336).	
  	
  The	
  relative	
  size	
  of	
  B	
  cells	
  stimulated	
  with	
  αIg	
  +	
  IL-­‐4	
  or	
  

LPS	
  in	
  the	
  presence	
  and	
  absence	
  of	
  the	
  ACL	
  inhibitor,	
  C-­‐9,	
  was	
  determined	
  by	
  

Scepter	
  technology	
  (Millipore).	
  	
  Cell	
  volume	
  (pL)	
  and	
  size	
  (µ, microns)	
  was	
  

measured	
  after	
  48	
  hr	
  LPS	
  or	
  αIg	
  +	
  IL-­‐4	
  stimulation	
  in	
  the	
  presence	
  and	
  absence	
  of	
  C-­‐

9	
  (20-­‐50	
  µM)	
  (Table	
  I).	
  	
  B	
  cells	
  increased	
  in	
  size	
  from	
  an	
  initial	
  6.265	
  µ to	
  9.040	
  

µ with	
  LPS	
  and	
  to	
  9.020	
  µ	
  with	
  αIg	
  +	
  IL-­‐4	
  stimulation	
  at	
  48	
  hr.	
  	
  Volume	
  of	
  B	
  cells	
  

stimulated	
  for	
  48	
  hr	
  with	
  LPS	
  or	
  αIg	
  +	
  IL-­‐4	
  also	
  increased	
  from	
  the	
  initial	
  0.129	
  pL	
  

to	
  0.386	
  pL	
  and	
  0.384	
  pL,	
  respectively.	
  	
  No	
  effect	
  in	
  cellular	
  size	
  or	
  volume	
  was	
  

demonstrated	
  with	
  C-­‐9,	
  up	
  to	
  50	
  µM.	
  	
  These	
  results	
  taken	
  together	
  illustrate	
  the	
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increased	
  cellular	
  size	
  and	
  thus	
  G1-­‐phase	
  entry	
  of	
  B	
  cells	
  in	
  response	
  to	
  LPS	
  or	
  αIg	
  +	
  

IL-­‐4	
  stimulation	
  was	
  not	
  affected	
  by	
  inhibition	
  of	
  ACL	
  activity.	
  

Next,	
  the	
  role	
  of	
  ACL	
  activity	
  in	
  the	
  survival	
  of	
  B	
  cells	
  was	
  evaluated.	
  	
  The	
  

ability	
  of	
  B	
  cells	
  to	
  maintain	
  viability	
  in	
  the	
  presence	
  of	
  C-­‐9	
  was	
  measured	
  by	
  flow	
  

cytometry	
  through	
  PI	
  exclusion.	
  	
  B	
  cells	
  stimulated	
  with	
  αIg	
  +	
  IL-­‐4	
  maintain	
  viability	
  

above	
  80	
  %	
  for	
  48	
  hr;	
  co-­‐incubation	
  of	
  αIg	
  +	
  IL-­‐4	
  with	
  20	
  µM	
  C-­‐9	
  or	
  greater	
  (up	
  to	
  

50	
  µM	
  C-­‐9)	
  reduced	
  B	
  cell	
  survival	
  (Table	
  II).	
  	
  Similar	
  results	
  were	
  obtained	
  in	
  B	
  

cells	
  stimulated	
  with	
  LPS.	
  	
  Survival	
  was	
  maintained	
  with	
  LPS,	
  but	
  a	
  time	
  dependent	
  

decrease	
  in	
  viability	
  after	
  24	
  hr	
  was	
  demonstrated	
  with	
  the	
  addition	
  of	
  C-­‐9	
  (25	
  µM,	
  

35	
  µM,	
  or	
  50	
  µM).	
  	
  Therefore	
  the	
  inhibition	
  of	
  ACL	
  activity	
  by	
  C-­‐9	
  reduced	
  B	
  cell	
  

viability	
  in	
  response	
  to	
  extracellular	
  stimuli.	
  	
  

The	
  syntheses	
  of	
  lipids	
  have	
  been	
  shown	
  to	
  be	
  required	
  for	
  plasma	
  

membrane	
  generation	
  and	
  daughter	
  cell	
  formation;	
  membrane	
  phospholipid	
  

synthesis	
  in	
  response	
  to	
  activation	
  stimuli	
  is	
  coordinated	
  with	
  the	
  cell	
  cycle	
  (268,	
  

337,	
  338).	
  	
  In	
  B-­‐lymphoma	
  cell	
  lines,	
  changes	
  in	
  lipid	
  metabolism	
  for	
  the	
  

acceleration	
  of	
  membrane	
  phospholipid	
  synthesis	
  support	
  the	
  differentiation	
  of	
  

activated	
  B	
  cells	
  into	
  antibody-­‐secreting	
  plasma	
  cells,	
  in	
  a	
  manner	
  similar	
  to	
  

activated	
  splenic	
  B	
  cells	
  (203).	
  	
  I	
  therefore	
  sought	
  to	
  examine	
  the	
  role	
  of	
  ACL	
  activity	
  

in	
  B	
  cells	
  progressing	
  through	
  the	
  cell	
  cycle	
  in	
  the	
  proliferation	
  response.	
  	
  B	
  cells	
  

were	
  stimulated	
  with	
  LPS	
  or	
  αIg	
  +	
  IL-­‐4	
  in	
  the	
  presence	
  and	
  absence	
  of	
  increasing	
  

doses	
  of	
  C-­‐9	
  for	
  up	
  to	
  72	
  hr	
  and	
  DNA	
  distribution	
  monitored	
  by	
  flow	
  cytometry.	
  	
  

Through	
  cell	
  cycle	
  analysis,	
  treatment	
  with	
  50	
  µM	
  C-­‐9	
  increased	
  the	
  number	
  of	
  LPS	
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stimulated	
  B	
  cells	
  with	
  sub-­‐G1	
  (apoptotic)	
  the	
  DNA	
  content,	
  from	
  2.7	
  %	
  at	
  24	
  hr	
  to	
  

35	
  %	
  at	
  48	
  hr	
  and	
  28.3	
  %	
  at	
  72	
  hr	
  (Table	
  III).	
  	
  An	
  increase	
  in	
  sub-­‐G1	
  DNA	
  content	
  

was	
  also	
  demonstrated	
  in	
  B	
  cells	
  stimulated	
  with	
  αIg	
  +	
  IL-­‐4	
  in	
  the	
  presence	
  of	
  C-­‐9.	
  	
  	
  

Additionally,	
  I	
  monitored	
  bromo-­‐deoxyuridine	
  (BrdU)	
  incorporation	
  in	
  B	
  

cells	
  as	
  a	
  measure	
  of	
  DNA	
  synthesis	
  (S-­‐phase).	
  	
  After	
  24	
  hr	
  stimulation	
  with	
  LPS	
  or	
  

αIg	
  +	
  IL-­‐4,	
  B	
  cells	
  were	
  treated	
  with	
  C-­‐9	
  and	
  BrdU	
  was	
  added	
  to	
  culture.	
  	
  At	
  48	
  hr	
  

and	
  72	
  hr	
  post-­‐stimulation,	
  B	
  cells	
  were	
  harvested	
  and	
  BrdU	
  incorporation	
  

quantified	
  via	
  anti-­‐BrdU-­‐FITC	
  Ab	
  labeling	
  and	
  flow	
  cytometry.	
  	
  As	
  shown	
  in	
  Table	
  

III,	
  the	
  percentage	
  of	
  αIg	
  +	
  IL-­‐4	
  or	
  LPS	
  stimulated	
  B	
  cells	
  that	
  incorporated	
  BrdU	
  was	
  

significantly	
  reduced	
  by	
  the	
  addition	
  of	
  35	
  µM	
  or	
  50	
  µM	
  C-­‐9.	
  	
  Collectively,	
  these	
  

results	
  indicate	
  that	
  the	
  inhibition	
  of	
  ACL	
  activity	
  reduces	
  proliferation	
  of	
  B	
  cells	
  in	
  

response	
  to	
  TLR4	
  or	
  BCR	
  and	
  IL-­‐4	
  receptor	
  engagement.	
  	
  	
  

	
  

E.	
  Role	
  of	
  ACL	
  in	
  de	
  novo	
  lipid	
  synthesis	
  of	
  B	
  cells	
  

As	
  B	
  cells	
  differentiate	
  into	
  a	
  plasma	
  cells,	
  the	
  synthesis	
  of	
  glycolipids,	
  

sphingosines,	
  and	
  ceramides	
  increases	
  to	
  support	
  cell	
  growth	
  and	
  Ig	
  secretion	
  (203,	
  

337).	
  	
  Notably,	
  phosphatidylethanolamine	
  (PE),	
  phosphatidylcholine	
  (PC),	
  

cardiolipin	
  (CL),	
  and	
  cholesterol	
  (C)	
  are	
  synthesized	
  de	
  novo	
  in	
  differentiating	
  B	
  

cells.	
  	
  Utilizing	
  acetyl-­‐CoA	
  precursors,	
  several	
  pathways	
  for	
  lipid	
  synthesis	
  have	
  

been	
  described,	
  including	
  the	
  cytidine	
  diphosphocholine	
  (CDP-­‐choline)	
  pathway	
  

and	
  the	
  PE	
  methylation	
  pathway	
  (239,	
  325,	
  339-­‐41).	
  	
  With	
  this	
  in	
  mind,	
  I	
  sought	
  to	
  

examine	
  the	
  significance	
  of	
  glucose	
  utilization	
  for	
  de	
  novo	
  lipogenesis	
  in	
  B	
  cells	
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responding	
  to	
  stimuli.	
  	
  

Bulk	
  lipid	
  synthesis	
  was	
  examined	
  in	
  B	
  cells	
  responding	
  αIg	
  +	
  IL-­‐4	
  or	
  LPS	
  for	
  

24	
  hr,	
  48	
  hr,	
  and	
  72	
  hr.	
  	
  Lipids	
  were	
  extracted	
  and	
  further	
  purification	
  and	
  

separation	
  of	
  the	
  neutral	
  and	
  acidic	
  lipids	
  were	
  conducted	
  through	
  the	
  Bligh-­‐Dyer	
  

method,	
  ion	
  exchange	
  chromatography,	
  and	
  Folch	
  partitioning	
  (236).	
  	
  The	
  total	
  lipid	
  

fractions	
  (neutral	
  and	
  acidic)	
  were	
  separated	
  on	
  individual	
  silica-­‐60	
  chromatogram	
  

plates	
  by	
  high-­‐performance	
  thin-­‐layer	
  chromatography	
  (HP-­‐TLC)	
  and	
  visualized	
  by	
  

charring	
  in	
  the	
  presence	
  of	
  Cu(OAc)2	
  /H3PO4.	
  	
  Standard	
  lipid	
  cocktails	
  and	
  isolated	
  

murine	
  brain	
  lipid	
  extracts	
  were	
  spotted	
  in	
  tandem	
  on	
  chromatograms	
  for	
  

determination	
  of	
  B	
  cell	
  lipid	
  species	
  based	
  upon	
  migration	
  of	
  known	
  lipid	
  species	
  

(236).	
  	
  Comparison	
  of	
  lipid	
  species	
  of	
  unstimulated	
  B	
  cells	
  with	
  that	
  of	
  αIg	
  +	
  IL-­‐4	
  

stimulated	
  for	
  48	
  hr	
  revealed	
  a	
  universal	
  increase	
  in	
  the	
  amount	
  of	
  bulk	
  lipid	
  

species	
  (Figure	
  38).	
  	
  The	
  neutral	
  lipid	
  species	
  distinguished	
  were	
  

phosphatidylethanolamine	
  (PE),	
  phosphatidylcholine	
  (PC),	
  cholesterol	
  (C),	
  

triglycerides	
  (TG),	
  and	
  an	
  unidentified	
  band	
  migrating	
  slightly	
  below	
  sphingomyelin	
  

(SM)	
  (Figure	
  38A).	
  	
  The	
  acidic	
  lipid	
  species	
  also	
  increased,	
  in	
  particular	
  

phosphatidylinositol	
  (PI),	
  phosphatidylserine	
  (PS),	
  phosphatidylglycerol	
  (PG,	
  a	
  

standard	
  lipid	
  not	
  shown	
  here,	
  whose	
  migration	
  is	
  slightly	
  lower	
  than	
  phosphatidic	
  

acid	
  (PA)),	
  cardiolipin	
  (CL),	
  and	
  free	
  fatty	
  acids	
  (FFA)	
  (Figure	
  38B).	
  	
  A	
  similar	
  

increase	
  in	
  bulk	
  lipid	
  synthesis	
  was	
  demonstrated	
  in	
  B	
  cells	
  stimulated	
  with	
  LPS	
  for	
  

24	
  hr,	
  48	
  hr,	
  and	
  72	
  hr	
  (Figure	
  39).	
  	
  Collectively	
  these	
  results	
  illustrate	
  B	
  cells	
  in	
  

response	
  to	
  αIg	
  +	
  IL-­‐4	
  or	
  LPS	
  increase	
  bulk	
  lipid	
  content.	
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In	
  addition	
  to	
  migration	
  rate,	
  the	
  identities	
  of	
  lipids	
  from	
  αIg	
  +	
  IL-­‐4	
  

stimulated	
  B	
  cells	
  were	
  confirmed	
  by	
  staining	
  HP-­‐TLC	
  plates	
  with	
  colorimetric	
  dyes	
  

specific	
  for	
  lipid	
  moieties.	
  	
  First	
  the	
  neutral	
  lipid	
  species	
  of	
  B	
  cells	
  stimulated	
  for	
  48	
  

hr	
  with	
  αIg	
  +	
  IL-­‐4	
  was	
  evaluated	
  by	
  migration	
  distance	
  on	
  HP-­‐TLC	
  in	
  comparison	
  to	
  

standards	
  (neutral	
  lipids	
  and	
  murine	
  brain	
  neutral	
  lipid	
  fraction).	
  	
  The	
  distribution	
  

of	
  B	
  cell	
  lipids	
  coincided	
  with	
  standard	
  lipids,	
  based	
  on	
  migration	
  and	
  charring	
  

(Figure	
  40A).	
  	
  Orcinol-­‐H2SO4	
  reagent	
  spray	
  binds	
  to	
  glycolipids	
  (342);	
  in	
  the	
  neutral	
  

lipid	
  fraction	
  of	
  B	
  cells,	
  C,	
  PE,	
  and	
  PC	
  were	
  dyed	
  purple	
  (Figure	
  40B).	
  	
  Lipids	
  

containing	
  amino	
  groups	
  were	
  detected	
  via	
  the	
  ninhydrin	
  reagent	
  (343);	
  PE	
  of	
  the	
  

neutral	
  fraction	
  was	
  identified	
  with	
  ninhydrin	
  (Figure	
  40C).	
  	
  Interestingly,	
  an	
  

unidentified	
  band	
  was	
  stained	
  with	
  ninhydrin	
  below	
  sphingomyelin	
  and	
  above	
  

lysophosphatidylcholine	
  (LPC)	
  on	
  the	
  neutral	
  plate;	
  further	
  characterization	
  was	
  

not	
  completed	
  at	
  this	
  time.	
  	
  Molybdate/H2SO4,	
  Dittmer’s	
  ester,	
  detects	
  

phospholipids	
  by	
  binding	
  to	
  the	
  phosphate	
  group	
  (344).	
  	
  Separated	
  neutral	
  lipids	
  of	
  

stimulated	
  B	
  cells	
  that	
  retained	
  the	
  blue	
  dye	
  were	
  PC,	
  PE,	
  C,	
  and	
  cholesterol	
  esters	
  

(CE)	
  (Figure	
  40D).	
  	
  In	
  a	
  similar	
  manner	
  the	
  acidic	
  lipid	
  fraction	
  of	
  48	
  hr	
  αIg	
  +	
  IL-­‐4	
  

stimulated	
  B	
  cells	
  was	
  examined	
  for	
  lipid	
  species’	
  identification.	
  	
  First	
  distribution	
  of	
  

acidic	
  fraction	
  lipids	
  based	
  on	
  migration	
  was	
  confirmed	
  by	
  charring	
  (Figure	
  41A).	
  	
  In	
  

addition,	
  a	
  single	
  lane	
  was	
  dedicated	
  to	
  phosphatidylglycerol	
  (PG),	
  a	
  precursor	
  to	
  

cardiolipin,	
  to	
  identify	
  the	
  band	
  that	
  was	
  corresponding	
  to	
  an	
  unidentified	
  species	
  

on	
  the	
  previously	
  charred-­‐only	
  acidic	
  lipid	
  chromatogram,	
  in	
  reference	
  to	
  Figure	
  

36B	
  (223).	
  	
  Orcinol-­‐H2SO4	
  reagent	
  spray	
  did	
  not	
  bind	
  to	
  any	
  lipid	
  species	
  in	
  the	
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acidic	
  lipid	
  fraction	
  of	
  B	
  cells,	
  however	
  in	
  the	
  murine	
  brain	
  acidic	
  lipid	
  fraction,	
  two	
  

purple	
  bands	
  indicating	
  the	
  presence	
  of	
  sulfatides	
  were	
  seen	
  (Figure	
  41B).	
  	
  A	
  yellow	
  

smear	
  was	
  seen	
  in	
  orcinol	
  staining	
  of	
  B	
  cell	
  fractions,	
  migrating	
  along	
  the	
  solvent	
  A	
  

front;	
  its	
  characterization	
  is	
  unknown.	
  	
  Ninhydrin	
  spray	
  of	
  the	
  acidic	
  lipid	
  fraction	
  

identified	
  PS	
  (Figure	
  41C).	
  	
  Dittmer’s	
  spray	
  was	
  utilized	
  on	
  the	
  acidic	
  fraction	
  

chromatogram,	
  staining	
  PI,	
  PS,	
  PG,	
  and	
  CL	
  (Figure	
  41D).	
  	
  I	
  was	
  thus	
  able	
  to	
  isolate	
  

and	
  identify	
  major	
  lipid	
  species	
  of	
  bulk	
  lipid	
  synthesis	
  that	
  were	
  synthesized	
  in	
  B	
  

cells	
  in	
  response	
  to	
  extracellular	
  stimuli.	
  	
  	
  

	
  

F.	
  Incorporation	
  of	
  glucose-­‐derived	
  carbons	
  in	
  de	
  novo	
  lipid	
  synthesis	
  

The	
  contribution	
  of	
  carbons	
  originating	
  from	
  glucose	
  metabolism	
  to	
  de	
  novo	
  

lipogenesis	
  in	
  response	
  to	
  stimuli	
  was	
  evaluated	
  in	
  B	
  cells	
  by	
  [14C]-­‐U-­‐glucose	
  

labeling	
  experiments.	
  	
  In	
  brief,	
  B	
  cells	
  were	
  incubated	
  with	
  [14C]-­‐U-­‐glucose	
  and	
  

subsequently	
  stimulated	
  with	
  LPS	
  or	
  αIg	
  +	
  IL-­‐4.	
  	
  At	
  sequential	
  time	
  points,	
  B	
  cells	
  

were	
  harvested	
  and	
  lipids	
  extracted	
  and	
  separated	
  by	
  HP-­‐TLC.	
  	
  Autoradiograms	
  

analyzed	
  for	
  incorporation	
  of	
  [14C]	
  in	
  lipid	
  species	
  by	
  densitometry,	
  were	
  

subsequently	
  charred	
  to	
  identify	
  by	
  migration	
  corresponding	
  lipid	
  species	
  to	
  

standards.	
  	
  An	
  increase	
  in	
  band	
  intensity	
  correlated	
  with	
  an	
  increase	
  in	
  

incorporation	
  of	
  [14C]	
  originating	
  from	
  supplemented	
  [14C]-­‐U-­‐glucose.	
  	
  

By	
  HP-­‐TLC	
  analysis,	
  B	
  cells	
  stimulated	
  with	
  αIg	
  +	
  IL-­‐4	
  for	
  24	
  hr	
  demonstrated	
  

an	
  increase	
  of	
  [14C]-­‐U-­‐glucose	
  incorporation,	
  especially	
  PC	
  and	
  PE	
  (Figure	
  42A).	
  	
  

Furthermore,	
  the	
  distribution	
  of	
  [14C]	
  incorporation	
  was	
  increased	
  at	
  48	
  hr,	
  wherein	
  

label	
  from	
  [14C]-­‐U-­‐glucose	
  was	
  incorporated	
  in	
  PC	
  and	
  PE,	
  as	
  well	
  as	
  LPC,	
  SM,	
  CE,	
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and	
  an	
  unidentified	
  band	
  above	
  C	
  (further	
  analysis	
  of	
  this	
  band	
  was	
  not	
  conducted).	
  	
  

The	
  acidic	
  lipid	
  species	
  of	
  B	
  cells	
  stimulated	
  with	
  αIg	
  +	
  IL-­‐4	
  also	
  incorporated	
  label	
  

from	
  [14C]-­‐U-­‐glucose	
  at	
  24	
  hr,	
  with	
  an	
  increase	
  at	
  48	
  hr	
  (Figure	
  42B).	
  	
  In	
  particular,	
  

the	
  acidic	
  lipid	
  species	
  incorporating	
  label	
  from	
  [14C]-­‐U-­‐glucose	
  to	
  the	
  greatest	
  

density	
  were	
  PI,	
  PS,	
  PG,	
  and	
  CL,	
  as	
  the	
  band	
  intensity	
  (i.e.	
  dpm)	
  enhanced	
  with	
  the	
  

extension	
  of	
  stimulation	
  from	
  24	
  hr	
  to	
  48	
  hr.	
  	
  	
  

Likewise,	
  B	
  cells	
  stimulated	
  with	
  LPS	
  for	
  24	
  hr,	
  48	
  hr,	
  and	
  72	
  hr	
  were	
  

evaluated	
  for	
  glucose-­‐dependent	
  de	
  novo	
  lipogenesis.	
  	
  The	
  neutral	
  lipid	
  species	
  

identified	
  in	
  24	
  hr	
  LPS	
  stimulated	
  B	
  cells	
  that	
  incorporated	
  label	
  from	
  [14C]-­‐U-­‐

glucose	
  were:	
  LPC,	
  an	
  unidentified	
  band	
  slightly	
  above	
  migration	
  of	
  LPC	
  species	
  

(also	
  present	
  in	
  the	
  unstimulated	
  cell	
  sample),	
  PC,	
  and	
  an	
  additional	
  unidentified	
  

band	
  below	
  PE	
  species	
  migration	
  (Figure	
  43A).	
  	
  The	
  extension	
  of	
  LPS	
  stimulation	
  to	
  

48	
  hr	
  and	
  72	
  hr	
  revealed	
  an	
  increase	
  in	
  label	
  from	
  [14C]-­‐U-­‐glucose	
  incorporation	
  

into	
  PC,	
  PE,	
  C,	
  and	
  triglycerides	
  (TG)	
  (Figure	
  43A).	
  	
  The	
  stimulation	
  of	
  B	
  cells	
  with	
  

LPS	
  at	
  24	
  hr,	
  48	
  hr,	
  and	
  72	
  hr	
  also	
  increased	
  the	
  distribution	
  and	
  incorporation	
  of	
  

label	
  from	
  [14C]-­‐U-­‐glucose	
  in	
  the	
  acidic	
  lipid	
  species	
  (Figure	
  43B).	
  	
  At	
  each	
  time	
  

point,	
  PI	
  was	
  labeled	
  by	
  [14C]-­‐U-­‐glucose	
  incorporation,	
  which	
  increased	
  in	
  intensity	
  

at	
  48	
  hr	
  to	
  72	
  hr.	
  	
  At	
  48	
  hr,	
  PS,	
  PG,	
  and	
  CL	
  incorporated	
  label	
  from	
  [14C]-­‐U-­‐glucose,	
  as	
  

band	
  intensity	
  increased	
  at	
  72	
  hr.	
  	
  Collectively,	
  these	
  [14C]-­‐HP-­‐TLC	
  results	
  revealed	
  

B	
  cells	
  respond	
  to	
  proliferating	
  stimuli	
  by	
  increasing	
  de	
  novo	
  synthesis	
  of	
  neutral	
  

and	
  acidic	
  lipids	
  via	
  the	
  metabolism	
  of	
  extracellular	
  glucose.	
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G.	
  The	
  role	
  of	
  ACL	
  activity	
  contribution	
  in	
  de	
  novo	
  lipogenesis 

I	
  next	
  sought	
  to	
  evaluate	
  the	
  role	
  of	
  ACL	
  activity	
  in	
  de	
  novo	
  lipogenesis	
  of	
  B	
  

cells	
  responding	
  to	
  extracellular	
  stimuli.	
  	
  As	
  previously	
  mentioned,	
  the	
  enzymatic	
  

activity	
  of	
  ACL	
  produces	
  acetyl-­‐CoA	
  from	
  citrate	
  and	
  thereby	
  directly	
  links	
  glucose	
  

metabolism	
  via	
  glycolysis	
  to	
  lipid	
  synthesis.	
  	
  The	
  contribution	
  of	
  glucose	
  carbons	
  to	
  

de	
  novo	
  lipogenesis	
  via	
  ACL	
  activity	
  was	
  examined	
  in	
  B	
  cells	
  by	
  targeting	
  ACL	
  with	
  C-­‐

9.	
  	
  	
  

Cultured	
  with	
  [14C]-­‐U-­‐glucose,	
  B	
  cells	
  were	
  stimulated	
  with	
  LPS	
  for	
  24	
  hr,	
  48	
  

hr,	
  or	
  72	
  hr	
  in	
  the	
  presence	
  or	
  absence	
  of	
  25	
  μM,	
  35	
  μM,	
  or	
  50	
  μM	
  C-­‐9.	
  	
  Lipids	
  were	
  

then	
  extracted	
  and	
  separated	
  by	
  HP-­‐TLC.	
  	
  Autoradiogram	
  of	
  LPS	
  stimulated	
  B	
  cells	
  

treated	
  with	
  25	
  μM	
  C-­‐9	
  revealed	
  a	
  reduction	
  in	
  label	
  from	
  [14C]-­‐U-­‐glucose	
  

incorporation	
  of	
  neutral	
  lipid	
  species	
  at	
  24	
  hr,	
  48	
  hr,	
  and	
  72	
  hr,	
  in	
  particular	
  PE	
  

(Figure	
  44A).	
  	
  The	
  addition	
  of	
  35	
  μM	
  and	
  50	
  μM	
  C-­‐9	
  drastically	
  reduced	
  the	
  

incorporation	
  of	
  [14C]-­‐U-­‐glucose	
  in	
  the	
  neutral	
  lipid	
  fractions	
  of	
  stimulated	
  B	
  cells	
  at	
  

24	
  hr	
  and	
  48	
  hr.	
  	
  Acidic	
  lipid	
  species	
  of	
  LPS	
  stimulated	
  B	
  cells	
  treated	
  with	
  C-­‐9	
  was	
  

also	
  evaluated	
  by	
  [14C]-­‐HP-­‐TLC.	
  	
  Less	
  incorporation	
  of	
  label	
  from	
  [14C]-­‐U-­‐glucose	
  

was	
  seen	
  in	
  lipid	
  species	
  identified	
  in	
  LPS	
  stimulated	
  B	
  cells	
  with	
  C-­‐9	
  treatment	
  

(Figure	
  44B).	
  	
  A	
  particular	
  reduction	
  of	
  PG,	
  CL,	
  and	
  PI	
  was	
  illustrated	
  in	
  LPS	
  

stimulated	
  B	
  cells	
  treated	
  with	
  25	
  μM	
  C-­‐9	
  at	
  48	
  hr	
  and	
  72	
  hr.	
  	
  Overall,	
  LPS	
  

stimulated	
  B	
  cells	
  incorporated	
  less	
  [14C]	
  from	
  [14C]-­‐U-­‐glucose	
  in	
  both	
  acidic	
  and	
  

neutral	
  lipid	
  fractions	
  with	
  the	
  inhibition	
  of	
  ACL	
  activity.	
  

Moreover,	
  B	
  cells	
  stimulated	
  for	
  24	
  hr	
  and	
  48	
  hr	
  with	
  αIg	
  +	
  IL-­‐4	
  in	
  the	
  

presence	
  or	
  absence	
  of	
  20	
  μM,	
  35	
  μM,	
  or	
  50	
  μM	
  C-­‐9	
  were	
  evaluated	
  for	
  de	
  novo	
  lipid	
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synthesis	
  by	
  addition	
  of	
  [14C]-­‐U-­‐glucose.	
  	
  In	
  αIg	
  +	
  IL-­‐4	
  stimulated	
  B	
  cells,	
  a	
  universal	
  

reduction	
  of	
  de	
  novo	
  synthesized	
  lipid	
  species	
  incorporating	
  [14C]-­‐label	
  was	
  

demonstrated	
  with	
  the	
  addition	
  of	
  C-­‐9	
  (Figure	
  45).	
  	
  Both	
  neutral	
  and	
  acidic	
  lipids	
  

fractions	
  at	
  24	
  hr,	
  contained	
  decreased	
  [14C]-­‐U-­‐glucose	
  incorporation	
  (Figure	
  45).	
  	
  

In	
  addition	
  the	
  total	
  bulk	
  lipid	
  content	
  of	
  αIg	
  +	
  IL-­‐4	
  stimulated	
  B	
  cells	
  decreased	
  

with	
  C-­‐9	
  treatment,	
  as	
  shown	
  by	
  charring.	
  	
  The	
  reduction	
  of	
  de	
  novo	
  lipids	
  was	
  less	
  

pronounced	
  at	
  48	
  hr	
  as	
  incorporation	
  of	
  [14C]-­‐label	
  decreased	
  in	
  neutral	
  lipid	
  

species	
  of	
  B	
  cells	
  incubated	
  with	
  C-­‐9	
  (Figure	
  45A).	
  	
  The	
  acidic	
  lipid	
  fraction	
  of	
  αIg	
  +	
  

IL-­‐4	
  B	
  cells	
  treated	
  with	
  50	
  μM	
  C-­‐9	
  revealed	
  the	
  most	
  pronounced	
  reduction	
  in	
  

incorporation	
  of	
  [14C]-­‐label	
  (Figure	
  45B).	
  	
  Of	
  note,	
  the	
  lane	
  containing	
  the	
  acidic	
  

lipid	
  fraction	
  of	
  αIg	
  +	
  IL-­‐4	
  stimulated	
  B	
  cell	
  treated	
  with	
  35	
  μM	
  C-­‐9	
  was	
  overloaded	
  

due	
  to	
  operational	
  error	
  with	
  spotting	
  instrument.	
  	
  Collectively	
  these	
  results	
  

demonstrate	
  a	
  reduction	
  in	
  [14C]-­‐U-­‐glucose	
  incorporation	
  into	
  lipid	
  species	
  in	
  

stimulated	
  B	
  cells	
  with	
  inhibition	
  of	
  ACL	
  activity.	
  	
  

	
  

H.	
  Fatty	
  acid	
  synthesis	
  

Glucose	
  through	
  glycolysis	
  provides	
  citrate	
  for	
  the	
  subsequent	
  formation	
  of	
  

acetyl-­‐CoA	
  and	
  is	
  the	
  major	
  route	
  in	
  providing	
  carbons	
  for	
  de	
  novo	
  lipid	
  synthesis	
  

(Figure	
  30).	
  	
  However,	
  glutamine	
  may	
  also	
  provide	
  acetyl-­‐CoA	
  for	
  de	
  novo	
  lipid	
  

synthesis	
  through	
  glutaminolysis	
  or	
  reductive	
  carboxylation	
  (129-­‐131,	
  133).	
  	
  In	
  a	
  

glioblastoma	
  cell	
  line,	
  Deberardinis	
  et	
  al.	
  (2007)	
  demonstrated	
  glutaminolysis	
  

provides	
  oxaloacetate	
  and	
  citrate	
  for	
  the	
  subsequent	
  formation	
  of	
  acetyl-­‐CoA	
  (345).	
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Therein,	
  glutamine	
  was	
  converted	
  to	
  oxaloacetate	
  and	
  formed	
  acetyl-­‐CoA	
  by	
  

condensation	
  with	
  the	
  glycolytic-­‐derived	
  citrate	
  via	
  ACL.	
  	
  Alternatively,	
  oxaloacetate	
  

derived	
  from	
  glutamine	
  can	
  be	
  converted	
  to	
  malate	
  and	
  then	
  pyruvate	
  to	
  enter	
  the	
  

TCA	
  cycle,	
  whereby	
  the	
  glutamine	
  carbons	
  may	
  be	
  incorporated	
  into	
  citrate	
  and	
  

subsequently	
  incorporated	
  into	
  acetyl-­‐CoA	
  (346).	
  	
  Additional,	
  reports	
  in	
  hepatoma	
  

and	
  adipocyte	
  cell	
  lines	
  have	
  demonstrated	
  the	
  metabolism	
  of	
  glutamine	
  to	
  α-­‐

ketoglutarate,	
  an	
  anaplerotic	
  substrate	
  to	
  replenish	
  tricarboxylic	
  acid	
  (TCA)	
  cycle	
  

intermediates,	
  that	
  is	
  converted	
  to	
  citrate	
  (via	
  isocitrate	
  dehydrogenase	
  and	
  

aconitase)	
  to	
  subsequently	
  synthesize	
  acetyl-­‐CoA	
  in	
  lipid	
  synthesis	
  (347-­‐352).	
  In	
  

light	
  of	
  these	
  reports	
  and	
  in	
  collaboration	
  with	
  Drs.	
  Richardson	
  and	
  Scott,	
  I	
  further	
  

evaluated	
  de	
  novo	
  lipogenesis	
  in	
  B	
  cells	
  by	
  gas	
  chromatography-­‐mass	
  spectroscopy	
  

(GC-­‐MS).	
  	
  	
  

B	
  cells	
  were	
  cultured	
  in	
  the	
  presence	
  of	
  13C-­‐U-­‐glucose	
  (50	
  %)	
  or	
  13C-­‐U-­‐

glutamine	
  (50	
  %)	
  and	
  stimulated	
  with	
  LPS	
  for	
  24	
  hr	
  and	
  48	
  hr.	
  	
  Cellular	
  pellets	
  were	
  

harvested	
  and	
  the	
  amounts	
  of	
  acetyl-­‐CoA	
  were	
  quantified	
  by	
  GC-­‐MS	
  (234).	
  	
  As	
  the	
  

biosynthesis	
  of	
  fatty	
  acids	
  involves	
  the	
  condensation	
  of	
  acetyl-­‐CoA,	
  the	
  labeling	
  of	
  

acetyl-­‐CoA	
  from	
  glucose	
  and	
  glutamine	
  was	
  first	
  evaluated.	
  	
  Upon	
  LPS	
  stimulation,	
  

the	
  incorporation	
  of	
  13C-­‐label	
  from	
  glucose	
  to	
  acetyl-­‐CoA	
  increased	
  substantially	
  to	
  

36	
  %	
  (Figure	
  46).	
  	
  In	
  addition	
  the	
  labeling	
  of	
  acetyl-­‐CoA	
  in	
  B	
  cells	
  stimulated	
  with	
  

LPS	
  for	
  24	
  hr	
  and	
  48	
  hr	
  from	
  13C-­‐glutamine	
  was	
  not	
  affected	
  with	
  stimulation.	
  	
  In	
  B	
  

cells	
  stimulated	
  with	
  LPS	
  for	
  48	
  hr,	
  the	
  percent	
  of	
  contribution	
  of	
  13C-­‐U-­‐glucose	
  (36	
  

%)	
  and	
  glutamine	
  (10	
  %)	
  to	
  acetyl-­‐CoA	
  pool	
  combined	
  to	
  be	
  equivalent	
  to	
  92	
  %	
  of	
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the	
  total	
  acetyl-­‐CoA	
  content	
  (as	
  input	
  of	
  13C	
  is	
  50	
  %	
  of	
  either	
  substrate).	
  	
  These	
  

results	
  suggest	
  that	
  B	
  cells	
  in	
  response	
  to	
  LPS	
  primarily	
  metabolize	
  glucose	
  for	
  de	
  

novo	
  lipid	
  synthesis.	
  	
  

Labeling	
  of	
  free	
  fatty	
  acids	
  (C14:0	
  myristic	
  acid,	
  C16:1	
  palmitoate,	
  C16:0	
  

palmitic	
  acid,	
  C18:2	
  linoleic	
  acid,	
  C18:1	
  oleic	
  acid,	
  C18:0	
  stearic	
  acid,	
  C20:0	
  arachidic	
  

acid)	
  was	
  then	
  evaluated	
  in	
  prepared	
  B	
  cell	
  extracts.	
  	
  The	
  different	
  synthetic	
  

pathways	
  of	
  these	
  fatty	
  acids	
  (C16)	
  are	
  mainly	
  synthesized	
  by	
  de	
  novo	
  lipogenesis,	
  

while	
  C18-­‐fatty	
  acids	
  result	
  from	
  elongation	
  of	
  palmitate.	
  	
  Palmitate	
  can	
  either	
  be	
  

synthesized	
  de	
  novo,	
  or	
  originate	
  from	
  pre-­‐existing	
  sources	
  (339).	
  The	
  total	
  relative	
  

amount	
  of	
  free	
  fatty	
  acids	
  synthesized	
  de	
  novo	
  from	
  13C-­‐U-­‐glucose	
  and	
  13C-­‐U-­‐

glutamine	
  increased	
  with	
  LPS	
  stimulation	
  at	
  24	
  hr	
  and	
  to	
  a	
  greater	
  quantity	
  at	
  48	
  hr	
  

(Figure	
  47A).	
  	
  The	
  amount	
  of	
  13C-­‐label	
  that	
  was	
  converted	
  to	
  fatty	
  acids	
  was	
  

normalized	
  to	
  extracts	
  of	
  unstimulated	
  B	
  cells	
  cultured	
  with	
  13C–U-­‐glutamine	
  for	
  24	
  

hr.	
  	
  Free	
  fatty	
  acid	
  synthesis	
  in	
  LPS	
  stimulated	
  B	
  cells	
  increased	
  as	
  de	
  novo	
  synthesis	
  

of	
  C14:0	
  and	
  C16:0	
  fatty	
  acids	
  from	
  13C-­‐U-­‐glucose	
  increased	
  in	
  relation	
  to	
  13C-­‐U-­‐

glutamine	
  (Figure	
  47B).	
  	
  Collectively	
  these	
  results	
  demonstrate	
  the	
  flux	
  of	
  carbon	
  

for	
  acetyl-­‐CoA	
  and	
  free	
  fatty	
  acids	
  is	
  primarily	
  from	
  glucose	
  rather	
  than	
  glutamine.	
  	
  

Of	
  note,	
  glutamine	
  contributions	
  to	
  acetyl-­‐CoA	
  and	
  free	
  fatty	
  acids	
  did	
  not	
  increase	
  

with	
  LPS	
  stimulation,	
  remaining	
  at	
  quantities	
  of	
  incorporation	
  illustrated	
  in	
  B	
  cells	
  

cultured	
  without	
  stimulation.	
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I.	
  The	
  role	
  of	
  ACL	
  activity	
  in	
  the	
  de	
  novo	
  lipid	
  synthesis	
  in	
  B	
  cells	
  

The	
  role	
  of	
  ACL	
  activity	
  in	
  the	
  de	
  novo	
  lipid	
  synthesis	
  was	
  next	
  evaluated	
  in	
  B	
  

cells	
  responding	
  to	
  LPS	
  by	
  GC-­‐MS.	
  	
  In	
  the	
  presence	
  of	
  50	
  %	
  13C-­‐U-­‐glucose,	
  B	
  cells	
  

were	
  stimulated	
  with	
  LPS	
  for	
  6	
  hr	
  before	
  addition	
  of	
  35	
  µM	
  C-­‐9	
  to	
  culture	
  for	
  36	
  hr.	
  	
  

Cellular	
  pellets	
  were	
  prepared	
  and	
  the	
  amounts	
  of	
  fatty	
  acids	
  were	
  quantified	
  by	
  GC-­‐

MS,	
  as	
  previously	
  mentioned.	
  	
  The	
  relative	
  amounts	
  of	
  fatty	
  acids	
  (C14:0,	
  C16:1,	
  

C18:2,	
  C18:1,	
  and	
  C20:0)	
  incorporating	
  13C-­‐label	
  increased	
  with	
  LPS	
  stimulation	
  

(Figure	
  48A).	
  	
  Treatment	
  with	
  C-­‐9	
  prevented	
  13C-­‐U-­‐glucose	
  incorporation	
  into	
  fatty	
  

acid,	
  despite	
  LPS	
  stimulation,	
  incorporating	
  equivalent	
  13C-­‐label	
  as	
  B	
  cells	
  cultured	
  

in	
  the	
  absence	
  of	
  stimulation.	
  Together	
  the	
  percentage	
  of	
  free	
  fatty	
  acids	
  

synthesized	
  by	
  elongation	
  was	
  dramatically	
  increased	
  with	
  LPS	
  stimulation	
  (Figure	
  

48B).	
  	
  The	
  inhibition	
  of	
  ACL	
  by	
  C-­‐9	
  addition	
  increases	
  in	
  incorporation	
  of	
  13C-­‐label	
  

from	
  glucose	
  despite	
  activation	
  stimulus	
  of	
  LPS.	
  	
  Collectively	
  these	
  results	
  suggest	
  

that	
  ACL	
  activity	
  provides	
  a	
  significant	
  contribution	
  to	
  de	
  novo	
  lipogenesis	
  in	
  B	
  cells	
  

responding	
  to	
  LPS	
  stimulation.	
  	
  

	
  



	
   77	
  

Figure	
  1.	
  Glucose	
  uptake	
  increased	
  in	
  αIg	
  stimulated	
  B	
  cells.	
  	
  	
  

(A) B	
  cells	
  were	
  cultured	
  for	
  15	
  hr	
  in	
  the	
  absence	
  (Media)	
  or	
  presence	
  of	
  αIg	
  (10	
  

µg/mL).	
  	
  Glucose	
  transport	
  (cpm/106	
  cells/sec)	
  was	
  monitored	
  by	
  measuring	
  the	
  

quantity	
  of	
  [3H]-­‐label	
  uptake	
  into	
  cells	
  after	
  a	
  [3H]-­‐2-­‐deoxy-­‐glucose	
  pulse	
  (60	
  sec)	
  in	
  

Kreb’s	
  Ringer	
  buffer.	
  	
  Specific	
  transport	
  was	
  calculated	
  by	
  subtracting	
  [3H]-­‐2-­‐deoxy-­‐

glucose	
  uptake	
  in	
  the	
  presence	
  of	
  cytochalasin	
  B	
  (10	
  µM),	
  an	
  inhibitor	
  of	
  glucose	
  

transporters,	
  from	
  values	
  obtained	
  without	
  cytochalasin.	
  	
  	
  

(Inset)	
  Rate	
  of	
  glucose	
  uptake	
  was	
  assessed	
  in	
  αIg	
  stimulated	
  B	
  cells	
  (15	
  hr)	
  in	
  the	
  

presence	
  and	
  absence	
  of	
  cytochalasin	
  B.	
  	
  Uptake	
  of	
  [3H]-­‐2-­‐deoxy-­‐glucose	
  was	
  

determined	
  in	
  30	
  sec	
  intervals	
  for	
  120	
  sec.	
  	
  No	
  increase	
  in	
  uptake	
  was	
  seen	
  in	
  the	
  

presence	
  of	
  cytochalasin	
  B	
  (bottom	
  line).	
  	
  Linear	
  uptake	
  of	
  [3H]-­‐2-­‐deoxy-­‐glucose	
  

was	
  observed	
  from	
  30	
  sec	
  to	
  90	
  sec	
  without	
  inhibitor	
  (top	
  line).	
  

(B)	
  	
   Glucose	
  uptake	
  was	
  measured	
  in	
  B	
  cells	
  cultured	
  in	
  the	
  absence	
  (Media)	
  and	
  

presence	
  of	
  IL-­‐4	
  (4	
  ng/mL),	
  LPS	
  (25	
  µg/mL),	
  or	
  αIg	
  for	
  15	
  hr.	
  	
  Transport	
  was	
  

measured	
  after	
  60	
  sec	
  exposure	
  of	
  [3H]-­‐2-­‐deoxy-­‐glucose	
  in	
  the	
  presence	
  and	
  

absence	
  of	
  cytochalasin	
  B	
  (10	
  µM).	
  	
  

Error	
  bars	
  reflect	
  standard	
  deviation	
  from	
  the	
  mean	
  of	
  triplicate	
  measurements,	
  and	
  

the	
  data	
  are	
  representative	
  of	
  3	
  independent	
  experiments.	
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Figure	
  1.	
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Figure	
  2.	
  Increased	
  glucose	
  transporter	
  and	
  sodium-­‐potassium	
  ATPase	
  pump	
  

expression	
  in	
  response	
  to	
  receptor	
  activation.	
  	
  

(A)	
   B	
  cells	
  were	
  cultured	
  in	
  the	
  absence	
  (Media)	
  or	
  presence	
  of αIg	
  (10	
  µg/mL),	
  

IL-­‐4	
  (4	
  ng/mL)	
  alone	
  or	
  in	
  combination,	
  or	
  LPS	
  (S.	
  typhosa	
  25	
  µg/mL)	
  for	
  3	
  hr,	
  9	
  hr,	
  

and	
  20	
  hr.	
  	
  Membrane	
  protein	
  was	
  extracted	
  and	
  cell	
  lysates	
  were	
  prepared	
  in	
  2.5X	
  

glut-­‐loading	
  buffer	
  and	
  equivalent	
  amounts	
  of	
  total	
  protein	
  were	
  examined	
  by	
  

Western	
  blot	
  for	
  glut-­‐1	
  protein	
  levels.	
  	
  Glut-­‐1	
  was	
  detected	
  as	
  a	
  smear	
  in	
  SDS-­‐PAGE.	
  	
  	
  

(B)	
   B	
  cells	
  were	
  cultured	
  in	
  the	
  absence	
  (Media)	
  or	
  presence	
  of	
  IL-­‐4	
  (4	
  ng/mL)	
  

for	
  24	
  hr.	
  	
  Cell	
  lysates	
  were	
  prepared	
  in	
  glut-­‐1	
  lysis	
  buffer	
  and	
  half	
  the	
  total	
  volume	
  

was	
  incubated	
  with	
  de-­‐glycosylating	
  enzyme	
  PNGase	
  F	
  (50	
  U)	
  for	
  8	
  hr	
  at	
  37oC.	
  	
  

Lysates	
  of	
  equivalent	
  amounts	
  of	
  total	
  cellular	
  protein	
  were	
  examined	
  by	
  Western	
  

blot	
  for	
  glut-­‐1,	
  and	
  subject	
  to	
  Western	
  blot	
  analysis.	
  	
  Extracts	
  without	
  PNGase	
  F	
  

were	
  analyzed	
  in	
  parallel	
  and	
  glut-­‐1	
  was	
  observed	
  as	
  a	
  smear	
  on	
  the	
  film.	
  	
  With	
  

enzymatic	
  de-­‐glycosylation,	
  glut-­‐1	
  was	
  detected	
  as	
  a	
  single	
  band.	
  	
  

(C)	
   B	
  cells	
  were	
  cultured	
  in	
  the	
  absence	
  (Media)	
  or	
  presence	
  of αIg	
  (10	
  µg/mL),	
  

IL-­‐4	
  (4	
  ng/mL)	
  alone	
  or	
  in	
  combination,	
  or	
  LPS	
  (S.	
  typhosa,	
  25	
  µg/mL)	
  for	
  3	
  hr,	
  9	
  hr,	
  

and	
  20	
  hr.	
  	
  Cell	
  lysates	
  were	
  prepared	
  in	
  glut-­‐1	
  lysis	
  buffer	
  and	
  equivalent	
  amounts	
  

of	
  total	
  protein	
  were	
  examined	
  by	
  Western	
  blot	
  for	
  Na+K+	
  ATPase	
  pump.	
  	
  Lysates	
  of	
  

B	
  cells	
  prepared	
  as	
  in	
  (A)	
  were	
  evaluated	
  for	
  Na+K+	
  ATPase	
  pump	
  expression.	
  	
  The	
  

data	
  are	
  representative	
  of	
  3	
  independent	
  experiments.	
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Figure	
  2.	
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Figure	
  3.	
  Optimization	
  of	
  glut-­‐1	
  detection	
  of	
  ex	
  vivo	
  B	
  cells	
  by	
  

immunocytochemistry.	
  	
  	
  

B	
  cells	
  were	
  cultured	
  in	
  medium	
  alone	
  (Media)	
  or	
  stimulated	
  with αIg	
  (10	
  

µg/mL)	
  and	
  IL-­‐4	
  (30	
  ng/mL)	
  for	
  24	
  hr.	
  	
  Cells	
  were	
  then	
  stained	
  with	
  increasing	
  

concentrations	
  of	
  anti-­‐glut-­‐1	
  antibody	
  (indicated	
  by	
  ratios	
  beneath	
  images,	
  dilutions	
  

are	
  of	
  Abcam	
  ab14683)	
  and	
  FITC-­‐conjugated	
  secondary	
  goat	
  anti-­‐rabbit	
  IgG	
  

(1:1000),	
  prepared	
  as	
  described	
  in	
  Materials	
  and	
  methods.	
  	
  The	
  data	
  are	
  

representative	
  of	
  2	
  independent	
  experiments.	
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Figure	
  3.	
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Figure	
  4.	
  Glut-­‐1	
  expression	
  in	
  activated	
  B	
  cells.	
  	
  	
  

B	
  cells	
  were	
  cultured	
  in	
  medium	
  alone	
  (Media)	
  or	
  stimulated	
  with αIg	
  (10	
  

µg/mL),	
  IL-­‐4	
  (30	
  ng/mL),	
  CD40L	
  (1:10),	
  or	
  αIg	
  +	
  IL-­‐4	
  for	
  43	
  hr.	
  	
  B	
  cells	
  were	
  

prepared	
  as	
  described	
  in	
  Materials	
  and	
  methods	
  and	
  evaluated	
  for	
  glut-­‐1	
  expression	
  

by	
  ICC	
  with	
  incubation	
  with	
  anti-­‐glut-­‐1	
  antibody	
  (1:200).	
  	
  The	
  data	
  are	
  

representative	
  of	
  3	
  independent	
  experiments.	
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Figure	
  4.	
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Figure	
  5.	
  Glut-­‐1	
  expression	
  is	
  induced	
  with	
  BCR	
  cross-­‐linking.	
  	
  	
  

B	
  cells	
  were	
  cultured	
  in	
  the	
  absence	
  (Media)	
  (gray	
  dashed	
  line)	
  or	
  presence	
  

of	
  10	
  µg/mL	
  αIg	
  for	
  6	
  hr	
  (blue	
  line)	
  and	
  12	
  hr	
  (red	
  line),	
  and	
  then	
  glut-­‐1	
  expression	
  

(PE-­‐A)	
  was	
  determined	
  by	
  flow	
  cytometry.	
  	
  Control	
  Ab	
  indicates	
  an	
  isotype-­‐matched	
  

control	
  staining	
  of	
  B	
  cells	
  stimulated	
  with	
  10	
  µg/mL	
  αIg	
  for	
  12	
  hr.	
  	
  Data	
  are	
  

representative	
  of	
  10,000	
  cells	
  (counts),	
  completed	
  in	
  triplicate.	
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Figure	
  5.	
  
	
  

	
  
	
  

	
  
	
  	
  

12	
  hr	
  
	
  	
  	
   	
  6	
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Figure	
  6.	
  IL-­‐4	
  induces	
  glut-­‐1	
  expression	
  in	
  B	
  cells.	
  	
  

B	
  cells	
  were	
  cultured	
  in	
  medium	
  alone	
  (gray	
  line)	
  or	
  with	
  4	
  ng/mL	
  IL-­‐4	
  

(black	
  line)	
  for	
  15	
  hr.	
  	
  Glut-­‐1	
  staining	
  (PE-­‐A)	
  was	
  determined	
  by	
  flow	
  cytometry	
  as	
  

described	
  in	
  Materials	
  and	
  methods.	
  	
  Cells	
  were	
  also	
  stained	
  with	
  an	
  isotype	
  control	
  

Ab	
  (gray	
  dashed	
  line).	
  	
  Data	
  are	
  representative	
  of	
  10,000	
  cells	
  (counts),	
  completed	
  

in	
  triplicate.	
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Figure	
  6.	
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Figure	
  7.	
  Differential	
  expression	
  of	
  glut-­‐1	
  in	
  stimulated	
  B	
  cells.	
  	
  	
  

B	
  cells	
  were	
  cultured	
  in	
  medium	
  alone	
  (Media)	
  or	
  stimulated	
  with αIg	
  (10	
  

µg/mL)	
  or	
  CD40L	
  (1:10)	
  for	
  6	
  hr,	
  11	
  hr,	
  and	
  24	
  hr.	
  	
  At	
  these	
  time	
  points,	
  total	
  RNA	
  

was	
  isolated	
  and	
  glut-­‐1	
  expression	
  was	
  evaluated	
  by	
  semi-­‐quantitative	
  real-­‐time	
  

PCR	
  using	
  SYBR	
  green.	
  	
  Levels	
  of	
  expression	
  of	
  glut-­‐1	
  were	
  normalized	
  to	
  18S	
  rRNA	
  

and	
  represent	
  ratios	
  of	
  glut-­‐1:	
  18S	
  rRNA	
  relative	
  to	
  media	
  glut-­‐1:	
  18S	
  rRNA.	
  	
  Error	
  

bars	
  reflect	
  standard	
  deviation	
  from	
  the	
  mean	
  of	
  triplicate	
  measurements,	
  and	
  the	
  

data	
  are	
  representative	
  of	
  3	
  independent	
  experiments.	
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Figure	
  7.	
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Figure	
  8.	
  Glucose	
  uptake	
  in	
  activated	
  B	
  cells	
  is	
  reduced	
  following	
  inhibition	
  of	
  the	
  

PI3K	
  pathway.	
  	
  	
  

B	
  cells	
  were	
  cultured	
  in	
  medium	
  alone	
  (Media)	
  or	
  with	
  αIg	
  (10	
  µg/mL)	
  for	
  15	
  

hr,	
  in	
  the	
  absence	
  (αIg)	
  or	
  presence	
  of	
  LY294002	
  (LY:	
  10	
  µM),	
  wortmannin	
  (Wort:	
  

25	
  nM),	
  or	
  rapamycin	
  (Rap:	
  50	
  nM).	
  	
  Cells	
  were	
  then	
  harvested,	
  and	
  glucose	
  

transport	
  (cpm/106	
  cells/sec)	
  was	
  monitored	
  by	
  measuring	
  the	
  quantity	
  of	
  [3H]-­‐

label	
  uptake	
  into	
  cells	
  after	
  a	
  [3H]-­‐2-­‐deoxy-­‐glucose	
  pulse	
  (60	
  sec)	
  in	
  Kreb’s	
  Ringer	
  

buffer,	
  as	
  described	
  in	
  Materials	
  and	
  methods.	
  	
  Specific	
  transport	
  was	
  calculated	
  by	
  

subtracting	
  [3H]-­‐2-­‐deoxy-­‐glucose	
  uptake	
  in	
  the	
  presence	
  of	
  cytochalasin	
  B	
  (10	
  µM),	
  

from	
  values	
  obtained	
  without	
  cytochalasin	
  B.	
  	
  Error	
  bars	
  reflect	
  standard	
  deviation	
  

from	
  the	
  mean	
  of	
  triplicate	
  measurements,	
  and	
  the	
  data	
  are	
  representative	
  of	
  3	
  

independent	
  experiments.	
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Figure	
  8.	
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Figure	
  9.	
  Glut-­‐1	
  expression	
  is	
  not	
  increased	
  in	
  B	
  cells	
  stimulated	
  via	
  the	
  BCR	
  in	
  

p85α-­‐deficient	
  mice.	
  	
  	
  

B	
  cells	
  isolated	
  from	
  p85α-­‐deficient	
  mice	
  were	
  cultured	
  in	
  the	
  absence	
  

(Media)	
  (blue	
  line)	
  or	
  presence	
  of	
  αIg	
  (10	
  µg/mL)	
  (red	
  line)	
  for	
  12	
  hr,	
  and	
  then	
  glut-­‐

1	
  expression	
  (PE-­‐A)	
  was	
  determined	
  by	
  flow	
  cytometry.	
  	
  Isotope	
  control	
  (gray	
  

dashed	
  line)	
  indicates	
  an	
  isotype-­‐matched	
  control	
  staining	
  of	
  B	
  cells	
  stimulated	
  with 

10	
  µg/mL αIg	
  for	
  12	
  hr.	
  	
  Data	
  are	
  representative	
  of	
  10,000	
  cells	
  (counts),	
  completed	
  

in	
  triplicate.	
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Figure	
  9.	
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Figure	
  10.	
  B	
  cells	
  isolated	
  from	
  XID	
  mice	
  do	
  not	
  increase	
  glut-­‐1	
  expression	
  in	
  

response	
  to	
  BCR	
  cross-­‐linking.	
  	
  	
  

B	
  cells	
  were	
  isolated	
  from	
  XID	
  (bottom	
  panel)	
  or	
  control	
  wild-­‐type	
  (CBA/CaJ:	
  

lower	
  panel)	
  mice	
  and	
  cultured	
  in	
  the	
  absence	
  (Media)	
  or	
  presence	
  of	
  αIg	
  (10	
  

µg/mL)	
  for	
  12	
  hr.	
  	
  B	
  cells	
  were	
  prepared	
  as	
  described	
  in	
  Materials	
  and	
  methods	
  and	
  

evaluated	
  for	
  glut-­‐1	
  expression	
  by	
  ICC	
  with	
  incubation	
  with	
  anti-­‐glut-­‐1	
  antibody	
  

(1:200).	
  	
  The	
  data	
  are	
  representative	
  of	
  3	
  independent	
  experiments.	
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Figure	
  10.	
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Figure	
  11.	
  B	
  cells	
  increase	
  cellular	
  size	
  and	
  maintain	
  viability	
  in	
  response	
  to	
  

stimulation.	
  	
  	
  

B	
  cells	
  were	
  cultured	
  in	
  medium	
  alone	
  (Media)	
  or	
  stimulated	
  with αIg	
  (10	
  

µg/mL),	
  IL-­‐4	
  (30	
  ng/mL),	
  CD40L	
  (1:10),	
  LPS	
  (25	
  µg/mL),	
  or	
  αIg	
  +	
  IL-­‐4	
  for	
  0	
  hr,	
  20	
  

hr,	
  or	
  40	
  hr.	
  	
  

(A)	
  	
   At	
  each	
  time	
  point,	
  relative	
  size	
  of	
  B	
  cells	
  was	
  measured	
  as	
  function	
  of	
  mean	
  

forward	
  scatter-­‐area	
  (FSC-­‐A,	
  arbitrary	
  units)	
  by	
  flow	
  cytometry.	
  Error	
  bars	
  reflect	
  

standard	
  deviation	
  from	
  the	
  mean	
  and	
  the	
  data	
  are	
  representative	
  of	
  3	
  independent	
  

experiments.	
  	
  

(B)	
  	
   B	
  cells	
  were	
  collected	
  and	
  viability	
  measured	
  as	
  exclusion	
  of	
  propidium	
  

iodide	
  by	
  flow	
  cytometry.	
  	
  The	
  percent	
  of	
  cells	
  that	
  excluded	
  PI	
  are	
  represented	
  as	
  

viable.	
  	
  Histograms	
  are	
  representative	
  of	
  10,000	
  cells,	
  completed	
  in	
  triplicate.	
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Figure	
  11A.	
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Figure	
  11B.	
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Figure	
  12.	
  Addition	
  of	
  glycolytic	
  inhibitors	
  reduces	
  viability,	
  not	
  cellular	
  size	
  of	
  IL-­‐4	
  

stimulated	
  B	
  cells.	
  	
  	
  

B	
  cells	
  were	
  cultured	
  in	
  medium	
  alone	
  (Media)	
  or	
  stimulated	
  with IL-­‐4	
  (30	
  

ng/mL),	
  in	
  the	
  absence	
  (IL-­‐4)	
  or	
  presence	
  of	
  10	
  µM	
  iodacetamide	
  (IL-­‐4	
  +	
  10	
  µM	
  

IAN)	
  or	
  1	
  mM	
  2-­‐deoxyglucose	
  (IL-­‐4	
  +	
  1	
  mM	
  2DG)	
  for	
  18	
  hr.	
  	
  

(A)	
  	
   Relative	
  size	
  of	
  B	
  cells	
  was	
  measured	
  as	
  function	
  of	
  mean	
  forward	
  scatter-­‐

area	
  (FSC-­‐A,	
  arbitrary	
  units)	
  by	
  flow	
  cytometry.	
  	
  Error	
  bars	
  reflect	
  standard	
  

deviation	
  from	
  the	
  mean	
  and	
  the	
  data	
  are	
  representative	
  of	
  3	
  independent	
  

experiments.	
  	
  

(B)	
  	
   B	
  cells	
  were	
  collected	
  and	
  viability	
  measured	
  as	
  exclusion	
  of	
  propidium	
  

iodide	
  by	
  flow	
  cytometry.	
  	
  The	
  percent	
  of	
  cells	
  that	
  excluded	
  PI	
  are	
  represented	
  as	
  

viable.	
  	
  Histograms	
  are	
  representative	
  of	
  10,000	
  cells,	
  completed	
  in	
  triplicate.	
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Figure	
  12A.	
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Figure	
  12B.	
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Figure	
  13.	
  Addition	
  of	
  5TG	
  does	
  not	
  reduce	
  size	
  or	
  viability	
  of	
  IL-­‐4	
  stimulated	
  B	
  

cells.	
  

B	
  cells	
  were	
  cultured	
  in	
  medium	
  alone	
  (Media)	
  or	
  stimulated	
  with IL-­‐4	
  (30	
  

ng/mL),	
  in	
  the	
  absence	
  (IL-­‐4)	
  or	
  presence	
  of	
  10	
  µM	
  5-­‐thio-­‐glucose	
  (IL-­‐4	
  +10	
  µM	
  

5TG)	
  or	
  1	
  mM	
  2-­‐deoxyglucose	
  (IL-­‐4	
  +	
  1	
  mM	
  2DG)	
  for	
  24	
  hr.	
  	
  

(A)	
  	
   Relative	
  size	
  of	
  B	
  cells	
  was	
  measured	
  as	
  function	
  of	
  mean	
  forward	
  scatter-­‐

area	
  (FSC-­‐A,	
  arbitrary	
  units)	
  by	
  flow	
  cytometry.	
  	
  Error	
  bars	
  reflect	
  standard	
  

deviation	
  from	
  the	
  mean	
  and	
  the	
  data	
  are	
  representative	
  of	
  3	
  independent	
  

experiments.	
  

(B)	
  	
   B	
  cells	
  were	
  collected	
  and	
  viability	
  measured	
  as	
  exclusion	
  of	
  propidium	
  

iodide	
  by	
  flow	
  cytometry.	
  	
  The	
  percent	
  of	
  cells	
  that	
  excluded	
  PI	
  are	
  represented	
  as	
  

viable.	
  	
  Histograms	
  are	
  representative	
  of	
  10,000	
  cells,	
  completed	
  in	
  triplicate.	
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Figure	
  13A.	
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Figure	
  13B.	
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Figure	
  14.	
  Addition	
  of	
  BP	
  does	
  not	
  reduce	
  size	
  or	
  viability	
  of	
  IL-­‐4	
  stimulated	
  B	
  cells.	
  

B	
  cells	
  were	
  cultured	
  in	
  medium	
  alone	
  (Media)	
  or	
  stimulated	
  with IL-­‐4	
  (30	
  

ng/mL),	
  in	
  the	
  absence	
  (IL-­‐4)	
  or	
  presence	
  of	
  10	
  µM	
  3-­‐bromopyruvate	
  (IL-­‐4	
  +	
  10	
  µM	
  

BP),	
  1	
  µM	
  3-­‐bromopyruvate	
  (IL-­‐4	
  +	
  1	
  µM	
  BP),	
  or	
  0.1	
  µM	
  3-­‐bromopyruvate	
  (IL-­‐4	
  +	
  

0.1	
  µM	
  BP)	
  for	
  23	
  hr.	
  	
  

(A)	
  	
   Relative	
  size	
  of	
  B	
  cells	
  was	
  measured	
  as	
  function	
  of	
  mean	
  forward	
  scatter-­‐

area	
  (FSC-­‐A,	
  arbitrary	
  units)	
  by	
  flow	
  cytometry.	
  	
  Error	
  bars	
  reflect	
  standard	
  

deviation	
  from	
  the	
  mean	
  and	
  the	
  data	
  are	
  representative	
  of	
  3	
  independent	
  

experiments.	
  

(B)	
  	
   B	
  cells	
  were	
  collected	
  and	
  viability	
  measured	
  as	
  exclusion	
  of	
  propidium	
  

iodide	
  by	
  flow	
  cytometry.	
  	
  The	
  percent	
  of	
  cells	
  that	
  excluded	
  PI	
  are	
  represented	
  as	
  

viable.	
  	
  Histograms	
  are	
  representative	
  of	
  10,000	
  cells,	
  completed	
  in	
  triplicate.	
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Figure	
  14A.	
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Figure	
  14B.	
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Figure	
  15.	
  BCR	
  cross-­‐linking	
  induces	
  glycolysis	
  over	
  time.	
  	
  	
  

B	
  cells	
  (2	
  x	
  106/mL)	
  were	
  cultured	
  in	
  the	
  absence	
  (Media,	
  0	
  hr)	
  or	
  presence	
  

of	
  αIg	
  (10	
  µg/mL).	
  	
  At	
  180	
  minutes	
  prior	
  to	
  the	
  indicated	
  times,	
  B	
  cell	
  cultures	
  were	
  

supplemented	
  with	
  1	
  µCi/mL	
  5-­‐[3H]-­‐glucose	
  and	
  glycolysis	
  was	
  then	
  measured	
  as	
  

described	
  in	
  Materials	
  and	
  methods.	
  	
  The	
  data	
  are	
  represented	
  as	
  nanomoles	
  of	
  

glucose	
  converted	
  to	
  [3H]OH	
  per	
  million	
  cells	
  per	
  hour	
  of	
  5-­‐[3H]-­‐glucose	
  pulse	
  (nmol	
  

glucose/106/hr).	
  	
  The	
  standard	
  deviations	
  for	
  each	
  time	
  point	
  are	
  less	
  than	
  5	
  %	
  of	
  

the	
  mean	
  of	
  triplicate	
  measurements,	
  and	
  the	
  data	
  are	
  representative	
  of	
  3	
  

independent	
  experiments.	
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Figure	
  15.	
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Figure	
  16.	
  Glycolytic	
  rate	
  is	
  differentially	
  modulated	
  in	
  B	
  cells	
  in	
  response	
  to	
  a	
  

variety	
  of	
  stimuli.	
  	
  	
  

B	
  cells	
  (2	
  x	
  106/mL)	
  were	
  cultured	
  in	
  the	
  absence	
  (Media)	
  or	
  presence	
  of	
  αIg	
  

(10	
  µg/mL),	
  IL-­‐4	
  (30	
  ng/mL),	
  CD40L	
  (1:10),	
  LPS	
  (25	
  µg/mL),	
  or	
  αIg	
  +	
  IL-­‐4	
  for	
  20	
  hr.	
  	
  

At	
  180	
  minutes	
  prior	
  to	
  the	
  indicated	
  time,	
  B	
  cell	
  cultures	
  were	
  supplemented	
  with	
  

1	
  µCi/mL	
  5-­‐[3H]-­‐glucose	
  and	
  glycolysis	
  was	
  then	
  measured	
  as	
  described	
  in	
  Materials	
  

and	
  methods.	
  	
  The	
  data	
  are	
  represented	
  as	
  nanomoles	
  of	
  glucose	
  converted	
  to	
  

[3H]OH	
  per	
  million	
  cells	
  per	
  hour	
  of	
  5-­‐[3H]-­‐glucose	
  pulse	
  (nmol	
  glucose/106/hr).	
  	
  

Error	
  bars	
  reflect	
  standard	
  deviation	
  from	
  the	
  mean	
  of	
  triplicate	
  measurements,	
  and	
  

the	
  data	
  are	
  representative	
  of	
  3	
  independent	
  experiments.	
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Figure	
  16.	
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Figure	
  17.	
  BCR	
  cross-­‐linking	
  signals	
  glycolytic	
  flux	
  via	
  the	
  PI3K	
  signaling	
  pathway.	
  	
  	
  

B	
  cells	
  (2	
  x	
  106/mL)	
  were	
  cultured	
  in	
  the	
  absence	
  (Media)	
  or	
  stimulated	
  with	
  

αIg	
  (10	
  µg/mL)	
  in	
  the	
  absence	
  (αIg)	
  or	
  presence	
  of	
  10	
  µM	
  LY294002	
  (αIg	
  +	
  LY),	
  50	
  

nM	
  wortmannin	
  (αIg	
  +	
  Wort),	
  or	
  1.0	
  %	
  vehicle	
  alone	
  (DMSO	
  +	
  αIg)	
  for	
  12	
  hr.	
  	
  At	
  180	
  

minutes	
  prior	
  to	
  the	
  indicated	
  time,	
  B	
  cell	
  cultures	
  were	
  supplemented	
  with	
  1	
  

µCi/mL	
  5-­‐[3H]-­‐glucose	
  and	
  glycolysis	
  was	
  then	
  measured	
  as	
  described	
  in	
  Materials	
  

and	
  methods.	
  	
  The	
  data	
  are	
  represented	
  as	
  nanomoles	
  of	
  glucose	
  converted	
  to	
  

[3H]OH	
  per	
  million	
  cells	
  per	
  hour	
  of	
  5-­‐[3H]-­‐glucose	
  pulse	
  (nmol	
  glucose/106/hr).	
  	
  

Error	
  bars	
  reflect	
  standard	
  deviation	
  from	
  the	
  mean	
  of	
  triplicate	
  measurements,	
  and	
  

the	
  data	
  are	
  representative	
  of	
  3	
  independent	
  experiments.	
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Figure	
  17.	
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Figure	
  18.	
  B	
  cells	
  deficient	
  of	
  p85α	
  fail	
  to	
  increase	
  glycolysis	
  in	
  response	
  to	
  BCR	
  

cross-­‐linking.	
  	
  	
  

B	
  cells	
  isolated	
  from	
  wild-­‐type	
  (WT)	
  and p85α-­‐deficient	
  (KO)	
  mice	
  were	
  

cultured	
  in	
  the	
  absence	
  (Media)	
  or	
  presence	
  of	
  10	
  µg/mL αIg	
  for	
  18	
  hr	
  and	
  28	
  hr.	
  	
  At	
  

90	
  minutes	
  prior	
  to	
  the	
  indicated	
  times,	
  B	
  cell	
  cultures	
  were	
  supplemented	
  with	
  1	
  

µCi/mL	
  5-­‐[3H]-­‐glucose	
  and	
  glycolysis	
  was	
  then	
  measured	
  as	
  described	
  in	
  Materials	
  

and	
  methods.	
  	
  The	
  data	
  are	
  represented	
  as	
  nanomoles	
  of	
  glucose	
  converted	
  to	
  

[3H]OH	
  per	
  million	
  cells	
  per	
  hour	
  of	
  5-­‐[3H]-­‐glucose	
  pulse	
  (nmol	
  glucose/106/hr).	
  	
  

The	
  standard	
  deviations	
  for	
  each	
  condition	
  are	
  less	
  than	
  5	
  %	
  of	
  the	
  mean. 	
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Figure	
  18.	
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Figure	
  19.	
  BTK	
  activity	
  is	
  necessary	
  for	
  an	
  enhanced	
  glycolytic	
  response	
  to	
  BCR	
  

cross-­‐linking.	
  	
  	
  

A) B	
  cells	
  were	
  isolated	
  from	
  CBA/CaJ	
  (WT)	
  and XID	
  mice	
  were	
  cultured	
  in	
  

the	
  absence	
  (Media)	
  or	
  presence	
  of	
  αIg	
  (10	
  µg/mL)	
  or	
  CD40L	
  (1:10)	
  for	
  3	
  

hr,	
  6	
  hr,	
  12	
  hr	
  and	
  22	
  hr.	
  	
  At	
  180	
  minutes	
  prior	
  to	
  the	
  indicated	
  times,	
  B	
  

cell	
  cultures	
  were	
  supplemented	
  with	
  1	
  µCi/mL	
  5-­‐[3H]-­‐glucose	
  and	
  

glycolysis	
  was	
  then	
  measured	
  as	
  described	
  in	
  Materials	
  and	
  methods.	
  	
  The	
  

data	
  are	
  represented	
  as	
  nanomoles	
  of	
  glucose	
  converted	
  to	
  [3H]OH	
  per	
  

million	
  cells	
  per	
  hour	
  of	
  5-­‐[3H]-­‐glucose	
  pulse	
  (nmol	
  glucose/106/hr).	
  	
  

Error	
  bars	
  reflect	
  standard	
  deviation	
  from	
  the	
  mean	
  of	
  triplicate	
  

measurements,	
  and	
  the	
  data	
  are	
  representative	
  of	
  3	
  independent	
  

experiments.	
  

B) B	
  cells	
  were	
  isolated	
  from	
  C57BL/6	
  (BL6)	
  and	
  BTK-­‐deficient	
  (BTK-­‐/-­‐)	
  

mice	
  were	
  cultured	
  in	
  the	
  absence	
  (Media)	
  or	
  presence	
  of	
  αIg	
  (10	
  µg/mL)	
  

for	
  6	
  hr,	
  12	
  hr,	
  23	
  hr,	
  44	
  hr,	
  and	
  72	
  hr,	
  or	
  CD40L	
  (1:10)	
  for	
  6	
  hr,	
  12	
  hr,	
  and	
  

23	
  hr.	
  	
  At	
  180	
  minutes	
  prior	
  to	
  the	
  indicated	
  times,	
  B	
  cell	
  cultures	
  were	
  

supplemented	
  with	
  1	
  µCi/mL	
  5-­‐[3H]-­‐glucose	
  and	
  glycolysis	
  was	
  then	
  

measured	
  as	
  described	
  in	
  Materials	
  and	
  methods.	
  	
  The	
  data	
  are	
  

represented	
  as	
  nanomoles	
  of	
  glucose	
  converted	
  to	
  [3H]OH	
  per	
  million	
  

cells	
  per	
  hour	
  of	
  5-­‐[3H]-­‐glucose	
  pulse	
  (nmol	
  glucose/106/hr).	
  	
  Error	
  bars	
  

reflect	
  standard	
  deviation	
  from	
  the	
  mean	
  of	
  triplicate	
  measurements,	
  and	
  

the	
  data	
  are	
  representative	
  of	
  3	
  independent	
  experiments.	
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Figure	
  19A.	
  
	
   	
  



	
   119	
  

Figure	
  19B.	
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Figure	
  20.	
  Deficiency	
  in	
  BLNK	
  reduces	
  the	
  glycolytic	
  response	
  to	
  BCR	
  cross-­‐linking.	
  	
  	
  

B	
  cells	
  isolated	
  from	
  wild-­‐type	
  (129xSV)	
  and BLNK-­‐deficient	
  (BLNK-­‐/-­‐)	
  mice	
  

were	
  cultured	
  in	
  the	
  absence	
  (Media)	
  or	
  presence	
  of	
  αIg	
  (10	
  µg/mL)	
  or	
  CD40L	
  

(1:10),	
  LPS	
  (25	
  µg/mL)	
  for	
  5	
  hr.	
  	
  At	
  180	
  minutes	
  prior	
  to	
  the	
  indicated	
  times,	
  B	
  cell	
  

cultures	
  were	
  supplemented	
  with	
  1	
  µCi/mL	
  5-­‐[3H]-­‐glucose	
  and	
  glycolysis	
  was	
  then	
  

measured	
  as	
  described	
  in	
  Materials	
  and	
  methods.	
  	
  The	
  data	
  are	
  represented	
  as	
  

nanomoles	
  of	
  glucose	
  converted	
  to	
  [3H]OH	
  per	
  million	
  cells	
  per	
  hour	
  of	
  5-­‐[3H]-­‐

glucose	
  pulse	
  (nmol	
  glucose/106/hr).	
  	
  Error	
  bars	
  reflect	
  standard	
  deviation	
  from	
  the	
  

mean	
  of	
  triplicate	
  measurements,	
  and	
  the	
  data	
  are	
  representative	
  of	
  3	
  independent	
  

experiments.	
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Figure	
  20.	
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Figure	
  21.	
  Inhibition	
  of	
  PKCδ	
  with	
  rottlerin	
  increases	
  glycolysis	
  independent	
  of	
  αIg	
  

stimulation.	
  	
  	
  

B	
  cells	
  were	
  cultured	
  in	
  the	
  absence	
  of	
  stimulation	
  (Media)	
  with	
  10	
  µM	
  

rottlerin	
  (Rottlerin)	
  or	
  in	
  the	
  presence	
  of	
  10	
  µg/mL αIg	
  (αIg)	
  with	
  rottlerin	
  (αIg	
  +	
  

Rottlerin)	
  for	
  3	
  hr	
  and	
  6	
  hr.	
  	
  At	
  180	
  minutes	
  prior	
  to	
  the	
  indicated	
  time,	
  B	
  cell	
  

cultures	
  were	
  supplemented	
  with	
  1	
  µCi/mL	
  5-­‐[3H]-­‐glucose	
  and	
  glycolysis	
  was	
  then	
  

measured	
  as	
  described	
  in	
  Materials	
  and	
  methods.	
  	
  The	
  data	
  are	
  represented	
  as	
  

nanomoles	
  of	
  glucose	
  converted	
  to	
  [3H]OH	
  per	
  million	
  cells	
  per	
  hour	
  of	
  5-­‐[3H]-­‐

glucose	
  pulse	
  (nmol	
  glucose/106/hr).	
  	
  Error	
  bars	
  reflect	
  standard	
  deviation	
  from	
  the	
  

mean	
  of	
  triplicate	
  measurements,	
  and	
  the	
  data	
  are	
  representative	
  of	
  2	
  independent	
  

experiments.	
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Figure	
  21.	
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Figure	
  22.	
  PKCδ	
  is	
  not	
  required	
  for	
  BCR-­‐induced	
  glycolytic	
  flux	
  in	
  B	
  cells.	
  

B	
  cells	
  isolated	
  from	
  wild-­‐type	
  (C57BL/6x129x1/SvJ)	
  and PKCδ-­‐deficient	
  

(PKCδ-­‐/-­‐)	
  mice	
  were	
  cultured	
  in	
  the	
  absence	
  (Media)	
  or	
  presence	
  of	
  αIg	
  (10	
  µg/mL)	
  

for	
  24	
  hr.	
  	
  At	
  180	
  minutes	
  prior	
  to	
  the	
  indicated	
  time,	
  B	
  cell	
  cultures	
  were	
  

supplemented	
  with	
  1	
  µCi/mL	
  5-­‐[3H]-­‐glucose	
  and	
  glycolysis	
  was	
  then	
  measured	
  as	
  

described	
  in	
  Materials	
  and	
  methods.	
  	
  The	
  data	
  are	
  represented	
  as	
  nanomoles	
  of	
  

glucose	
  converted	
  to	
  [3H]OH	
  per	
  million	
  cells	
  per	
  hour	
  of	
  5-­‐[3H]-­‐glucose	
  pulse	
  (nmol	
  

glucose/106/hr).	
  	
  Error	
  bars	
  reflect	
  standard	
  deviation	
  from	
  the	
  mean	
  of	
  triplicate	
  

measurements,	
  and	
  the	
  data	
  are	
  representative	
  of	
  3	
  independent	
  experiments.	
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Figure	
  22.	
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Figure	
  23.	
  IL-­‐4	
  mediated	
  increase	
  in	
  glycolysis	
  requires	
  STAT6	
  in	
  B	
  cells.	
  	
  

WT	
  B	
  cells	
  were	
  cultured	
  in	
  the	
  absence	
  (-­‐)	
  or	
  presence	
  of	
  4	
  ng/mL	
  IL-­‐4	
  (+)	
  

for	
  48	
  hr.	
  	
  STAT6-­‐deficient	
  (STAT6	
  KO)	
  B	
  cells	
  were	
  cultured	
  in	
  the	
  absence	
  (-­‐)	
  or	
  

presence	
  of	
  4	
  ng/mL	
  IL-­‐4	
  (+)	
  or	
  cultured	
  with	
  cell-­‐permeable	
  forms	
  (200	
  ng/mL)	
  of	
  

WT	
  TAT-­‐Stat6	
  (WT-­‐),	
  WT	
  TAT-­‐Stat6	
  plus	
  IL-­‐4	
  (WT+),	
  or	
  constitutively	
  active	
  TAT-­‐

Stat6VT	
  (VT)	
  for	
  48	
  hr.	
  	
  At	
  180	
  minutes	
  prior	
  to	
  the	
  indicated	
  time,	
  B	
  cell	
  cultures	
  

were	
  supplemented	
  with	
  1	
  µCi/mL	
  5-­‐[3H]-­‐glucose	
  and	
  glycolysis	
  was	
  then	
  

measured	
  as	
  described	
  in	
  Materials	
  and	
  methods.	
  	
  The	
  data	
  are	
  represented	
  as	
  

nanomoles	
  of	
  glucose	
  converted	
  to	
  [3H]OH	
  per	
  million	
  cells	
  per	
  hour	
  of	
  5-­‐[3H]-­‐

glucose	
  pulse	
  (nmol	
  glucose/106/hr).	
  	
  Error	
  bars	
  reflect	
  standard	
  deviation	
  from	
  the	
  

mean	
  of	
  triplicate	
  measurements,	
  and	
  the	
  data	
  are	
  representative	
  of	
  3	
  independent	
  

experiments.	
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Figure	
  23.	
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Figure	
  24.	
  Expression	
  of	
  key	
  glycolytic	
  enzymes	
  increases	
  in	
  response	
  to	
  BCR	
  cross-­‐

linking.	
  	
  	
  

B	
  cells	
  were	
  cultured	
  in	
  medium	
  alone	
  (media)	
  or	
  stimulated	
  with αIg	
  (15	
  

µg/mL)	
  for	
  24	
  hr.	
  	
  At	
  these	
  time	
  points,	
  total	
  RNA	
  was	
  isolated	
  and	
  expression	
  of	
  

phosphofructose	
  kinase	
  (pfk),	
  lactate	
  dehydrogenase	
  (ldh),	
  or	
  hexokinase	
  (hk)	
  was	
  

assessed	
  by	
  semi-­‐quantitative	
  real	
  time	
  PCR	
  with	
  SYBR	
  green.	
  	
  Levels	
  of	
  expression	
  

of	
  the	
  indicated	
  gene	
  were	
  normalized	
  to	
  18S	
  rRNA	
  and	
  represent	
  ratios	
  of	
  the	
  

indicated	
  gene:	
  18S	
  rRNA	
  relative	
  to	
  media.	
  	
  Error	
  bars	
  reflect	
  standard	
  deviation	
  

from	
  the	
  mean	
  of	
  triplicate	
  measurements,	
  and	
  the	
  data	
  are	
  representative	
  of	
  3	
  

independent	
  experiments.	
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Figure	
  24.	
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Figure	
  25.	
  Lactate	
  secretion	
  is	
  induced	
  in	
  response	
  to	
  BCR	
  cross-­‐linking.	
  	
  	
  

B	
  cells	
  were	
  cultured	
  in	
  medium	
  alone	
  (Media)	
  or	
  stimulated	
  with	
  αIg	
  (10	
  

µg/mL)	
  for	
  16	
  hr,	
  24	
  hr,	
  and	
  48	
  hr.	
  	
  The	
  amount	
  of	
  lactate	
  secreted	
  into	
  the	
  tissue	
  

culture	
  medium	
  was	
  then	
  measured	
  by	
  colorimetric	
  lactate	
  oxidase	
  method	
  (Pointe	
  

Scientific).	
  	
  The	
  data	
  are	
  represented	
  as	
  millimoles	
  per	
  liter	
  (mmol/L).	
  	
  Error	
  bars	
  

reflect	
  standard	
  deviation	
  from	
  the	
  mean	
  of	
  triplicate	
  measurements,	
  and	
  the	
  data	
  

are	
  representative	
  of	
  3	
  independent	
  experiments.	
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  Figure	
  25.	
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Figure	
  26.	
  ATP	
  levels	
  are	
  reduced	
  in	
  B	
  cells	
  lacking	
  functional	
  BTK.	
  	
  	
  

B	
  cells	
  of	
  XID	
  or	
  wild-­‐type	
  (CBA/CaJ)	
  were	
  cultured	
  in	
  medium	
  alone	
  (Media)	
  

or	
  stimulated	
  with αIg	
  (15	
  µg/mL)	
  or	
  IL-­‐4	
  (30	
  ng/mL)	
  for	
  23	
  hr.	
  	
  Concentrations	
  of	
  

ATP	
  (nM)	
  in	
  1	
  x	
  106	
  B	
  cells	
  under	
  each	
  condition	
  were	
  determined	
  by	
  a	
  

bioluminescent	
  assay.	
  	
  A	
  standard	
  curve	
  for	
  a	
  series	
  of	
  standard	
  ATP	
  concentrations	
  

(0	
  nM	
  to	
  1000	
  nM)	
  was	
  generated	
  and	
  the	
  amount	
  of	
  ATP	
  in	
  the	
  experimental	
  

samples	
  was	
  calculated	
  from	
  the	
  standard	
  curve.  Error	
  bars	
  reflect	
  standard	
  

deviation	
  from	
  the	
  mean	
  of	
  triplicate	
  measurements,	
  and	
  the	
  data	
  are	
  

representative	
  of	
  3	
  independent	
  experiments.	
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Figure	
  26.	
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Figure	
  27.	
  Stimulated	
  B	
  cells	
  increase	
  production	
  of	
  CO2	
  levels.	
  	
  	
  

B	
  cells	
  were	
  cultured	
  in	
  medium	
  alone	
  (Media)	
  or	
  stimulated	
  with αIg	
  (15	
  

µg/mL)	
  or	
  IL-­‐4	
  (30	
  ng/mL)	
  for	
  44	
  hr.	
  	
  The	
  tissue	
  culture	
  medium	
  contained	
  

bicarbonate-­‐free	
  RPMI-­‐1640	
  supplemented	
  with	
  [14C]-­‐1-­‐glucose	
  or	
  [14C]-­‐6-­‐glucose.	
  	
  

As	
  a	
  control	
  for	
  evaporation,	
  cell-­‐free	
  RPMI-­‐1640	
  with	
  [14C]-­‐labeled	
  glucose	
  (RPMI-­‐

no	
  cells)	
  was	
  included	
  in	
  our	
  assay.	
  	
  Release	
  of	
  [14C]O2	
  into	
  atmosphere	
  was	
  

captured	
  with	
  saturated	
  Ba(OH)2	
  filter	
  paper	
  in	
  sealed	
  cell	
  culture	
  plate,	
  as	
  

described	
  in	
  Materials	
  and	
  methods.	
  	
  Levels	
  of	
  [14C]O2	
  were	
  determined	
  by	
  

autoradiography	
  and	
  densitometry.	
  	
  Indicated	
  numbers	
  are	
  representative	
  of	
  fold	
  

increase	
  in	
  average	
  densitometric	
  intensity	
  values	
  of	
  the	
  expired	
  [14C]O2	
  from	
  

respective	
  [14C]-­‐labeled	
  glucose,	
  captured	
  from	
  αIg	
  or	
  IL-­‐4	
  stimulated	
  B	
  cells	
  

relative	
  to	
  unstimulated	
  (Media).	
  	
  ImageJ	
  software	
  (v1.45)	
  was	
  used	
  to	
  obtain	
  

densitometric	
  values.	
  	
  The	
  data	
  are	
  representative	
  of	
  2	
  independent	
  experiments.	
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Figure	
  27.	
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Figure	
  28.	
  B	
  cells	
  increase	
  [14C]O2	
  production	
  in	
  response	
  to	
  various	
  stimuli.	
  	
  

B	
  cells	
  were	
  cultured	
  in	
  medium	
  alone	
  (Media)	
  or	
  stimulated	
  with αIg	
  (15	
  

µg/mL),	
  IL-­‐4	
  (30	
  ng/mL),	
  αIg	
  +	
  IL-­‐4,	
  LPS	
  (25	
  µg/mL),	
  or	
  phorbol	
  myristate	
  acetate	
  

(PMA:	
  300	
  ng/mL)	
  and	
  ionomycin	
  (Iono:	
  400	
  ng/mL)	
  for	
  24	
  hr.	
  	
  The	
  tissue	
  culture	
  

medium	
  contained	
  bicarbonate-­‐free	
  RPMI-­‐1640	
  supplemented	
  with	
  [14C]-­‐1-­‐glucose	
  

or	
  [14C]-­‐6-­‐glucose.	
  	
  As	
  a	
  control	
  for	
  evaporation,	
  B	
  cells	
  were	
  also	
  cultured	
  in	
  RPMI-­‐

1640	
  without	
  [14C]-­‐labeled	
  glucose	
  supplement	
  (Unlabeled).	
  	
  Release	
  of	
  [14C]O2	
  into	
  

atmosphere	
  was	
  captured	
  with	
  saturated	
  Ba(OH)2	
  filter	
  paper	
  in	
  sealed	
  cell	
  culture	
  

plate,	
  as	
  described	
  in	
  Materials	
  and	
  methods.	
  	
  Levels	
  of	
  [14C]O2	
  were	
  determined	
  by	
  

autoradiography	
  and	
  densitometry.	
  	
  Indicated	
  numbers	
  are	
  representative	
  of	
  fold	
  

increase	
  in	
  average	
  densitometric	
  intensity	
  values	
  of	
  the	
  expired	
  [14C]O2	
  from	
  

respective	
  [14C]-­‐labeled	
  glucose,	
  captured	
  from	
  stimulated	
  B	
  cells	
  relative	
  to	
  

unstimulated	
  (Media).	
  	
  ImageJ	
  software	
  (v1.45)	
  was	
  used	
  to	
  obtain	
  densitometric	
  

values.	
  The	
  data	
  are	
  representative	
  of	
  2	
  independent	
  experiments.	
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Figure	
  28.	
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Figure	
  29.	
  Inhibition	
  of	
  pentose	
  phosphate	
  pathway	
  reduced	
  production	
  of	
  [14C]O2	
  

in	
  B	
  cells.	
  	
  	
  

B	
  cells	
  were	
  cultured	
  in	
  medium	
  alone	
  (Media)	
  or	
  stimulated	
  with αIg	
  (15	
  

µg/mL)	
  in	
  the	
  absence	
  (no	
  inhibitor)	
  or	
  presence	
  of	
  100	
  µM	
  6-­‐aminonicotinamide	
  

(6-­‐ANA)	
  for	
  18	
  hr.	
  	
  The	
  tissue	
  culture	
  medium	
  contained	
  bicarbonate-­‐free	
  RPMI-­‐

1640	
  supplemented	
  with	
  [14C]-­‐1-­‐glucose.	
  	
  As	
  a	
  control	
  for	
  evaporation,	
  B	
  cells	
  in	
  

culture	
  containing	
  RPMI-­‐1640	
  without	
  [14C]-­‐labeled	
  glucose	
  (No	
  [14C])	
  was	
  included	
  

in	
  our	
  assay.	
  	
  Release	
  of	
  [14C]O2	
  into	
  atmosphere	
  was	
  captured	
  with	
  saturated	
  

Ba(OH)2	
  filter	
  paper	
  in	
  sealed	
  cell	
  culture	
  plate,	
  as	
  described	
  in	
  Materials	
  and	
  

methods.	
  	
  Levels	
  of	
  [14C]O2	
  were	
  determined	
  by	
  autoradiography	
  and	
  densitometry.	
  	
  

The	
  data	
  are	
  representative	
  of	
  1	
  independent	
  experiment.	
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Figure	
  29.	
  	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
   	
  



	
   140	
  

Figure	
  30.	
  Pathway	
  of	
  glucose	
  utilization	
  into	
  de	
  novo	
  lipogenesis.	
  	
  	
  

Intracellular	
  glucose	
  can	
  be	
  metabolized	
  through	
  glycolysis	
  to	
  the	
  end-­‐

product	
  pyruvate.	
  	
  For	
  further	
  cellular	
  utilization,	
  pyruvate	
  enters	
  the	
  mitochondria	
  

for	
  processing	
  through	
  the	
  TCA	
  cycle.	
  	
  Truncation	
  of	
  this	
  cycle	
  occurs	
  when	
  citrate	
  is	
  

exported	
  out	
  of	
  the	
  mitochondria	
  and	
  into	
  the	
  cytoplasm.	
  	
  The	
  cytosolic	
  enzyme,	
  

ATP	
  citrate	
  lyase	
  (ACL)	
  acts	
  upon	
  citrate	
  to	
  produce	
  acetyl-­‐CoA	
  and	
  oxaloacetate	
  

(not	
  shown).	
  	
  The	
  synthesis	
  of	
  lipids	
  occurs	
  through	
  a	
  series	
  of	
  enzymatic	
  reactions	
  

utilizing	
  the	
  supply	
  of	
  acetyl-­‐CoA	
  subunits	
  to	
  form	
  cholesterol,	
  fatty	
  acids	
  and	
  

isoprenoids	
  (not	
  shown).	
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Figure	
  30.	
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Figure	
  31.	
  Time	
  course	
  of	
  ACL	
  phosphorylation	
  on	
  serine454.	
  	
  	
  

(A)	
  	
   B	
  cells	
  were	
  cultured	
  in	
  medium	
  alone	
  (Media)	
  or	
  stimulated	
  with αIg	
  (10	
  

µg/mL),	
  IL-­‐4	
  (30	
  ng/mL),	
  or αIg	
  +	
  IL-­‐4	
  for	
  3	
  hr,	
  6	
  hr,	
  9	
  hr,	
  24	
  hr,	
  48	
  hr,	
  and	
  72	
  hr.	
  	
  

Cell	
  lysates	
  were	
  prepared	
  in	
  Triton	
  X-­‐100	
  buffer,	
  and	
  equivalent	
  amounts	
  of	
  total	
  

protein	
  were	
  examined	
  by	
  Western	
  blot	
  for	
  phospho-­‐serine454	
  ACL	
  and	
  hsp90	
  

protein	
  levels;	
  the	
  latter	
  serves	
  as	
  a	
  loading	
  control.	
  	
  

(B)	
  	
   Quantification	
  of	
  the	
  phospho-­‐serine454	
  ACL	
  bands	
  was	
  obtained	
  through	
  use	
  

of	
  ImageJ	
  software	
  (v1.45).	
  	
  Both	
  upper	
  and	
  lower	
  band	
  densities	
  are	
  listed	
  as	
  

upper:	
  lower	
  for	
  stimulated	
  B	
  cell	
  extracts.	
  	
  Values	
  represent	
  fold	
  increase	
  of	
  

detected	
  band	
  in	
  extracts	
  of	
  stimulated	
  B	
  cells	
  above	
  detected	
  band	
  density	
  obtained	
  

in	
  Media.	
  	
  The	
  data	
  are	
  representative	
  of	
  3	
  independent	
  experiments.	
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  Figure	
  31.	
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Figure	
  32.	
  Phosphorylation	
  of	
  ACL	
  at	
  serine454	
  is	
  dependent	
  upon	
  PI3K	
  activity.	
  	
  	
  

(A)	
  	
   B	
  cells	
  were	
  cultured	
  with	
  αIg	
  (10	
  µg/mL),	
  IL-­‐4	
  (30	
  ng/mL), αIg	
  +	
  IL-­‐4,	
  in	
  the	
  

absence	
  or	
  presence	
  of	
  25	
  µM	
  LY294002	
  (LY),	
  50	
  nM	
  wortmannin	
  (Wort),	
  or	
  50	
  nM	
  

rapamycin	
  (Rap),	
  or	
  in	
  medium	
  alone	
  with	
  1	
  %	
  vehicle-­‐only	
  (DMSO)	
  for	
  18	
  hr.	
  	
  Cells	
  

were	
  then	
  harvested,	
  and	
  cellular	
  lysates	
  prepared	
  in	
  Triton	
  X-­‐100	
  buffer,	
  and	
  

equivalent	
  amounts	
  of	
  total	
  protein	
  were	
  examined	
  by	
  Western	
  blot	
  for	
  phospho-­‐

serine454	
  ACL,	
  phospho-­‐serine473	
  Akt,	
  total	
  ACL,	
  and	
  hsp90	
  protein	
  levels;	
  the	
  latter	
  

serves	
  as	
  a	
  loading	
  control.	
  	
  

(B)	
  	
   Quantification	
  of	
  the	
  phospho-­‐serine454	
  ACL	
  band	
  density	
  was	
  obtained	
  

through	
  the	
  use	
  of	
  ImageJ	
  software	
  (v1.45).	
  	
  Both	
  upper	
  and	
  lower	
  band	
  densities	
  

are	
  listed	
  as	
  upper:	
  lower	
  for	
  stimulated	
  B	
  cell	
  extracts.	
  	
  Values	
  represent	
  fold	
  

increase	
  of	
  detected	
  band	
  in	
  extracts	
  of	
  stimulated	
  B	
  cells	
  above	
  detected	
  band	
  

density	
  obtained	
  in	
  DMSO-­‐treated.	
  	
  The	
  data	
  are	
  representative	
  of	
  2	
  independent	
  

experiments.	
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  Figure	
  32.	
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Figure	
  33.	
  Deficiency	
  of	
  p85α	
  decreases	
  ACL	
  phosphorylation.	
  	
  	
  

(A)	
   B	
  cells	
  were	
  isolated	
  from	
  p85α-­‐/-­‐	
  (Knockout),	
  p85α+/-­‐	
  (Heterozygous),	
  or	
  

p85α+/+	
  (Wild-­‐type)	
  mice	
  and	
  cultured	
  in	
  the	
  absence	
  (Media)	
  or	
  presence	
  of	
  IL-­‐4	
  	
  

(30	
  ng/mL),	
  αIg	
  (10	
  µg/mL),	
  αIg	
  +	
  IL-­‐4	
  for	
  3	
  hr	
  and	
  6	
  hr.	
  	
  Cells	
  were	
  then	
  harvested,	
  

cellular	
  lysates	
  prepared	
  in	
  Triton	
  X-­‐100	
  buffer,	
  and	
  equivalent	
  amounts	
  of	
  total	
  

protein	
  were	
  examined	
  by	
  Western	
  blot	
  for	
  phospho-­‐serine454	
  ACL.	
  	
  

(B)	
   Quantification	
  of	
  the	
  phospho-­‐serine454	
  ACL	
  band	
  density	
  was	
  obtained	
  

through	
  use	
  of	
  ImageJ	
  software	
  (v1.45).	
  	
  Band	
  density	
  values	
  represent	
  fold	
  increase	
  

of	
  detected	
  band	
  in	
  extracts	
  of	
  stimulated	
  B	
  cells	
  above	
  detected	
  band	
  density	
  

obtained	
  in	
  Media	
  of	
  the	
  respective	
  genotype.	
  	
  The	
  data	
  are	
  representative	
  of	
  3	
  

independent	
  experiments.	
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  Figure	
  33.	
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Figure	
  34.	
  ACL	
  activity	
  is	
  increased	
  in	
  response	
  to	
  αIg	
  +	
  IL-­‐4	
  stimulation	
  of	
  B	
  cells.	
  	
  	
  

B	
  cells	
  were	
  cultured	
  in	
  medium	
  alone	
  (0)	
  or	
  with	
  αIg	
  (10	
  µg/mL)	
  and	
  IL-­‐4	
  

(30	
  ng/mL)	
  for	
  the	
  indicated	
  time	
  points.	
  	
  Whole	
  cell	
  extracts	
  were	
  then	
  prepared	
  

and	
  ACL	
  activity	
  was	
  measured	
  by	
  coupled	
  enzymatic	
  reaction	
  to	
  malate	
  

dehydrogenase	
  (MDH),	
  as	
  described	
  in	
  Materials	
  and	
  methods.	
  	
  ACL	
  enzyme	
  activity	
  

is	
  expressed	
  as	
  the	
  oxidation	
  of	
  NADH	
  to	
  NAD+	
  +	
  H+,	
  over	
  time	
  as	
  measured	
  by	
  the	
  

change	
  in	
  absorbance	
  (OD340/min).	
  	
  The	
  standard	
  deviations	
  for	
  each	
  condition	
  are	
  

less	
  than	
  5	
  %	
  of	
  the	
  mean.	
  	
  This	
  assay	
  was	
  conducted	
  in	
  duplicate	
  by	
  Dr.	
  Maria	
  

Gumina	
  (2009).	
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Figure	
  34.	
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Figure	
  35.	
  Deficiency	
  of	
  p85α	
  reduces	
  ACL	
  enzyme	
  activity.	
  	
  	
  

B	
  cells	
  were	
  isolated	
  from	
  p85α+/+,	
  p85α+/-­‐,	
  or	
  p85-­‐/-­‐	
  mice	
  cultured	
  in	
  the	
  

absence	
  (Media)	
  or	
  presence	
  of	
  αIg	
  (10	
  µg/mL)	
  +	
  IL-­‐4	
  (30	
  ng/mL)	
  for	
  18	
  hr.	
  	
  Whole	
  

cell	
  extracts	
  were	
  then	
  prepared	
  and	
  ACL	
  activity	
  was	
  measured	
  by	
  coupled	
  

enzymatic	
  reaction	
  to	
  malate	
  dehydrogenase	
  (MDH),	
  as	
  described	
  in	
  Materials	
  and	
  

methods.	
  	
  ACL	
  enzyme	
  activity	
  is	
  expressed	
  as	
  the	
  oxidation	
  of	
  NADH	
  to	
  NAD+	
  +	
  H+,	
  

over	
  time	
  as	
  measured	
  by	
  the	
  change	
  in	
  absorbance	
  (OD340/min).	
  	
  Error	
  bars	
  reflect	
  

standard	
  deviation	
  from	
  the	
  mean	
  of	
  triplicate	
  measurements.	
  	
  This	
  assay	
  was	
  

conducted	
  in	
  duplicate	
  by	
  Dr.	
  Maria	
  Gumina	
  (2009).	
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Figure	
  35.	
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Figure	
  36.	
  ACL	
  activity	
  in	
  B	
  cells	
  following	
  receptor	
  stimulation.	
  	
  	
  

B	
  cells	
  were	
  cultured	
  in	
  medium	
  alone	
  (w)	
  or	
  with	
  10	
  µg/mL αIg	
  +	
  30	
  ng/mL	
  

IL-­‐4	
  ( )	
  or	
  50	
  µg/mL	
  LPS	
  (O111:B4)	
  (x)	
  for	
  the	
  indicated	
  time	
  points.	
  	
  Whole	
  cell	
  Δ

extracts	
  were	
  then	
  prepared	
  and	
  ACL	
  activity	
  was	
  measured	
  as	
  the	
  amount	
  of	
  [14C]-­‐

acetyl-­‐CoA	
  (CPM)	
  produced	
  from	
  incubation	
  of	
  extracts	
  with	
  [14C]-­‐citrate,	
  as	
  

described	
  in	
  Materials	
  and	
  methods.	
  	
  Values	
  represent	
  the	
  amount	
  of	
  [14C]-­‐acetyl-­‐

CoA	
  (CPM)	
  measured	
  in	
  MicroScintO	
  by	
  scintillation	
  counting.	
  	
  For	
  analysis,	
  the	
  

measured	
  average	
  CPM	
  was	
  then	
  plotted	
  as	
  a	
  function	
  of	
  B	
  cell	
  culture	
  time,	
  and	
  

trendlines	
  calculated	
  by	
  Microsoft	
  Excel™.	
  	
  Error	
  bars	
  reflect	
  standard	
  deviation	
  

from	
  the	
  mean	
  of	
  triplicate	
  measurements	
  and	
  the	
  data	
  are	
  representative	
  of	
  2	
  

independent	
  experiments.	
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Figure	
  36.	
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Figure	
  37.	
  ACL	
  activity	
  is	
  reduced	
  in	
  the	
  presence	
  of	
  compound-­‐9.	
  	
  	
  

B	
  cells	
  were	
  cultured	
  in	
  medium	
  alone	
  (Untreated)	
  or	
  with	
  10	
  µg/mL αIg	
  +	
  

30	
  ng/mL	
  IL-­‐4	
  or	
  50	
  µg/mL	
  LPS	
  (O111:B4)	
  in	
  the	
  absence	
  (0	
  µM)	
  or	
  presence	
  of	
  25	
  

µM,	
  35	
  µM,	
  50	
  µM	
  compound-­‐9	
  (C-­‐9)	
  for	
  24	
  hr.	
  	
  Whole	
  cell	
  extracts	
  were	
  then	
  

prepared	
  and	
  ACL	
  enzyme	
  activity	
  assessed,	
  as	
  described	
  in	
  Materials	
  and	
  methods.	
  	
  

The	
  ACL	
  enzyme	
  activity	
  is	
  represented	
  as	
  the	
  average	
  [14C]-­‐acetyl-­‐CoA	
  (cpm)	
  

obtained	
  through	
  extraction	
  in	
  MicroScintO	
  and	
  scintillation	
  counting.	
  	
  Values	
  are	
  

expressed	
  as	
  cpm	
  from	
  ¼	
  total	
  enzyme	
  reaction	
  volume	
  and	
  represent	
  assay	
  

conducted	
  in	
  triplicate.	
  	
  The	
  data	
  are	
  representative	
  of	
  2	
  independent	
  experiments.	
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  Figure	
  37.	
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Table	
  I.	
  Inhibition	
  of	
  ACL	
  activity	
  does	
  not	
  significantly	
  effect	
  cellular	
  size	
  or	
  volume	
  

of	
  stimulated	
  B	
  cells.	
  	
  	
  

B	
  cells	
  were	
  cultured	
  in	
  medium	
  alone	
  (Untreated)	
  or	
  with	
  10	
  µg/mL αIg	
  and	
  

30	
  ng/mL	
  IL-­‐4	
  (αIg+	
  IL-­‐4)	
  or	
  50	
  µg/mL	
  LPS	
  (O111:B4)	
  for	
  12	
  hr,	
  24	
  hr,	
  and	
  48	
  hr.	
  	
  

Compound-­‐9	
  (C-­‐9)	
  at	
  concentrations	
  of	
  25	
  µM,	
  35	
  µM,	
  or	
  50	
  µM	
  was	
  also	
  co-­‐

incubated	
  in	
  B	
  cells	
  stimulated	
  with	
  LPS	
  or	
  αIg	
  +	
  IL-­‐4.	
  	
  At	
  the	
  indicated	
  time	
  points,	
  

B	
  cells	
  were	
  diluted	
  1/100	
  in	
  PBS	
  and	
  both	
  size	
  (µ)	
  and	
  volume	
  (pL)	
  were	
  measured	
  

by	
  the	
  Millipore	
  Scepter™	
  instrument.	
  	
  The	
  data	
  are	
  representative	
  of	
  3	
  independent	
  

experiments.	
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Table	
  I.	
  	
  
Volume	
  (pL)	
   Initial	
   12	
  hr	
   24	
  hr	
   48	
  hr	
  

Untreated	
   0.129	
   	
   	
   	
  
LPS	
  

	
  
	
   0.170	
   0.275	
   0.386	
  

LPS	
  +	
  
25	
  µM	
  C-­‐9	
  

	
   0.173	
   0.248	
   0.350	
  

LPS	
  +	
  
35	
  µM	
  C-­‐9	
  

	
   0.183	
   0.265	
   0.358	
  

LPS	
  +	
  
50	
  µM	
  C-­‐9	
  

	
   0.184	
   0.251	
   0.398	
  
	
   	
   	
   	
   	
  

Size	
  (microns)	
   	
   	
   	
   	
  
Untreated	
   6.265	
   	
   	
   	
  

LPS	
  
	
  

	
   6.875	
   8.072	
   9.040	
  

LPS	
  +	
  
25	
  µM	
  C-­‐9	
  

	
   6.917	
   7.791	
   8.741	
  

LPS	
  +	
  
35	
  µM	
  C-­‐9	
  

	
   7.040	
   7.973	
   8.815	
  

LPS	
  +	
  
50	
  µM	
  C-­‐9	
  

	
   7.060	
   7.824	
   9.129	
  
	
  

Volume	
  (pL)	
   Initial	
   12	
  hr	
   24	
  hr	
   48	
  hr	
  
Untreated	
   0.129	
   	
   	
   	
  
αIg	
  +	
  IL-­‐4	
  

	
  
	
   0.174	
   0.281	
   0.384	
  

αIg	
  +	
  IL-­‐4,	
  
25	
  µM	
  C-­‐9	
  

	
   0.178	
   0.278	
   0.377	
  

αIg	
  +	
  IL-­‐4,	
  
35	
  µM	
  C-­‐9	
  

	
   0.178	
   0.256	
   0.365	
  

αIg	
  +	
  IL-­‐4,	
  
50	
  µM	
  C-­‐9	
  

	
   0.168	
   0.286	
   0.369	
  
	
   	
   	
   	
   	
  

Size	
  (microns)	
   	
   	
   	
   	
  
Untreated	
   6.265	
   	
   	
   	
  
αIg	
  +	
  IL-­‐4	
  

	
  
	
   6.924	
   8.128	
   9.020	
  

αIg	
  +	
  IL-­‐4,	
  
25	
  µM	
  C-­‐9	
  

	
   6.896	
   8.102	
   8.966	
  

αIg	
  +	
  IL-­‐4,	
  
35	
  µM	
  C-­‐9	
  

	
   6.979	
   7.883	
   8.870	
  

αIg	
  +	
  IL-­‐4,	
  
50	
  µM	
  C-­‐9	
  

	
   6.847	
   8.173	
   8.900	
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Table	
  II.	
  Stimulated	
  B	
  cell	
  viability	
  decreases	
  with	
  addition	
  of	
  compound-­‐9.	
  	
  	
  

B	
  cells	
  were	
  cultured	
  with	
  LPS	
  (50	
  µg/mL)	
  or	
  αIg	
  (10	
  µg/mL)	
  and	
  IL-­‐4	
  (30	
  

ng/mL)	
  (αIg	
  +	
  IL-­‐4)	
  and	
  treated	
  with	
  indicated	
  concentration	
  of	
  compound-­‐9	
  (C-­‐9)	
  

for	
  24	
  hr,	
  48	
  hr,	
  and	
  72	
  hr.	
  	
  B	
  cells	
  were	
  collected	
  and	
  viability	
  measured	
  as	
  

exclusion	
  of	
  propidium	
  iodide	
  by	
  flow	
  cytometry.	
  	
  The	
  percent	
  of	
  cells	
  that	
  excluded	
  

PI	
  are	
  represented	
  as	
  viable.	
  	
  The	
  data	
  are	
  representative	
  of	
  3	
  independent	
  

experiments.	
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Table	
  II.	
  
Viability	
  
(%	
  PI-­‐)	
  

	
   	
   	
  

	
   24	
  hr	
   48	
  hr	
   72	
  hr	
  
αIg	
  +	
  
IL-­‐4	
  

85.2	
   84.6	
   47.0	
  

αIg	
  +	
  
IL-­‐4,	
  	
  
20	
  µM	
  

86.4	
   82.6	
   48.4	
  

αIg	
  +	
  
IL-­‐4,	
  	
  
35	
  µM	
  

84.3	
   77.5	
   27.2	
  

αIg	
  +	
  
IL-­‐4,	
  
50	
  µM	
  

75.9	
   60.0	
   24.2	
  

	
  
Viability	
  
(%	
  PI-­‐)	
  

	
   	
   	
  

	
   24	
  hr	
   48	
  hr	
   72	
  hr	
  
LPS	
  
	
  

93.2	
   87.8	
   81.6	
  

LPS	
  +	
  
25	
  µM	
  

	
   75.6	
   71.0	
  

LPS	
  +	
  
50	
  µM	
  

	
   31.2	
   13.5	
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Table	
  III.	
  Compound-­‐9	
  treatment	
  reduces	
  B	
  cell	
  progression	
  through	
  the	
  cell	
  cycle.	
  	
  	
  

B	
  cells	
  were	
  cultured	
  with	
  LPS	
  (50	
  µg/mL)	
  or	
  αIg	
  (10	
  µg/mL)	
  and	
  IL-­‐4	
  (30	
  

ng/mL)	
  (αIg	
  +	
  IL-­‐4)	
  and	
  treated	
  with	
  indicated	
  concentration	
  of	
  compound-­‐9	
  (C-­‐9)	
  

for	
  24	
  hr,	
  48	
  hr,	
  and	
  72	
  hr.	
  	
  B	
  cells	
  were	
  collected	
  and	
  sub	
  G0	
  DNA	
  content	
  measured	
  

via	
  cell	
  cycle	
  analysis	
  and	
  flow	
  cytometry.	
  	
  The	
  percent	
  of	
  cells	
  with	
  sub	
  G0	
  DNA	
  

content	
  PI	
  are	
  representative	
  of	
  10,000	
  cells,	
  completed	
  in	
  triplicate.	
  	
  	
  

For	
  BrdU	
  incorporation,	
  B	
  cells	
  were	
  cultured	
  with	
  LPS	
  (50	
  µg/mL)	
  or	
  αIg	
  

(10	
  µg/mL)	
  and	
  IL-­‐4	
  (30	
  ng/mL)	
  (αIg	
  +	
  IL-­‐4)	
  and	
  treated	
  with	
  indicated	
  

concentration	
  of	
  compound-­‐9	
  (C-­‐9)	
  for	
  24	
  hr,	
  48	
  hr,	
  and	
  72	
  hr.	
  	
  Post	
  24	
  hr	
  

stimulation,	
  BrdU	
  was	
  added	
  to	
  B	
  cell	
  culture.	
  	
  At	
  48	
  hr	
  and	
  72	
  hr,	
  B	
  cells	
  were	
  

collected	
  and	
  incorporation	
  of	
  BrdU	
  was	
  measured	
  by	
  flow	
  cytometry,	
  as	
  described	
  

in	
  Materials	
  and	
  methods.	
  	
  The	
  percent	
  of	
  cells	
  with	
  incorporated	
  BrdU	
  are	
  

representative	
  of	
  10,000	
  cells.	
  	
  The	
  data	
  are	
  representative	
  of	
  3	
  independent	
  

experiments.	
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Table	
  III.	
  
	
  

Sub-­‐G0 	
   	
   	
   %	
  BrdU+	
   	
   	
  
 24	
  hr	
   48	
  hr	
   72	
  hr	
   	
   48	
  hr	
   72	
  hr	
  
αIg	
  +	
  IL-­‐4	
   5.4	
   1.3	
   4.8	
   	
   10.3 21.4	
  
αIg	
  +	
  IL-­‐4	
  20	
  µM	
  	
  C-­‐9	
   4.4	
   1.2	
   5.3	
   	
   9.1	
   17.6	
  
αIg	
  +	
  IL-­‐4	
  35	
  µM	
  	
  C-­‐9	
   6.0	
   2.5	
   23.5	
   	
   2.2	
   4.1	
  
αIg	
  +	
  IL-­‐4	
  50	
  µM	
  	
  C-­‐9	
   16.5	
   9.1	
   32.6	
   	
   0.6	
   0.4	
  
	
   	
   	
   	
   	
   	
   	
  
LPS	
   0.2	
   5.8	
   9.0	
   	
   8.2	
   15.3	
  
LPS	
  +	
  25	
  µM	
  	
  C-­‐9	
   0.2	
   6.5	
   6.2	
   	
   9.1	
   13.4	
  
LPS	
  +	
  35	
  µM	
  	
  C-­‐9	
   0.3	
   8.1	
   5.4	
   	
   2.1	
   0.9	
  
LPS	
  +	
  50	
  µM	
  	
  C-­‐9	
   2.7	
   35.0	
   28.3	
   	
   0.9	
   0.4	
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Figure	
  38.	
  Stimulation	
  of	
  B	
  cells	
  with	
  αIg	
  and	
  IL-­‐4	
  promotes	
  an	
  increase	
  in	
  bulk	
  lipid	
  

synthesis.	
  	
  	
  

B	
  cells	
  (107	
  cells)	
  were	
  cultured	
  in	
  the	
  absence	
  (Unstimulated)	
  or	
  presence	
  of	
  

10	
  µg/mL αIg	
  and	
  30	
  ng/mL	
  IL-­‐4	
  (αIg	
  +	
  IL-­‐4)	
  for	
  24	
  hr,	
  48	
  hr,	
  and	
  72	
  hr.	
  	
  Lipids	
  

were	
  isolated	
  and	
  separated	
  by	
  HP-­‐TLC,	
  as	
  described	
  in	
  Materials	
  and	
  methods.	
  	
  

Lipids	
  of	
  murine	
  brain	
  tissue	
  (Brain)	
  were	
  isolated	
  and	
  served	
  as	
  control	
  for	
  lipid	
  

species	
  isolation.	
  	
  Standard	
  lipid	
  species	
  (Standards:	
  1	
  µg)	
  were	
  separated	
  on	
  the	
  

chromatogram	
  for	
  comparison	
  and	
  identification	
  of	
  migrating	
  lipid	
  species	
  in	
  

experimental	
  samples.	
  	
  The	
  data	
  are	
  representative	
  of	
  2	
  independent	
  experiments.	
  

(A)	
   Neutral	
  lipids	
  visualized	
  by	
  charring	
  and	
  

(B)	
   Acidic	
  lipids	
  visualized	
  by	
  charring.	
  	
  

(C)	
   Quantification	
  of	
  specific	
  band	
  density	
  was	
  obtained	
  by	
  Lamag	
  Winscan	
  

software.	
  	
  Numbers	
  represent	
  fold	
  increase	
  in	
  indicated	
  lipid	
  species’	
  band	
  density	
  

in	
  comparison	
  to	
  identical	
  lipid	
  species	
  in	
  unstimulated.	
  	
  	
  

Abbreviations	
  for	
  neutral	
  lipid	
  standards	
  used	
  are:	
  CE	
  (cholesterol	
  esters),	
  TG	
  

(triglycerides),	
  C	
  (cholesterol),	
  CM	
  (ceramide),	
  CB	
  (cerebrosides),	
  PE	
  

(phosphatidylethanolamine),	
  PC	
  (phosphatidylcholine),	
  SM	
  (sphingomyelin),	
  LPC	
  

(lysophosphatidylcholine).	
  	
  Abbreviations	
  for	
  acidic	
  lipid	
  standards	
  used	
  are:	
  FFA	
  

(free	
  fatty	
  acids),	
  CL	
  (cardiolipin),	
  PA	
  (phosphatidic	
  acid),	
  S	
  (sulfatides),	
  PS	
  

(phosphatidylserine),	
  PI	
  (phosphatidylinositol).	
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Figure	
  38.	
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Figure	
  38.	
  	
  
	
   	
  



	
   165	
  

Figure	
  39.	
  LPS	
  stimulation	
  of	
  B	
  cells	
  induces	
  bulk	
  lipid	
  synthesis.	
  	
  	
  
	
  

B	
  cells	
  (107	
  cells)	
  were	
  cultured	
  in	
  medium	
  (Unstimulated)	
  or	
  stimulated	
  

with	
  LPS	
  (50	
  µg/mL)	
  for	
  24	
  hr,	
  48	
  hr,	
  and	
  72	
  hr.	
  	
  In	
  addition,	
  B	
  cells	
  (107	
  cells)	
  were	
  

cultured	
  in	
  the	
  presence	
  of	
  αIg	
  (10	
  µg/mL)	
  and	
  IL-­‐4	
  (30	
  ng/mL)	
  for	
  24	
  hr.	
  	
  Lipids	
  

were	
  then	
  isolated	
  and	
  separated	
  by	
  HP-­‐TLC,	
  as	
  described	
  in	
  Materials	
  and	
  methods.	
  	
  

Lipids	
  of	
  murine	
  brain	
  tissue	
  (Brain)	
  were	
  isolated	
  and	
  served	
  as	
  control	
  for	
  lipid	
  

species	
  isolation.	
  	
  Standard	
  lipid	
  species	
  (Standards:	
  1	
  µg)	
  were	
  separated	
  on	
  the	
  

chromatogram	
  for	
  comparison	
  and	
  identification	
  of	
  migrating	
  lipid	
  species	
  in	
  

experimental	
  samples.	
  	
  The	
  data	
  are	
  representative	
  of	
  2	
  independent	
  experiments.	
  

(A)	
   Neutral	
  lipids	
  visualized	
  by	
  charring	
  and	
  

(B) Acidic	
  lipids	
  visualized	
  by	
  charring.	
  	
  

(C)	
   Quantification	
  of	
  specific	
  band	
  density	
  was	
  obtained	
  by	
  Lamag	
  Winscan	
  

software.	
  	
  Numbers	
  represent	
  fold	
  increase	
  in	
  indicated	
  lipid	
  species’	
  band	
  density	
  

in	
  comparison	
  to	
  identical	
  lipid	
  specie	
  in	
  unstimulated.	
  	
  Abbreviations	
  for	
  neutral	
  

lipid	
  standards	
  used	
  are:	
  CE	
  (cholesterol	
  esters),	
  TG	
  (triglycerides),	
  C	
  (cholesterol),	
  

CM	
  (ceramide),	
  CB	
  (cerebrosides),	
  PE	
  (phosphatidylethanolamine),	
  PC	
  

(phosphatidylcholine),	
  SM	
  (sphingomyelin),	
  LPC	
  (lysophosphatidylcholine).	
  	
  

Abbreviations	
  for	
  acidic	
  lipid	
  standards	
  used	
  are:	
  FFA	
  (free	
  fatty	
  acids),	
  CL	
  

(cardiolipin),	
  PA	
  (phosphatidic	
  acid),	
  S	
  (sulfatides),	
  PS	
  (phosphatidylserine),	
  PI	
  

(phosphatidylinositol).	
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Figure	
  39.	
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Figure	
  40.	
  Identification	
  of	
  neutral	
  B	
  cell	
  lipids	
  by	
  colorimetric	
  detection.	
  	
  	
  

B	
  cells	
  (107	
  cells)	
  were	
  cultured	
  in	
  the	
  presence	
  of	
  αIg	
  (10	
  µg/mL)	
  and	
  IL-­‐4	
  

(30	
  ng/mL)	
  for	
  48	
  hr.	
  	
  Lipids	
  were	
  isolated	
  and	
  separated	
  by	
  HP-­‐TLC,	
  as	
  described	
  

in	
  Materials	
  and	
  methods.	
  	
  Lipids	
  of	
  murine	
  brain	
  tissue	
  (Brain)	
  were	
  isolated	
  and	
  

served	
  as	
  control	
  for	
  lipid	
  species	
  isolation.	
  	
  Standard	
  lipid	
  species	
  (Standards:	
  1	
  µg)	
  

were	
  separated	
  on	
  the	
  chromatogram	
  for	
  comparison	
  and	
  identification	
  of	
  

migrating	
  lipid	
  species	
  in	
  experimental	
  samples.	
  	
  The	
  data	
  are	
  representative	
  of	
  1	
  

experiment.	
  	
  	
  

Neutral	
  fraction	
  of	
  48	
  hr	
  αIg	
  +	
  IL-­‐4	
  stimulated	
  B	
  cells	
  were	
  separated	
  by	
  HP-­‐

TLC	
  alongside	
  indicated	
  standard	
  lipid	
  species	
  (1	
  µg)	
  and	
  isolated	
  brain	
  neutral	
  

fraction.	
  	
  The	
  chromatogram	
  was	
  split	
  and	
  subsequently	
  charred	
  (A),	
  or	
  sprayed	
  

with	
  orcinol-­‐H2SO4	
  (B),	
  ninhydrin	
  (C),	
  or	
  Dittmer’s	
  ester	
  (D),	
  as	
  described	
  in	
  

Materials	
  and	
  methods.	
  	
  Abbreviations	
  for	
  neutral	
  lipid	
  standards	
  used	
  are:	
  CE	
  

(cholesterol	
  esters),	
  TG	
  (triglycerides),	
  C	
  (cholesterol),	
  CM	
  (ceramide),	
  CB	
  

(cerebrosides),	
  PE	
  (phosphatidylethanolamine),	
  PC	
  (phosphatidylcholine),	
  SM	
  

(sphingomyelin),	
  LPC	
  (lysophosphatidylcholine).	
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Figure	
  40.	
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Figure	
  41.	
  Identification	
  of	
  acidic	
  B	
  cell	
  lipids	
  by	
  colorimetric	
  detection.	
  	
  	
  

B	
  cells	
  (107	
  cells)	
  were	
  cultured	
  in	
  the	
  presence	
  of	
  αIg	
  (10	
  µg/mL)	
  and	
  IL-­‐4	
  

(30	
  ng/mL)	
  for	
  48	
  hr.	
  	
  Acidic	
  lipids	
  were	
  isolated	
  and	
  separated	
  by	
  HP-­‐TLC,	
  as	
  

described	
  in	
  Materials	
  and	
  methods.	
  	
  Acidic	
  lipids	
  of	
  murine	
  brain	
  tissue	
  (Brain)	
  

were	
  isolated	
  and	
  served	
  as	
  control	
  for	
  lipid	
  species	
  isolation.	
  	
  Standard	
  acidic	
  lipid	
  

species	
  (Standards:	
  1	
  µg)	
  were	
  separated	
  on	
  the	
  chromatogram	
  as	
  well	
  as	
  

phosphatidylglycerol	
  (PG)	
  for	
  comparison	
  and	
  identification	
  of	
  migrating	
  lipid	
  

species	
  in	
  experimental	
  samples.	
  	
  The	
  data	
  are	
  representative	
  of	
  1	
  experiment.	
  

The	
  chromatogram	
  was	
  split	
  and	
  subsequently	
  charred	
  (A),	
  or	
  sprayed	
  with	
  

orcinol-­‐H2SO4	
  (B),	
  ninhydrin	
  (C),	
  or	
  Dittmer’s	
  ester	
  (D).	
  	
  Abbreviations	
  for	
  acidic	
  

lipid	
  standards	
  used	
  are:	
  FFA	
  (free	
  fatty	
  acids),	
  CL	
  (cardiolipin),	
  PA	
  (phosphatidic	
  

acid),	
  PI	
  (phosphatidylglycerol),	
  S	
  (sulfatides),	
  PS	
  (phosphatidylserine),	
  PI	
  

(phosphatidylinositol).	
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Figure	
  41.	
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Figure	
  42.	
  Glucose	
  derived	
  carbon	
  is	
  incorporated	
  into	
  de	
  novo	
  lipids	
  in	
  αIg	
  +	
  IL-­‐4	
  

stimulated	
  B	
  cells.	
  	
  	
  

B	
  cells	
  (107	
  cells)	
  were	
  cultured	
  in	
  media	
  supplemented	
  with	
  [14C]-­‐U-­‐glucose	
  

(1	
  µCi/mL)	
  in	
  the	
  absence	
  (Unstimulated)	
  or	
  presence	
  of	
  10	
  µg/mL αIg	
  and	
  30	
  

ng/mL	
  IL-­‐4	
  (αIg	
  +	
  IL-­‐4)	
  for	
  24	
  hr	
  and	
  48	
  hr.	
  	
  Lipids	
  were	
  isolated	
  and	
  separated	
  by	
  

HP-­‐TLC,	
  as	
  described	
  in	
  Materials	
  and	
  methods.	
  	
  Standard	
  lipid	
  species	
  (1	
  µg)	
  were	
  

separated	
  on	
  the	
  chromatogram	
  for	
  comparison	
  and	
  identification	
  of	
  migrating	
  lipid	
  

species	
  in	
  experimental	
  samples	
  by	
  charring.	
  	
  The	
  data	
  are	
  representative	
  of	
  2	
  

independent	
  experiments.	
  	
  	
  

(A)	
  	
   Incorporation	
  of	
  [14C]-­‐U-­‐glucose	
  into	
  neutral	
  lipid	
  species	
  was	
  first	
  measured	
  

by	
  autoradiography	
  of	
  the	
  chromatogram	
  (A.ii)	
  and	
  then	
  the	
  lipid	
  species	
  were	
  

visualized	
  by	
  charring	
  (A.i),	
  as	
  described	
  in	
  Materials	
  and	
  methods.	
  	
  Quantification	
  of	
  

specified	
  band	
  density	
  was	
  obtained	
  by	
  Lamag	
  Winscan	
  software;	
  autoradiograms	
  

were	
  quantified	
  by	
  ImageQuant	
  software.	
  	
  Numbers	
  charted	
  (A.iii)	
  were	
  obtained	
  by	
  

the	
  following	
  calculation,	
  and	
  PE	
  is	
  used	
  for	
  an	
  example:	
  

14C   dpm  of  PE  in  stimulated
charred  density  of  PE  in  stimulated−

[14C]  dpm  of  PE  in  Unstimulated
charred  density  of  PE  in  Unstimulated	
  

Abbreviations	
  for	
  neutral	
  lipid	
  standards	
  used	
  are:	
  CE	
  (cholesterol	
  esters),	
  TG	
  

(triglycerides),	
  C	
  (cholesterol),	
  CM	
  (ceramide),	
  CB	
  (cerebrosides),	
  PE	
  

(phosphatidylethanolamine),	
  PC	
  (phosphatidylcholine),	
  SM	
  (sphingomyelin),	
  LPC	
  

(lysophosphatidylcholine).	
  	
  

(B)	
  	
   Incorporation	
  of	
  [14C]-­‐U-­‐glucose	
  into	
  acidic	
  lipid	
  species	
  was	
  first	
  measured	
  

by	
  autoradiography	
  of	
  the	
  chromatogram	
  (B.ii)	
  and	
  then	
  the	
  lipid	
  species	
  were	
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visualized	
  by	
  charring	
  (B.i),	
  as	
  described	
  in	
  Materials	
  and	
  methods.	
  	
  Quantification	
  of	
  

specified	
  band	
  density	
  was	
  obtained	
  by	
  Lamag	
  Winscan	
  software;	
  autoradiograms	
  

were	
  quantified	
  by	
  ImageQuant	
  software.	
  	
  Numbers	
  charted	
  (B.iii)	
  were	
  obtained	
  by	
  

the	
  calculation	
  described	
  in	
  (A.iii).	
  

Abbreviations	
  for	
  acidic	
  lipid	
  standards	
  used	
  are:	
  FFA	
  (free	
  fatty	
  acids),	
  CL	
  

(cardiolipin),	
  PA	
  (phosphatidic	
  acid),	
  PI	
  (phosphatidylglycerol),	
  S	
  (sulfatides),	
  PS	
  

(phosphatidylserine),	
  PI	
  (phosphatidylinositol).	
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Figure	
  42A.	
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Figure	
  42B.	
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Figure	
  43.	
  B	
  cells	
  incorporate	
  glucose-­‐derived	
  carbon	
  into	
  de	
  novo	
  lipids	
  with	
  LPS	
  

stimulation.	
  	
  	
  

B	
  cells	
  (107	
  cells)	
  were	
  cultured	
  in	
  media	
  supplemented	
  with	
  [14C]-­‐U-­‐glucose	
  

(1	
  µCi/mL)	
  in	
  the	
  absence	
  (Unstimulated)	
  or	
  presence	
  of	
  50	
  µg/mL	
  LPS	
  (O111:B4)	
  

for	
  24	
  hr,	
  48	
  hr,	
  and	
  72	
  hr.	
  	
  Lipids	
  were	
  isolated	
  and	
  separated	
  by	
  HP-­‐TLC,	
  as	
  

described	
  in	
  Materials	
  and	
  methods.	
  	
  Standard	
  lipid	
  species	
  (1	
  µg)	
  were	
  separated	
  

on	
  the	
  chromatogram	
  for	
  comparison	
  and	
  identification	
  of	
  migrating	
  lipid	
  species	
  in	
  

experimental	
  samples	
  by	
  charring.	
  	
  The	
  data	
  are	
  representative	
  of	
  2	
  independent	
  

experiments.	
  

(A)	
   Incorporation	
  of	
  [14C]-­‐U-­‐glucose	
  into	
  neutral	
  lipid	
  species	
  was	
  first	
  measured	
  

by	
  autoradiography	
  of	
  the	
  chromatogram	
  (A.ii)	
  and	
  then	
  the	
  lipid	
  species	
  were	
  

visualized	
  by	
  charring	
  (A.i),	
  as	
  described	
  in	
  Materials	
  and	
  methods.	
  	
  Quantification	
  of	
  

specified	
  band	
  density	
  was	
  obtained	
  by	
  Lamag	
  Winscan	
  software;	
  autoradiograms	
  

were	
  quantified	
  by	
  ImageQuant	
  software.	
  	
  Numbers	
  charted	
  (A.iii)	
  were	
  obtained	
  by	
  

the	
  following	
  calculation,	
  and	
  PE	
  is	
  used	
  for	
  an	
  example:	
  

14C   dpm  of  PE  in  stimulated
charred  density  of  PE  in  stimulated−

[14C]  dpm  of  PE  in  Unstimulated
charred  density  of  PE  in  Unstimulated	
  

Abbreviations	
  for	
  neutral	
  lipid	
  standards	
  used	
  are:	
  CE	
  (cholesterol	
  esters),	
  TG	
  

(triglycerides),	
  C	
  (cholesterol),	
  CM	
  (ceramide),	
  CB	
  (cerebrosides),	
  PE	
  

(phosphatidylethanolamine),	
  PC	
  (phosphatidylcholine),	
  SM	
  (sphingomyelin),	
  LPC	
  

(lysophosphatidylcholine).	
  	
  

(B)	
  	
   Incorporation	
  of	
  [14C]-­‐U-­‐glucose	
  into	
  acidic	
  lipid	
  species	
  was	
  first	
  measured	
  

by	
  autoradiography	
  of	
  the	
  chromatogram	
  (B.ii)	
  and	
  then	
  the	
  lipid	
  species	
  were	
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visualized	
  by	
  charring	
  (B.i),	
  as	
  described	
  in	
  Materials	
  and	
  methods.	
  	
  Quantification	
  of	
  

specified	
  band	
  density	
  was	
  obtained	
  by	
  Lamag	
  Winscan	
  software;	
  autoradiograms	
  

were	
  quantified	
  by	
  ImageQuant	
  software.	
  	
  Numbers	
  charted	
  (B.iii)	
  were	
  obtained	
  by	
  

the	
  calculation	
  described	
  in	
  (A.iii).	
  	
  Abbreviations	
  for	
  acidic	
  lipid	
  standards	
  used	
  are:	
  

FFA	
  (free	
  fatty	
  acids),	
  CL	
  (cardiolipin),	
  PA	
  (phosphatidic	
  acid),	
  PI	
  

(phosphatidylglycerol),	
  S	
  (sulfatides),	
  PS	
  (phosphatidylserine),	
  PI	
  

(phosphatidylinositol).	
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Figure	
  43A.	
  	
  

	
   	
  

(iii) 
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Figure	
  43B.	
  	
  

	
   	
  

(iii) 
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Figure	
  44.	
  Inhibition	
  of	
  ACL	
  activity	
  reduces	
  incorporation	
  of	
  glucose-­‐derived	
  

carbon	
  into	
  de	
  novo	
  lipids	
  with	
  LPS	
  stimulation.	
  	
  	
  

B	
  cells	
  were	
  cultured	
  in	
  media	
  alone	
  (Unstimulated)	
  or	
  stimulated	
  with	
  50	
  

µg/mL	
  LPS	
  (O111:B4)	
  in	
  the	
  absence	
  (LPS)	
  or	
  presence	
  of	
  25	
  µM,	
  35 µM,	
  or	
  50 µM	
  

compound-­‐9	
  (C-­‐9)	
  for	
  24	
  hr,	
  48	
  hr,	
  and	
  72	
  hr,	
  in	
  media	
  supplemented	
  with	
  [14C]-­‐U-­‐

glucose	
  (1	
  µCi/mL).	
  	
  Lipids	
  were	
  isolated	
  and	
  neutral	
  (A)	
  and	
  acidic	
  (B)	
  lipid	
  

fractions	
  of	
  equivalent	
  number	
  of	
  cells	
  (5.0	
  x	
  107,	
  7.5	
  x	
  107,	
  respectively)	
  were	
  

separated	
  in	
  each	
  lane	
  of	
  the	
  chromatogram	
  by	
  HP-­‐TLC,	
  as	
  described	
  in	
  Materials	
  

and	
  methods.	
  	
  Standard	
  lipid	
  species	
  (1	
  µg)	
  were	
  separated	
  on	
  the	
  chromatogram	
  

for	
  comparison	
  and	
  identification	
  of	
  migrating	
  lipid	
  species	
  in	
  experimental	
  samples	
  

by	
  charring.	
  	
  The	
  data	
  are	
  representative	
  of	
  2	
  independent	
  experiments.	
  

(A)	
  	
   Incorporation	
  of	
  [14C]-­‐U-­‐glucose	
  into	
  neutral	
  lipid	
  species	
  was	
  first	
  visualized	
  

by	
  autoradiography	
  of	
  the	
  chromatogram	
  (A.ii)	
  and	
  then	
  the	
  lipid	
  species	
  were	
  

visualized	
  by	
  charring	
  (A.i),	
  as	
  described	
  in	
  Materials	
  and	
  methods.	
  	
  Quantification	
  of	
  

specified	
  band	
  density	
  was	
  obtained	
  by	
  Lamag	
  Winscan	
  software;	
  autoradiograms	
  

were	
  quantified	
  by	
  ImageQuant	
  software.	
  	
  Numbers	
  charted	
  (A.iii)	
  were	
  obtained	
  by	
  

the	
  following	
  calculation,	
  and	
  PE	
  is	
  used	
  for	
  an	
  example:	
  

14C   dpm  of  PE  in  stimulated  with  C-­‐9
charred  density  of  PE  in  stimulated  with  C-­‐9−

14C   dpm  of  PE  in  stimulated
charred  density  of  PE  in  stimulated	
  

Abbreviations	
  for	
  neutral	
  lipid	
  standards	
  used	
  are:	
  CE	
  (cholesterol	
  esters),	
  TG	
  

(triglycerides),	
  C	
  (cholesterol),	
  CM	
  (ceramide),	
  CB	
  (cerebrosides),	
  PE	
  

(phosphatidylethanolamine),	
  PC	
  (phosphatidylcholine),	
  SM	
  (sphingomyelin),	
  LPC	
  

(lysophosphatidylcholine).	
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(B)	
  	
   Incorporation	
  of	
  [14C]-­‐U-­‐glucose	
  into	
  acidic	
  lipid	
  species	
  was	
  first	
  measured	
  

by	
  autoradiography	
  of	
  the	
  chromatogram	
  (B.ii)	
  and	
  then	
  the	
  lipid	
  species	
  were	
  

visualized	
  by	
  charring	
  (B.i),	
  as	
  described	
  in	
  Materials	
  and	
  methods.	
  	
  Quantification	
  of	
  

specified	
  band	
  density	
  was	
  obtained	
  by	
  Lamag	
  Winscan	
  software;	
  autoradiograms	
  

were	
  quantified	
  by	
  ImageQuant	
  software.	
  	
  Numbers	
  charted	
  (B.iii)	
  were	
  obtained	
  by	
  

the	
  calculation	
  described	
  in	
  (A.iii).	
  	
  	
  

Abbreviations	
  for	
  acidic	
  lipid	
  standards	
  used	
  are:	
  FFA	
  (free	
  fatty	
  acids),	
  CL	
  

(cardiolipin),	
  PA	
  (phosphatidic	
  acid),	
  PI	
  (phosphatidylglycerol),	
  S	
  (sulfatides),	
  PS	
  

(phosphatidylserine),	
  PI	
  (phosphatidylinositol).	
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Figure	
  44A.	
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Figure	
  44A.	
  	
   	
  
	
   	
  



	
   183	
  

Figure	
  44B.	
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Figure	
  44B.	
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Figure	
  45.	
  Inhibition	
  of	
  ACL	
  activity	
  reduces	
  incorporation	
  of	
  glucose	
  derived	
  

carbon	
  into	
  de	
  novo	
  lipids	
  with	
  αIg	
  +	
  IL-­‐4	
  stimulation.	
  	
  	
  

B	
  cells	
  were	
  cultured	
  in	
  media	
  alone	
  (Unstimulated)	
  or	
  stimulated	
  with	
  10	
  

µg/mL αIg	
  and	
  30	
  ng/mL	
  IL-­‐4	
  in	
  the	
  absence	
  (αIg	
  +	
  IL-­‐4)	
  or	
  presence	
  of	
  25	
  µM,	
  

35 µM,	
  or	
  50 µM	
  compound-­‐9	
  (C-­‐9)	
  for	
  24	
  hr,	
  48	
  hr,	
  and	
  72	
  hr,	
  in	
  media	
  

supplemented	
  with	
  [14C]-­‐U-­‐glucose	
  (1	
  µCi/mL).	
  	
  Lipids	
  were	
  then	
  isolated	
  and	
  

neutral	
  (A)	
  and	
  acidic	
  (B)	
  lipid	
  fractions	
  of	
  equivalent	
  number	
  of	
  cells	
  (5.0	
  x	
  107,	
  7.5	
  

x	
  107,	
  respectively)	
  were	
  separated	
  in	
  each	
  lane	
  of	
  the	
  chromatogram	
  by	
  HP-­‐TLC,	
  as	
  

described	
  in	
  Materials	
  and	
  methods.	
  	
  Standard	
  lipid	
  species	
  (1	
  µg)	
  were	
  separated	
  

on	
  the	
  chromatogram	
  for	
  comparison	
  and	
  identification	
  of	
  migrating	
  lipid	
  species	
  in	
  

experimental	
  samples	
  by	
  charring.	
  	
  The	
  data	
  are	
  representative	
  of	
  2	
  independent	
  

experiments.	
  	
  

(A)	
  	
   Incorporation	
  of	
  [14C]-­‐U-­‐glucose	
  into	
  neutral	
  lipid	
  species	
  was	
  first	
  visualized	
  

by	
  autoradiography	
  of	
  the	
  chromatogram	
  (A.ii)	
  and	
  then	
  the	
  lipid	
  species	
  were	
  

visualized	
  by	
  charring	
  (A.i),	
  as	
  described	
  in	
  Materials	
  and	
  methods.	
  	
  Quantification	
  of	
  

specified	
  band	
  density	
  was	
  obtained	
  by	
  Lamag	
  Winscan	
  software;	
  autoradiograms	
  

were	
  quantified	
  by	
  ImageQuant	
  software.	
  	
  Numbers	
  charted	
  (A.iii)	
  were	
  obtained	
  by	
  

the	
  following	
  calculation,	
  and	
  PE	
  is	
  used	
  for	
  an	
  example:	
  

14C   dpm  of  PE  in  stimulated  with  C-­‐9
charred  density  of  PE  in  stimulated  with  C-­‐9−

14C   dpm  of  PE  in  stimulated  
charred  density  of  PE  in  stimulated  	
  

Abbreviations	
  for	
  neutral	
  lipid	
  standards	
  used	
  are:	
  CE	
  (cholesterol	
  esters),	
  TG	
  

(triglycerides),	
  C	
  (cholesterol),	
  CM	
  (ceramide),	
  CB	
  (cerebrosides),	
  PE	
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(phosphatidylethanolamine),	
  PC	
  (phosphatidylcholine),	
  SM	
  (sphingomyelin),	
  LPC	
  

(lysophosphatidylcholine).	
  

(B)	
  	
   Incorporation	
  of	
  [14C]-­‐U-­‐glucose	
  into	
  acidic	
  lipid	
  species	
  was	
  first	
  measured	
  

by	
  autoradiography	
  of	
  the	
  chromatogram	
  (B.ii)	
  and	
  then	
  the	
  lipid	
  species	
  were	
  

visualized	
  by	
  charring	
  (B.i),	
  as	
  described	
  in	
  Materials	
  and	
  methods.	
  	
  Quantification	
  of	
  

specified	
  band	
  density	
  was	
  obtained	
  by	
  Lamag	
  Winscan	
  software;	
  autoradiograms	
  

were	
  quantified	
  by	
  ImageQuant	
  software.	
  	
  Numbers	
  charted	
  (B.iii)	
  were	
  obtained	
  by	
  

the	
  calculation	
  described	
  in	
  (A.iii).	
  	
  	
  

Abbreviations	
  for	
  acidic	
  lipid	
  standards	
  used	
  are:	
  FFA	
  (free	
  fatty	
  acids),	
  CL	
  

(cardiolipin),	
  PA	
  (phosphatidic	
  acid),	
  PI	
  (phosphatidylglycerol),	
  S	
  (sulfatides),	
  PS	
  

(phosphatidylserine),	
  PI	
  (phosphatidylinositol).	
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Figure	
  45A.	
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Figure	
  45B.	
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Figure	
  46.	
  Contribution	
  of	
  glucose	
  and	
  glutamine	
  to	
  acetyl-­‐CoA	
  levels	
  in	
  B	
  cells.	
  	
  	
  

B	
  cells	
  were	
  cultured	
  in	
  the	
  presence	
  of	
  50	
  %	
  13C-­‐U-­‐glucose	
  or	
  13C-­‐U-­‐

glutamine	
  for	
  24	
  hr	
  or	
  48	
  hr	
  in	
  the	
  absence	
  (−)	
  or	
  presence	
  (+)	
  of	
  50	
  µg/mL	
  LPS	
  

(O111:B4).	
  	
  Cells	
  were	
  collected	
  and	
  labeling	
  of	
  constituent	
  acetyl	
  units	
  analyzed	
  in	
  

comparison	
  to	
  metabolite	
  label	
  by	
  GC-­‐MS,	
  as	
  described	
  in	
  Materials	
  and	
  methods.	
  	
  

The	
  average	
  percent	
  of	
  13C-­‐label	
  incorporation	
  into	
  total	
  acetyl-­‐CoA	
  was	
  quantified	
  

and	
  is	
  represented	
  on	
  y-­‐axis.	
  	
  Error	
  bars	
  reflect	
  standard	
  deviation	
  from	
  the	
  mean	
  of	
  

duplicate	
  measurements.	
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Figure	
  46.	
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Figure	
  47.	
  LPS	
  stimulation	
  increases	
  glucose	
  carbon	
  incorporation	
  into	
  fatty	
  acid	
  

synthesis	
  in	
  B	
  cells.	
  	
  	
  

B	
  cells	
  were	
  cultured	
  in	
  the	
  presence	
  of	
  50	
  %	
  13C-­‐U-­‐glucose	
  or	
  13C-­‐U-­‐

glutamine	
  for	
  24	
  hr	
  or	
  48	
  hr	
  in	
  the	
  absence	
  (unstimulated)	
  or	
  presence	
  of	
  50	
  µg/mL	
  

LPS	
  (O111:B4,	
  LPS).	
  	
  Cells	
  were	
  collected	
  and	
  fatty	
  acids	
  extracted.	
  Samples	
  were	
  

methylated	
  to	
  produce	
  fatty	
  acid	
  methyl	
  esters	
  and	
  subsequently	
  analyzed	
  by	
  GC-­‐

MS,	
  as	
  described	
  in	
  Materials	
  and	
  methods.	
  	
  	
  

(A)	
  	
   Relative	
  amounts	
  of	
  fatty	
  acid	
  species	
  were	
  measured	
  based	
  on	
  methyl	
  ester	
  

ion	
  signal	
  and	
  are	
  presented	
  normalized	
  to	
  values	
  of	
  24	
  hr	
  unstimulated	
  B	
  cells	
  

cultured	
  in	
  13C-­‐glutamine.	
  	
  	
  

(B)	
  	
   De	
  novo	
  fatty	
  acid	
  synthesis	
  of	
  C14:0	
  and	
  C16:0,	
  and	
  elongation	
  of	
  C18:0	
  was	
  

evaluated	
  in	
  13C-­‐U-­‐glucose	
  and	
  13C-­‐U-­‐glutamine	
  B	
  cell	
  extracts	
  and	
  the	
  pooled	
  

percentage	
  of	
  de	
  novo	
  synthesis	
  was	
  calculated.	
  	
  Measurements	
  were	
  based	
  on	
  

methyl	
  ester	
  ion	
  signal.	
  	
  Error	
  bars	
  reflect	
  standard	
  deviation	
  from	
  the	
  mean	
  of	
  

duplicate	
  measurements.
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Figure	
  47A.	
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Figure	
  47B.	
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Figure	
  48.	
  Compound-­‐9	
  addition	
  reduces	
  B	
  cell	
  lipid	
  synthesis	
  in	
  response	
  to	
  LPS	
  

stimulation.	
  	
  	
  

B	
  cells	
  were	
  cultured	
  in	
  the	
  presence	
  of	
  50	
  %	
  13C-­‐U-­‐glucose	
  for	
  36	
  hr	
  in	
  the	
  

absence	
  (unstimulated)	
  or	
  presence	
  of	
  50	
  µg/mL	
  LPS	
  (O111:B4,	
  LPS).	
  	
  Cells	
  were	
  

collected	
  and	
  fatty	
  acids	
  extracted.	
  Samples	
  were	
  methylated	
  to	
  produce	
  fatty	
  acid	
  

methyl	
  esters	
  and	
  subsequently	
  analyzed	
  by	
  GC-­‐MS,	
  as	
  described	
  in	
  Materials	
  and	
  

methods.	
  	
  	
  

(A)	
   Percent	
  fatty	
  acid	
  content	
  of	
  C14:0,	
  C16:1,	
  C18:2,	
  C18:1,	
  and	
  C20:0	
  was	
  

calculated	
  based	
  peak	
  total	
  ion	
  counts	
  by	
  GC-­‐MS.	
  	
  	
  

(B)	
   B	
  cells	
  were	
  cultured	
  in	
  the	
  presence	
  of	
  50	
  %	
  13C-­‐U-­‐glucose	
  and	
  LPS	
  (50	
  

µg/mL)	
  for	
  6	
  hr	
  pre-­‐treatment	
  of	
  35	
  µM	
  compound-­‐9	
  (C-­‐9)	
  for	
  30	
  hr.	
  	
  Cells	
  were	
  

pelleted	
  and	
  fatty	
  acids	
  extracted	
  with	
  C17:0	
  fatty	
  acid	
  as	
  an	
  internal	
  standard.	
  	
  

Samples	
  were	
  methylated	
  to	
  produce	
  fatty	
  acid	
  methyl	
  esters	
  and	
  subsequently	
  

analyzed	
  by	
  GC-­‐MS.	
  	
  Percent	
  of	
  elongated	
  free	
  fatty	
  acids	
  (C16:0,	
  C18:0)	
  synthesized	
  

was	
  quantified	
  by	
  GC-­‐MS.	
  	
  	
  

Error	
  bars	
  reflect	
  standard	
  deviation	
  from	
  the	
  mean	
  of	
  duplicate	
  measurements.	
  

	
   	
  



	
   195	
  

Figure	
  48A.	
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Figure	
  48B.	
  	
  

Percent	
  free	
  fatty	
  acids	
  
de	
  novo	
  synthesized 

Un
st
im
ul
at
ed

 

6	
  
hr

 
36
	
  h
r 

36
	
  h
r 

	
  +
	
  C
-­‐9

 

LP
S 

36
	
  h
r 

36
	
  h
r 

	
  +
	
  C
-­‐9

 



	
   197	
  

Discussion	
  

Section	
  1	
  

	
   The	
  regulation	
  of	
  cellular	
  growth	
  is	
  an	
  unresolved	
  question	
  in	
  B	
  cell	
  biology.	
  	
  It	
  

is	
  becoming	
  clear	
  that	
  growth	
  and	
  survival	
  rely	
  on	
  glucose	
  metabolism,	
  as	
  glucose	
  

transport	
  and	
  utilization	
  are	
  necessary	
  to	
  provide	
  for	
  and	
  support	
  cellular	
  growth.	
  	
  

Long	
  established	
  in	
  lymphocytes	
  (in	
  vitro	
  and	
  in	
  vivo),	
  upon	
  encounter	
  with	
  antigen,	
  

cells	
  increase	
  in	
  proliferation	
  and	
  change	
  their	
  metabolism	
  by	
  increasing	
  glucose	
  

and	
  glutamine	
  utilization	
  as	
  well	
  as	
  the	
  enzymes	
  involved	
  in	
  their	
  metabolism	
  (92,	
  

241,	
  353,	
  370).	
  	
  The	
  induced	
  alteration	
  of	
  cellular	
  respiration	
  and	
  oxidative	
  

phosphorylation	
  is	
  termed	
  the	
  Crabtree	
  effect.	
  	
  It	
  has	
  been	
  commonly	
  observed	
  in	
  

tumor	
  cells	
  and	
  has	
  been	
  attributed	
  to	
  normal	
  lymphocytes	
  which	
  undergo	
  rapid	
  

proliferation	
  in	
  response	
  to	
  antigen	
  (313,	
  354-­‐356).	
  	
  Immune	
  reactions	
  are	
  

important	
  consumers	
  of	
  energy,	
  especially	
  in	
  the	
  form	
  of	
  ATP.	
  	
  Both	
  the	
  

housekeeping	
  functions	
  (maintenance	
  of	
  ionic	
  integrity,	
  volume	
  regulation,	
  cell	
  

growth)	
  and	
  the	
  specialized	
  activities	
  of	
  immune	
  cells	
  (for	
  example,	
  cytokinesis,	
  

phagocytosis,	
  signaling,	
  antigen	
  processing,	
  effector	
  functions)	
  depend	
  on	
  their	
  

energy	
  supply	
  (115,	
  357).	
  	
  As	
  reviewed	
  by	
  Hammerman	
  et	
  al.,	
  glucose	
  metabolism	
  

may	
  provide	
  multiple	
  purposes	
  in	
  cells,	
  including	
  generation	
  of	
  ATP	
  and	
  NADH	
  for	
  

post-­‐translational	
  modification	
  in	
  the	
  regulation	
  of	
  protein	
  localization,	
  trafficking,	
  

and	
  enzyme	
  activity,	
  as	
  well	
  as	
  providing	
  intermediates	
  for	
  the	
  de	
  novo	
  synthesis	
  of	
  

macromolecules:	
  amino	
  acids,	
  nucleotides,	
  and	
  lipids	
  (38).	
  	
  Lymphocytes	
  increase	
  

glycolytic	
  flux	
  and	
  expression	
  of	
  glucose	
  transporter-­‐1	
  and	
  glycolytic	
  enzymes	
  such	
  

as	
  hexokinase,	
  phosphofructose	
  kinase,	
  and	
  ATP	
  citrate	
  lyase	
  upon	
  encounter	
  with	
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antigen,	
  initiating	
  aerobic	
  glycolysis	
  (121,	
  150,	
  241,307,	
  309,	
  358).	
  	
  I	
  evaluated	
  the	
  

contribution	
  of	
  signal	
  mediating	
  events	
  in	
  the	
  activation	
  and	
  growth	
  responses	
  of	
  ex	
  

vivo	
  B	
  cells	
  to	
  various	
  stimuli	
  and	
  defined	
  those	
  pathways	
  involved	
  in	
  the	
  

propagation	
  of	
  regulatory	
  signals	
  at	
  the	
  level	
  of	
  glucose	
  energy	
  metabolism	
  through	
  

the	
  use	
  of	
  chemical	
  inhibition	
  and	
  knockout	
  murine	
  models.	
  	
  	
  

	
   Upon	
  engagement	
  of	
  the	
  BCR,	
  multiple	
  receptor-­‐associated	
  kinases	
  (RTK)	
  are	
  

activated,	
  which	
  initiate	
  multiple	
  signal	
  transduction	
  pathways	
  for	
  an	
  activation	
  

response	
  in	
  B	
  cells	
  (Figure	
  1)	
  (15,	
  48).	
  	
  A	
  central	
  mediator	
  of	
  activation	
  is	
  the	
  

receptor	
  kinase	
  BTK.	
  	
  BTK	
  transduces	
  

signals	
  emanating	
  from	
  an	
  engaged	
  

receptor	
  (via	
  SYK	
  activation)	
  to	
  activate	
  

the	
  PI3K	
  and	
  PLC	
  pathways,	
  two	
  

pathways	
  evaluated	
  for	
  their	
  contribution	
  

to	
  growth,	
  survival,	
  and	
  proliferation	
  of	
  B	
  

cells	
  (5,	
  12,	
  47).	
  	
  	
  

	
  

Figure	
  1:	
  A	
  simplified	
  view	
  of	
  the	
  

examined	
  pathways	
  activated	
  by	
  BCR	
  

cross-­‐linking,	
  shown	
  to	
  contribute	
  to	
  the	
  

regulation	
  of	
  glucose	
  uptake	
  and	
  

glycolysis.	
  

	
  

	
  

αIg:	
  BCR 

BTK 

BLNK 

PLC 

PKCβ PKCδ 

PI3K 

Akt 

glucose	
  uptake,	
  glycolysis 

activation	
  event 
inhibition	
  event 
interactive	
  event 

Key 



	
   199	
  

B	
  cells	
  deficient	
  of	
  active	
  BTK	
  (XID	
  or	
  BTK-­‐/-­‐)	
  demonstrate	
  severe	
  reductions	
  in	
  the	
  

activation	
  response	
  from	
  BCR	
  engagement	
  (23,	
  30,	
  48).	
  	
  In	
  confirmation	
  with	
  these	
  

published	
  reports,	
  this	
  investigation	
  demonstrated	
  XID	
  and	
  BTK-­‐/-­‐	
  B	
  cells	
  were	
  

unable	
  to	
  induce	
  glycolysis	
  at	
  an	
  increased	
  rate	
  upon	
  αIg	
  stimulation	
  and	
  contained	
  

limited	
  concentrations	
  of	
  ATP	
  and	
  lactate,	
  in	
  comparison	
  to	
  normal	
  murine	
  B	
  cells.	
  	
  

In	
  addition,	
  XID	
  B	
  cells	
  did	
  not	
  induce	
  glycolytic	
  gene	
  or	
  glut-­‐1	
  expression	
  in	
  

response	
  to	
  αIg.	
  	
  The	
  response	
  of	
  XID	
  B	
  cells	
  to	
  lipopolysaccharide	
  (LPS)	
  or	
  cluster	
  

of	
  differentiation	
  40	
  ligand	
  (CD40L)	
  was	
  equivalent	
  to	
  wild-­‐type	
  B	
  cells;	
  LPS	
  or	
  

CD40L	
  stimulation	
  increased	
  glycolytic	
  rate,	
  ATP	
  concentration,	
  lactate	
  production,	
  

as	
  well	
  as	
  glycolytic	
  enzyme	
  and	
  glut-­‐1	
  expression.	
  	
  Engaged	
  to	
  their	
  cognate	
  

receptors	
  (TNF-­‐R	
  and	
  CD40,	
  respectively),	
  LPS	
  and	
  CD40L	
  activate	
  a	
  glucose-­‐

mediated	
  response	
  independent	
  of	
  BTK	
  activity.	
  	
  Therefore,	
  active	
  BTK	
  is	
  a	
  

necessary	
  component	
  for	
  the	
  glucose-­‐mediated	
  activation	
  elicited	
  by	
  BCR,	
  not	
  TLR4	
  

or	
  CD40	
  receptor	
  engagement.	
  	
  

	
   	
   Encounter	
  with	
  antigen	
  activates	
  the	
  PI3K	
  pathway	
  leading	
  to	
  increased	
  

glycolytic	
  flux	
  (60,	
  114-­‐117).	
  	
  Without	
  functional	
  PI3K,	
  e.g.	
  deletion	
  of	
  the	
  p85α	
  

subunit	
  in	
  the	
  murine	
  model,	
  animals	
  contain	
  low	
  splenic	
  B	
  cell	
  numbers,	
  shorter	
  

life	
  span,	
  and	
  smaller	
  body	
  mass	
  (61,	
  62,	
  271).	
  	
  In	
  this	
  investigation,	
  p85α-­‐/-­‐	
  B	
  cells	
  

did	
  not	
  up-­‐regulate	
  glycolysis	
  in	
  response	
  to	
  αIg,	
  which	
  thereby	
  limited	
  the	
  

synthesis	
  of	
  cellular	
  components	
  required	
  for	
  growth	
  and	
  division.	
  	
  The	
  inhibition	
  of	
  

PI3K	
  by	
  p85α-­‐deficiency	
  or	
  by	
  chemical	
  inhibition	
  in	
  wild-­‐type	
  B	
  cells	
  impaired	
  

glut-­‐1	
  expression,	
  as	
  well	
  as	
  glucose	
  transport	
  and	
  utilization,	
  despite	
  stimulation	
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with	
  αIg.	
  	
  In	
  addition,	
  cellular	
  size	
  and	
  viability	
  were	
  reduced.	
  	
  Therefore	
  BCR	
  

engagement	
  regulates	
  glucose	
  utilization	
  in	
  B	
  cells	
  through	
  the	
  activation	
  of	
  PI3K	
  

and	
  BTK	
  to	
  elicit	
  an	
  activation	
  response.	
  	
  	
  

As	
  previously	
  described	
  in	
  the	
  Introduction,	
  the	
  activation	
  of	
  B	
  cells	
  involves	
  

signal	
  transduction	
  events	
  that	
  promote	
  PI3K	
  and	
  PLC	
  (47).	
  	
  PI3K	
  targets	
  Akt	
  for	
  

enhanced	
  glycolysis	
  in	
  B	
  cells.	
  	
  Active	
  Akt	
  has	
  been	
  shown	
  to	
  increase	
  protein	
  

synthesis	
  to	
  support	
  cellular	
  growth	
  by	
  targeting	
  eIF4e,	
  eIF4e	
  binding	
  protein,	
  S6	
  

ribosomal	
  protein,	
  TSC2,	
  and	
  Foxo1	
  (359-­‐363).	
  	
  Following	
  BCR	
  ligation,	
  Akt	
  also	
  

activates	
  the	
  transcription	
  factors	
  c-­‐myc	
  and	
  NF-­‐κB	
  for	
  survival	
  and	
  growth	
  of	
  B	
  

cells	
  (56,	
  364-­‐366).	
  	
  NF-­‐κB	
  induces	
  expression	
  of	
  survival	
  proteins,	
  Bfl-­‐1	
  and	
  

IAP1/2	
  to	
  contribute	
  to	
  the	
  anti-­‐apoptotic	
  effect	
  of	
  Akt	
  activation	
  (63,367-­‐369),	
  

whereas	
  c-­‐myc	
  putatively	
  regulates	
  glycolytic	
  gene	
  expression	
  and	
  mitochondrial	
  

biogenesis	
  (114,	
  346,	
  369,	
  371).	
  	
  Regulated	
  by	
  c-­‐myc	
  and	
  NF-­‐κB,	
  the	
  transcription	
  of	
  

cell	
  cycle	
  proteins	
  (cyclin	
  D,	
  cdk,	
  p27,	
  bcl-­‐2),	
  nutrient	
  transporters	
  (glut-­‐1,	
  mcl-­‐1)	
  as	
  

well	
  as	
  glycolytic	
  enzymes	
  (phosphoglucose	
  isomerase,	
  phosphofructokinase,	
  

glyceraldehyde-­‐3-­‐phosphate	
  dehydrogenase,	
  phosphoglycerate	
  kinase,	
  enolase,	
  ldh)	
  

are	
  induced	
  and	
  their	
  induction	
  is	
  necessary	
  for	
  growth	
  and	
  survival	
  (112,	
  372-­‐

376).	
  	
  Of	
  note,	
  it	
  is	
  interesting	
  that	
  in	
  many	
  cancerous	
  cells,	
  the	
  Akt	
  pathway	
  and	
  its	
  

targets	
  are	
  active;	
  and,	
  whether	
  by	
  cause	
  or	
  effect,	
  there	
  is	
  disregulated	
  gene	
  

expression,	
  increased	
  cellular	
  growth	
  and	
  proliferation,	
  as	
  well	
  as	
  mitochondrial	
  

suppression	
  in	
  tumor	
  cells	
  (118,	
  276,	
  356,	
  358).	
  	
  	
  

	
   Alternative	
  to	
  BCR	
  engagement,	
  the	
  cytokine	
  IL-­‐4	
  stimulates	
  B	
  cells	
  to	
  promote	
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growth	
  and	
  survival	
  (99,	
  169,	
  172,	
  290).	
  	
  In	
  a	
  recent	
  published	
  report	
  from	
  the	
  

Chiles’	
  laboratory,	
  B	
  cells	
  increased	
  glucose	
  uptake	
  and	
  glut-­‐1	
  expression	
  in	
  

response	
  to	
  IL-­‐4	
  (377).	
  	
  Chemical	
  inhibition	
  of	
  glycolysis	
  through	
  IAN	
  or	
  DG	
  

treatment	
  limits	
  the	
  availability	
  of	
  glucose	
  and	
  its	
  metabolites.	
  	
  The	
  addition	
  of	
  these	
  

inhibitors	
  to	
  IL-­‐4	
  stimulated	
  B	
  cells	
  led	
  to	
  a	
  minor	
  reduction	
  in	
  size	
  (FSC-­‐A)	
  and	
  

significant	
  loss	
  of	
  viability.	
  	
  Similar	
  to	
  αIg	
  stimulation,	
  IL-­‐4	
  not	
  only	
  promoted	
  the	
  

glucose-­‐mediated	
  activation	
  response,	
  but	
  without	
  the	
  supply	
  of	
  glucose	
  and	
  its	
  

metabolites,	
  B	
  cells	
  are	
  unable	
  to	
  support	
  growth	
  and	
  undergo	
  cellular	
  death.	
  	
  	
  

	
   Upon	
  IL-­‐4	
  stimulation,	
  the	
  JAK-­‐STAT	
  pathway	
  is	
  activated	
  in	
  B	
  cells	
  (167).	
  	
  

This	
  investigation	
  has	
  shown	
  STAT-­‐6	
  in	
  the	
  IL-­‐4	
  response	
  to	
  be	
  required	
  in	
  glucose	
  

utilization.	
  	
  STAT-­‐6-­‐deficient	
  B	
  cells	
  stimulated	
  with	
  IL-­‐4	
  were	
  unable	
  to	
  induce	
  

glycolytic	
  flux.	
  	
  Through	
  peptide	
  reconstitution,	
  B	
  cells	
  deficient	
  of	
  STAT-­‐6	
  

propagated	
  the	
  IL-­‐4	
  activation	
  signal,	
  increasing	
  glucose	
  utilization.	
  	
  Alternative	
  

proteins	
  involved	
  in	
  the	
  IL-­‐4	
  signal	
  transduction	
  pathway	
  (IRS-­‐2	
  and	
  p85α)	
  were	
  

also	
  evaluated	
  and	
  determined	
  to	
  be	
  dispensable	
  for	
  IL-­‐4-­‐induced	
  glycolysis	
  (170,	
  

172,	
  377).	
  	
  Thus,	
  a	
  putative	
  role	
  for	
  STAT-­‐6	
  in	
  modulating	
  glycolytic	
  metabolism	
  by	
  

IL-­‐4	
  is	
  suggested	
  through	
  direct	
  influence	
  in	
  enhancing	
  glycolysis.	
  	
  In	
  addition,	
  

STAT-­‐6	
  may	
  regulate	
  glycolysis	
  by	
  inducing	
  glycolytic	
  enzyme	
  expression	
  as	
  it	
  is	
  a	
  

transcription	
  factor	
  and	
  putative	
  STAT6-­‐binding	
  site	
  have	
  been	
  located	
  in	
  the	
  

glycolytic	
  enzyme	
  phosphofructose	
  kinase-­‐2	
  promoter	
  (300).	
  	
  Alternatively,	
  

members	
  of	
  the	
  Pim	
  family	
  of	
  serine/threonine	
  kinases,	
  which	
  are	
  downstream	
  

targets	
  of	
  IL-­‐4-­‐mediated	
  STAT-­‐6	
  signaling,	
  may	
  regulate	
  glucose	
  energy	
  metabolism	
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via	
  the	
  phosphorylation	
  of	
  rate-­‐limiting	
  glycolytic	
  enzymes	
  (177,	
  300).	
  

	
   In	
  a	
  similar	
  manner	
  to	
  αIg,	
  LPS	
  or	
  CD40L	
  engage	
  their	
  cognate	
  receptors	
  to	
  

promote	
  B	
  cell	
  growth	
  and	
  survival;	
  however	
  unlike	
  αIg,	
  these	
  stimuli	
  are	
  capable	
  of	
  

promoting	
  B	
  cell	
  maturation	
  (87,	
  103,	
  106).	
  	
  Physiologically	
  important,	
  LPS	
  is	
  a	
  

bacterial	
  membrane	
  component	
  that	
  promotes	
  differentiation	
  of	
  B	
  cells	
  to	
  plasma	
  

cell	
  stage	
  (193).	
  	
  Also	
  a	
  stimulus	
  for	
  B	
  cell	
  differentiation,	
  CD40L	
  interacts	
  with	
  

CD40	
  to	
  induce	
  B	
  cells	
  to	
  mature	
  and	
  produce	
  antibodies	
  of	
  different	
  classes	
  of	
  

immunoglobulin	
  (103,	
  104).	
  	
  In	
  brief,	
  B	
  cells	
  responding	
  to	
  LPS	
  or	
  CD40L	
  enhanced	
  

glucose	
  utilization	
  and	
  expression	
  of	
  glut-­‐1,	
  similar	
  to	
  αIg	
  stimulation,	
  but	
  

independent	
  of	
  BTK	
  activity	
  and	
  p85α.	
  	
  Therefore	
  B	
  cells	
  trigger	
  signal	
  transduction	
  

pathways	
  specific	
  to	
  the	
  stimulating	
  antigen	
  to	
  achieve	
  similar	
  growth	
  and	
  survival	
  

responses.	
  	
  

	
   Another	
  major	
  signaling	
  pathway	
  activated	
  in	
  B	
  cells	
  responding	
  to	
  

extracellular	
  stimuli	
  is	
  PLC.	
  	
  Upon	
  BCR	
  cross-­‐linking,	
  the	
  receptor	
  tyrosine	
  kinase,	
  

SYK,	
  phosphorylates	
  the	
  adaptor	
  protein	
  BLNK	
  (also	
  known	
  as	
  SLP65)	
  which	
  

recruits	
  BTK	
  and	
  PLC,	
  permitting	
  the	
  active	
  BTK	
  to	
  phosphorylate	
  and	
  activate	
  PLC	
  

(32,	
  49).	
  	
  This	
  investigation	
  demonstrated	
  that	
  αIg	
  stimulation	
  of	
  BLNK-­‐deficient	
  B	
  

cells	
  does	
  induce	
  glycolysis,	
  similar	
  to	
  LPS	
  or	
  CD40L	
  stimulation.	
  	
  In	
  a	
  manner	
  

independent	
  of	
  BLNK,	
  enhanced	
  glycolytic	
  rates	
  resembled	
  wild-­‐type	
  B	
  cells.	
  	
  These	
  

results	
  are	
  in	
  conflict	
  with	
  previous	
  published	
  reports	
  wherein	
  BLNK	
  deficiency	
  

perturbed	
  survival	
  and	
  proliferation	
  pathways	
  activated	
  by	
  BCR	
  engagement,	
  i.e.	
  

BLNK-­‐/-­‐	
  B	
  cells	
  have	
  been	
  shown	
  to	
  respond	
  to	
  stimuli	
  in	
  manner	
  resembling	
  XID	
  or	
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BTK-­‐/-­‐	
  B	
  cells	
  (33).	
  	
  This	
  investigation	
  demonstrated	
  the	
  initiation	
  of	
  the	
  activation	
  

response	
  (5	
  hr)	
  elicited	
  by	
  αIg	
  was	
  not	
  affected	
  by	
  the	
  absence	
  of	
  BLNK.	
  	
  My	
  results	
  

suggest	
  that	
  BLNK	
  does	
  not	
  directly	
  contribute	
  to	
  BCR-­‐mediated	
  increases	
  in	
  

glucose	
  metabolism.	
  	
  Further	
  examination	
  of	
  the	
  glucose-­‐mediated	
  activation	
  

response	
  in	
  BLNK-­‐/-­‐	
  B	
  cells	
  (beyond	
  5hr)	
  is	
  needed.	
  	
  

	
   Active	
  PLC	
  generates	
  IP3	
  and	
  DAG,	
  two	
  mediators	
  that	
  transduce	
  an	
  

activation	
  signal	
  by	
  promoting	
  Ca2+	
  signaling	
  and	
  activation	
  of	
  PKCs	
  (35,	
  47).	
  The	
  

expression	
  profile	
  of	
  PKCs	
  in	
  B	
  cells	
  includes	
  conventional,	
  novel,	
  and	
  atypical	
  PKCs	
  

(43).	
  	
  PKCδ	
  is	
  a	
  novel	
  PKC	
  activated	
  through	
  PLC	
  activity	
  that	
  does	
  not	
  enhance	
  the	
  

B	
  cell	
  activation	
  response.	
  	
  Rather,	
  PKCδ	
  attenuates	
  the	
  signal	
  through	
  negative	
  

feedback	
  of	
  proximal	
  BCR	
  phosphorylation	
  (36,	
  378).	
  	
  Published	
  reports	
  suggest	
  the	
  

role	
  of	
  PKCδ	
  is	
  to	
  inhibit	
  the	
  growth	
  and	
  proliferation	
  of	
  B	
  cells	
  to	
  maintain	
  

tolerance	
  in	
  the	
  immune	
  response	
  (151).	
  	
  In	
  murine	
  models,	
  deficiency	
  of	
  PKCδ	
  

resulted	
  in	
  a	
  large	
  self-­‐reactive	
  B	
  cell	
  population;	
  while,	
  overexpression	
  of	
  PKCδ led	
  

to	
  inhibited	
  B	
  cell	
  growth,	
  promoting	
  auto-­‐immunity	
  and	
  murine	
  

glomerulonephritis	
  (45,	
  46).	
  	
  I	
  demonstrated	
  herein	
  that	
  stimulated	
  with	
  αIg,	
  PKCδ-­‐

/-­‐	
  B	
  cells	
  enhanced	
  glycolysis	
  above	
  levels	
  observed	
  in	
  wild-­‐type	
  B	
  cells.	
  	
  Also,	
  the	
  

chemical	
  inhibition	
  of	
  PKCδ	
  by	
  rottlerin	
  was	
  shown	
  to	
  enhance	
  glycolysis	
  in	
  resting	
  

and	
  αIg	
  stimulated	
  B	
  cells.	
  	
  Together	
  these	
  results	
  corroborate	
  with	
  published	
  

reports	
  suggesting	
  that	
  PKCδ	
  down-­‐regulates	
  the	
  BCR-­‐mediated	
  activation	
  response	
  

(43,	
  45,	
  46,	
  286,	
  287).	
  	
  Further	
  studies	
  are	
  being	
  conducted	
  in	
  the	
  Chiles’	
  laboratory	
  

to	
  identify	
  the	
  contribution	
  of	
  the	
  conventional	
  isoform	
  of	
  PKC,	
  PKCβ,	
  in	
  the	
  αIg-­‐
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mediated	
  activation	
  response	
  of	
  B	
  cells.	
  	
  In	
  contrast	
  to	
  PKCδ, PKCβ	
  is	
  a	
  target	
  of	
  PLC-­‐

generated	
  DAG	
  that	
  promotes	
  the	
  signal	
  pathways	
  for	
  activation;	
   PKCβI/II-­‐deficient	
  

mice	
  demonstrate	
  a	
  XID-­‐like	
  phenotype	
  (44,	
  50,	
  51).	
  	
  In	
  preliminary	
  results,	
  PKCβ-­‐/-­‐	
  

B	
  cells	
  when	
  stimulated	
  with	
  αIg	
  are	
  unable	
  to	
  increase	
  glycolysis	
  or	
  glut-­‐1	
  

expression	
  (manuscript	
  submitted,	
  2012).	
  	
  In	
  light	
  of	
  our	
  ongoing	
  investigation	
  to	
  

assess	
  PKC	
  isoform	
  specificity	
  and	
  significance,	
  the	
  activity	
  of	
  the	
  PLC	
  pathway	
  to	
  

PKCβ,	
  not	
  PKCδ,	
  in	
  B	
  cells	
  contributes	
  to	
  the	
  glucose-­‐mediated	
  activation	
  response.	
  	
  

The	
  proposed	
  model	
  of	
  BCR	
  regulated	
  glycolysis	
  based	
  on	
  my	
  results	
  and	
  

information	
  gathered	
  from	
  literature	
  integrates	
  signal	
  transduction	
  pathways	
  to	
  

modulate	
  glycolysis	
  to	
  support	
  B	
  cell	
  proliferation	
  and	
  differentiation	
  (114,	
  300,	
  

357).	
  	
  The	
  engaged	
  BCR	
  recruits	
  and	
  activates	
  PI3K	
  as	
  well	
  as	
  components	
  of	
  the	
  

PLC	
  pathway	
  to	
  signal	
  for	
  the	
  increased	
  utilization	
  of	
  glucose	
  in	
  growth	
  and	
  survival	
  

of	
  the	
  B	
  cell.	
  	
  In	
  summary,	
  I	
  conclude	
  that	
  B	
  cells	
  are	
  capable	
  of	
  multifaceted	
  control	
  

of	
  signal	
  transduction	
  pathways	
  for	
  modulation	
  of	
  glucose	
  metabolism	
  in	
  the	
  

activation	
  response	
  to	
  various	
  extracellular	
  stimuli.	
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Section	
  2	
  

In	
  normal	
  immune	
  cells,	
  the	
  response	
  elicited	
  by	
  extracellular	
  stimuli	
  

activates	
  signal	
  pathways	
  for	
  cellular	
  growth,	
  survival,	
  and	
  proliferation	
  in	
  a	
  highly	
  

regulated	
  fashion	
  through	
  signal	
  transduction	
  events.	
  	
  It	
  is	
  through	
  the	
  entry	
  of	
  the	
  

cell	
  cycle	
  from	
  quiescence	
  that	
  B	
  cells	
  alter	
  their	
  metabolism	
  to	
  anaerobic	
  glycolysis,	
  

permitting	
  necessary	
  cellular	
  components	
  to	
  multiply	
  for	
  the	
  development	
  of	
  

daughter	
  cells,	
  including	
  an	
  increase	
  in	
  mitochondrial	
  numbers	
  (335,	
  336).	
  	
  Similar	
  

to	
  tumor	
  cells,	
  in	
  agreement	
  with	
  the	
  Crabtree	
  effect,	
  activated	
  B	
  cells	
  promote	
  

glycolysis	
  through	
  PI3K-­‐Akt	
  pathway	
  which	
  may	
  decrease	
  the	
  cellular	
  dependence	
  

upon	
  the	
  mitochondria,	
  truncating	
  the	
  TCA	
  cycle,	
  to	
  permit	
  the	
  promotion	
  of	
  de	
  novo	
  

lipogenesis	
  (313,	
  379).	
  	
  A	
  large	
  percentage	
  of	
  membrane-­‐associated	
  fatty	
  acids	
  of	
  

proliferating	
  cells	
  have	
  been	
  demonstrate	
  to	
  be	
  synthesized	
  de	
  novo	
  rather	
  than	
  

from	
  fatty	
  acid	
  degradation	
  (380,	
  381).	
  	
  Akt	
  has	
  been	
  shown	
  to	
  promote	
  de	
  novo	
  

lipid	
  synthesis	
  via	
  myc-­‐induced	
  expression	
  of	
  glycerol-­‐3-­‐phosphate	
  dehydrogenase	
  

and	
  phosphatidylethanolamine-­‐binding	
  protein	
  (382),	
  the	
  suppression	
  of	
  carnintine	
  

palmitoyl-­‐transferase	
  expression	
  (an	
  enzyme	
  involved	
  in	
  lipid	
  oxidation)	
  (79),	
  and	
  

the	
  activation	
  of	
  transcription	
  factor	
  sterol-­‐responsive	
  enzyme	
  binding	
  peptide	
  

(SREBP)	
  for	
  the	
  up-­‐regulation	
  of	
  cellular	
  fatty	
  acid	
  and	
  cholesterol	
  synthesis.	
  	
  

Membrane	
  expansion	
  and	
  mitochondrial	
  biogenesis	
  requires	
  the	
  SREBP-­‐induced	
  

expression	
  of	
  fatty	
  acid	
  synthase	
  (FAS),	
  and	
  cholesterol-­‐synthesizing	
  enzymes	
  HMG-­‐

CoA	
  synthase	
  and	
  HMG-­‐CoA	
  reductase	
  (154,	
  383).	
  	
  Akt	
  also	
  directly	
  activates	
  second	
  

messenger	
  and	
  lipid	
  synthesis	
  by	
  phosphorylation	
  of	
  ATP	
  citrate	
  lyase	
  (ACL)	
  for	
  the	
  

production	
  of	
  acetyl-­‐CoA	
  (150,	
  384,	
  385).	
  	
  Additionally,	
  it	
  has	
  been	
  demonstrated	
  in	
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normal	
  and	
  B	
  cell	
  lymphoma	
  cells	
  that	
  proliferation	
  and	
  membrane	
  expansion	
  is	
  

regulated	
  through	
  activation	
  of	
  the	
  PI3K-­‐Akt	
  signal	
  pathway,	
  which	
  thereby	
  

promotes	
  cell	
  cycle	
  entry	
  and	
  growth	
  by	
  induction	
  of	
  lipid	
  synthesis	
  and	
  

accumulation	
  (205,	
  337,	
  386).	
  	
  The	
  contribution	
  of	
  ACL	
  activity	
  for	
  growth	
  and	
  

survival	
  of	
  B	
  cells	
  in	
  response	
  to	
  activation	
  stimuli	
  was	
  addressed.	
  	
  

	
   Glucose	
  is	
  an	
  important	
  nutrient	
  that	
  may	
  be	
  used	
  as	
  a	
  source	
  of	
  energy	
  and	
  

for	
  components	
  of	
  cellular	
  structure	
  (121,	
  128,	
  313,	
  324).	
  	
  B	
  cells	
  in	
  the	
  process	
  of	
  

differentiation	
  to	
  the	
  plasma	
  cell	
  stage	
  undergo	
  a	
  period	
  of	
  growth	
  (i.e.	
  cell	
  mass	
  

accompanied	
  with	
  size	
  and	
  de	
  novo	
  macromolecular	
  synthesis)	
  and	
  proliferation	
  to	
  

expand	
  intracellular	
  membrane	
  networks	
  and	
  undergo	
  organelle	
  biosynthesis	
  for	
  Ig	
  

synthesis	
  and	
  assembly	
  (195,	
  196,	
  203,	
  218,	
  357).	
  	
  To	
  support	
  the	
  synthesis	
  of	
  lipids	
  

and	
  membranes,	
  I	
  hypothesized	
  that	
  B	
  cells	
  enhance	
  nutrient	
  metabolism,	
  

particularly	
  the	
  acquisition	
  and	
  utilization	
  of	
  glucose	
  (shown	
  in	
  in	
  Section	
  1	
  as	
  

increased	
  glucose	
  transport,	
  glycolysis,	
  and	
  ATP	
  concentration)	
  through	
  

intracellular	
  signaling	
  to	
  meet	
  the	
  metabolic	
  requirements	
  for	
  generation	
  of	
  

antibody-­‐secreting	
  plasma	
  cells.	
  	
  	
  

The	
  cytoplasmic	
  enzyme	
  ATP-­‐citrate	
  lyase	
  (ACL)	
  is	
  responsible	
  for	
  

converting	
  oxaloacetate	
  and	
  citrate	
  to	
  acetyl-­‐CoA	
  (127).	
  	
  In	
  a	
  committed	
  step	
  of	
  the	
  

fatty-­‐acid	
  synthesis	
  pathway,	
  acetyl-­‐CoA	
  carboxylase	
  (ACC)	
  irreversibly	
  

carboxylates	
  acetyl-­‐CoA	
  to	
  generate	
  malonyl-­‐CoA	
  (123,	
  124).	
  	
  Malonyl-­‐CoA	
  and	
  

acetyl-­‐CoA	
  combine	
  to	
  form	
  long	
  chain	
  fatty	
  acids,	
  primarily	
  palmitate	
  (C16)	
  or	
  

stearate	
  (C18),	
  by	
  fatty	
  acid	
  synthase	
  (FAS)	
  that	
  may	
  be	
  utilized	
  in	
  cholesterol	
  

synthesis	
  or	
  glycerolipid	
  synthesis	
  (212-­‐215).	
  	
  Therefore,	
  in	
  de	
  novo	
  lipogenesis,	
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acetyl-­‐CoA	
  is	
  the	
  building	
  block	
  through	
  which	
  lipids	
  such	
  as	
  cholesterol	
  and	
  fatty	
  

acids	
  are	
  synthesized.	
  	
  ACL	
  is	
  the	
  essential	
  and	
  regulated	
  enzyme,	
  whose	
  enzymatic	
  

function	
  is	
  vital	
  for	
  de	
  novo	
  lipogenesis	
  and	
  proliferation	
  (77,	
  122,	
  126).	
  	
  The	
  extent	
  

to	
  which	
  ACL	
  contributes	
  to	
  the	
  regulation	
  of	
  lipid	
  biosynthesis	
  in	
  B	
  cells	
  is	
  not	
  

known	
  and	
  was	
  the	
  subject	
  of	
  this	
  investigation.	
  	
  

The	
  signal	
  transduction	
  pathways	
  emanating	
  from	
  an	
  engaged	
  BCR	
  and	
  IL-­‐4R	
  

have	
  been	
  defined	
  as	
  they	
  lead	
  to	
  growth,	
  survival,	
  and	
  proliferation	
  via	
  PI3K	
  

activation.	
  	
  LPS	
  stimulation	
  however	
  will	
  promote	
  the	
  full	
  development	
  of	
  quiescent	
  

splenic	
  B	
  cells	
  through	
  differentiation	
  to	
  plasma	
  cells	
  (100-­‐102).	
  	
  As	
  previously	
  

mentioned,	
  c-­‐myc	
  activation	
  through	
  PI3K-­‐Akt	
  has	
  been	
  shown	
  to	
  be	
  responsible	
  for	
  

phosphatidylcholine	
  (PC)	
  synthesis	
  and	
  stimulates	
  both	
  PC	
  and	
  fatty	
  acid	
  (FA)	
  

synthesis	
  for	
  biogenesis	
  of	
  mitochondria	
  (112,	
  113,	
  203,	
  209,369,	
  385).	
  	
  I	
  examined	
  

the	
  contribution	
  of	
  glucose	
  to	
  supply	
  carbons	
  for	
  de	
  novo	
  lipogenesis	
  occurring	
  with	
  

LPS	
  or	
  αIg	
  +	
  IL-­‐4	
  stimulation	
  of	
  splenic	
  B	
  cells	
  to	
  further	
  elucidate	
  the	
  metabolic	
  

requirements	
  for	
  immune	
  cell	
  function.	
  	
  	
  

In	
  corroboration	
  with	
  previous	
  reports	
  about	
  lymphocyte	
  membrane	
  and	
  

organelle	
  biosynthesis,	
  this	
  investigation	
  demonstrated	
  an	
  increase	
  in	
  de	
  novo	
  

lipogenesis	
  in	
  B	
  cells	
  stimulated	
  with	
  LPS	
  or	
  αIg	
  +	
  IL-­‐4	
  (120,	
  202,	
  203,	
  211,	
  219-­‐

221).	
  	
  Monitored	
  via	
  incorporation	
  of	
  radiolabeled	
  glucose	
  carbons,	
  multiple	
  lipid	
  

species	
  were	
  identified	
  by	
  [14C]-­‐HP-­‐TLC.	
  	
  The	
  identified	
  lipids	
  were	
  

phosphatidylcholine	
  (PC),	
  phosphatidylethanolamine	
  (PE),	
  cardiolipin	
  (CL),	
  and	
  

cholesterol	
  (C).	
  	
  B	
  cells	
  also	
  synthesized	
  ceramides	
  (CM)	
  phosphatidylglycerol	
  (PG),	
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phosphatidylserine	
  (PS),	
  phosphatidylinositol	
  (PI)	
  and	
  sphingolipids	
  (SM).	
  	
  Not	
  

surprisingly,	
  multiple	
  lipid	
  species	
  incorporated	
  glucose	
  carbon	
  from	
  [14C]-­‐labeled	
  

glucose	
  metabolism,	
  as	
  the	
  synthetic	
  pathways	
  are	
  interconnected,	
  as	
  illustrated	
  in	
  

the	
  Introduction	
  section	
  (204,	
  223-­‐225).	
  

ACL	
  enzyme	
  activity	
  has	
  been	
  shown	
  to	
  be	
  dependent	
  upon	
  its	
  

phosphorylation	
  status	
  (149-­‐153,	
  159);	
  Berwick	
  et	
  al.	
  (2002)	
  reported	
  the	
  

serine/threonine	
  kinase	
  Akt	
  to	
  direct	
  phosphorylate	
  ACL	
  at	
  its	
  active	
  site	
  on	
  serine	
  

454,	
  which	
  in	
  turn	
  increased	
  its	
  enzymatic	
  activity	
  (150).	
  	
  Within	
  3	
  hr	
  of	
  stimulation	
  

in	
  ex	
  vivo	
  B	
  cells,	
  I	
  demonstrated	
  that	
  ACL	
  was	
  phosphorylated	
  at	
  serine	
  454	
  and	
  

this	
  occurred	
  in	
  a	
  PI3K-­‐dependent	
  manner.	
  	
  This	
  phosphorylation	
  correlated	
  with	
  

an	
  increase	
  in	
  ACL	
  enzymatic	
  activity,	
  also	
  PI3K-­‐dependent.	
  	
  Therefore,	
  B	
  cells	
  

activated	
  a	
  lipogenic	
  enzyme	
  through	
  the	
  PI3K	
  signal	
  transduction	
  pathway	
  in	
  the	
  

activation	
  response	
  for	
  growth	
  and	
  differentiation.	
  

Previously	
  examined	
  in	
  cancer	
  cell	
  lines	
  and	
  in	
  liver	
  and	
  adipose	
  tissue,	
  the	
  

inhibition	
  of	
  ACL	
  activity	
  by	
  hydroxycitrate,	
  SB-­‐201076,	
  and	
  compound-­‐9	
  (C-­‐9)	
  

significantly	
  reduced	
  the	
  generation	
  of	
  acetyl-­‐CoA,	
  cholesterol,	
  and	
  fatty	
  acids	
  (162,	
  

163,	
  164,	
  340,	
  386).	
  	
  The	
  most	
  recently	
  synthesized	
  inhibitor	
  of	
  ACL,	
  C-­‐9	
  was	
  used	
  

in	
  my	
  investigation	
  because	
  it	
  has	
  been	
  shown	
  to	
  be	
  cell-­‐permeable	
  and	
  an	
  efficient	
  

inhibitor	
  of	
  ACL	
  (Ki	
  is	
  0.13	
  μM)	
  (164).	
  	
  The	
  enzymatic	
  activity	
  of	
  ACL	
  was	
  vital	
  for	
  de	
  

novo	
  lipogenesis	
  and	
  proliferation	
  of	
  B	
  cells.	
  	
  C-­‐9	
  addition	
  to	
  activated	
  B	
  cell	
  culture	
  

reduced	
  the	
  glucose-­‐dependent	
  generation	
  of	
  lipid	
  precursors	
  (acetyl-­‐CoA	
  and	
  fatty	
  

acids)	
  and	
  de	
  novo	
  synthesis	
  of	
  membrane	
  lipids.	
  	
  Concentrations	
  of	
  de	
  novo	
  free	
  

fatty	
  acid	
  species	
  (oleate,	
  palmitate,	
  stearate)	
  were	
  reduced	
  in	
  LPS-­‐stimulated	
  B	
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cells	
  treated	
  with	
  C-­‐9.	
  	
  By	
  examination	
  of	
  HP-­‐TLC,	
  [14C]-­‐glucose	
  carbon	
  

incorporation	
  into	
  membrane	
  lipid	
  species	
  decreased	
  significantly	
  in	
  LPS	
  or	
  αIg	
  +	
  

IL-­‐4	
  stimulated	
  B	
  cells	
  treated	
  with	
  C-­‐9.	
  	
  These	
  results	
  suggested	
  that	
  ACL	
  activity	
  

contributed	
  significantly	
  in	
  the	
  differentiation	
  response	
  of	
  B	
  cells	
  via	
  the	
  modulation	
  

of	
  glucose	
  utilization	
  in	
  de	
  novo	
  synthesis	
  of	
  membrane	
  lipids.	
  	
  In	
  a	
  previous	
  report,	
  

Jacowski	
  and	
  co-­‐workers	
  (203,	
  337)	
  demonstrated	
  cell	
  cycle	
  progression	
  of	
  B	
  cells	
  

correlated	
  with	
  membrane	
  synthesis.	
  	
  My	
  results	
  suggest	
  ACL	
  regulates	
  this	
  process	
  

since	
  LPS	
  or	
  αIg	
  +	
  IL-­‐4	
  stimulated	
  B	
  cells	
  with	
  C-­‐9	
  addition	
  were	
  unable	
  to	
  enter	
  S-­‐

phase	
  or	
  remain	
  viable.	
  	
  Inhibition	
  of	
  ACL	
  activity	
  with	
  C-­‐9	
  prevented	
  membrane	
  

lipid	
  synthesis	
  and	
  prevented	
  cell	
  cycle	
  progression	
  (Table	
  I-­‐III).	
  	
  Therefore,	
  B	
  cell	
  

proliferation	
  and	
  maturation	
  to	
  the	
  plasma	
  cell	
  stage	
  are	
  dependent	
  upon	
  the	
  

function	
  of	
  ACL	
  to	
  synthesize	
  glucose-­‐derived	
  acetyl-­‐CoA	
  for	
  de	
  novo	
  lipogenesis.	
   	
  

Glutamine	
  is	
  an	
  additional	
  nutrient	
  required	
  for	
  in	
  vitro	
  culture	
  of	
  

lymphocytes	
  (121,	
  128,	
  131,133,	
  241,	
  370,	
  375);	
  thus,	
  the	
  possibility	
  of	
  glutamine	
  as	
  

an	
  alternative	
  source	
  of	
  carbon	
  for	
  lipid	
  synthesis	
  in	
  B	
  cells	
  was	
  considered.	
  	
  In	
  a	
  

glioblastoma	
  cell	
  line,	
  Deberardinis	
  et	
  al.	
  (2007)	
  demonstrated	
  glutaminolysis	
  

provides	
  oxaloacetate	
  and	
  citrate	
  for	
  the	
  subsequent	
  formation	
  of	
  acetyl-­‐CoA	
  (345).	
  	
  

Incorporation	
  of	
  glutamine	
  or	
  glucose	
  carbons	
  into	
  acetyl-­‐CoA	
  or	
  the	
  major	
  free	
  

fatty	
  acids	
  (C14:0	
  [myristic],	
  C16:0	
  [palmitic],	
  C18:0	
  [stearic],	
  C18:1	
  [oleic],	
  C18:2	
  

[linoleic],	
  and	
  C20:0	
  [arachidic])	
  was	
  evaluated	
  in	
  LPS	
  stimulated	
  B	
  cells	
  by	
  GC-­‐MS.	
  	
  

The	
  percentage	
  of	
  fatty	
  acids	
  containing	
  glutamine-­‐derived	
  carbons	
  remained	
  at	
  

basal	
  levels	
  with	
  LPS	
  stimulation	
  for	
  48	
  hr;	
  whereas,	
  the	
  percentage	
  of	
  fatty	
  acids	
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containing	
  glucose-­‐derived	
  carbons	
  increased	
  with	
  LPS	
  stimulation.	
  	
  This	
  suggested	
  

that	
  LPS	
  stimulation	
  of	
  B	
  cells	
  triggers	
  the	
  selective	
  utilization	
  of	
  glucose,	
  not	
  

glutamine,	
  for	
  lipid	
  synthesis	
  and	
  lipid	
  precursor	
  generation	
  as	
  the	
  free	
  fatty	
  acids	
  

may	
  contribute	
  to	
  lipid	
  tail	
  moieties	
  of	
  PE,	
  PG,	
  and	
  PC.	
  This	
  was	
  not	
  expected	
  as	
  I	
  

hypothesized	
  that	
  in	
  addition	
  to	
  glucose-­‐derived	
  synthesis	
  of	
  acetyl-­‐CoA	
  and	
  fatty	
  

acids,	
  glutamine-­‐derived	
  synthesis	
  of	
  acetyl-­‐CoA	
  and	
  fatty	
  acids	
  through	
  

glutaminolysis	
  or	
  reductive	
  carboxylation	
  would	
  occur	
  (232-­‐234,	
  348,	
  349,	
  352,	
  

387).	
  	
  The	
  hypothesis	
  however	
  assumed	
  an	
  increase	
  in	
  glutamine	
  carbons	
  would	
  

occur	
  similar	
  to	
  glucose	
  carbons.	
  The	
  results	
  presented	
  here	
  demonstrated	
  that	
  B	
  

cells	
  enhance	
  glucose	
  not	
  glutamine-­‐derived	
  synthesis	
  of	
  acetyl-­‐CoA.	
  

The	
  role	
  of	
  ACL	
  activity	
  in	
  the	
  utilization	
  of	
  glucose	
  or	
  glutamine	
  for	
  acetyl-­‐

CoA	
  and	
  free	
  fatty	
  acid	
  synthesis	
  was	
  also	
  examined	
  with	
  the	
  chemical	
  inhibitor	
  C-­‐9.	
  	
  

Previous	
  in	
  vitro	
  studies	
  of	
  tumor	
  cells	
  reported	
  that	
  glutamine	
  and	
  glucose	
  

metabolism	
  may	
  be	
  coupled	
  and	
  compensate	
  for	
  cellular	
  survival	
  (347-­‐349,	
  351,	
  

375).	
  In	
  the	
  presence	
  of	
  C-­‐9,	
  LPS-­‐stimulated	
  B	
  cells	
  contained	
  reduced	
  percentages	
  

of	
  glucose	
  carbon	
  incorporation	
  in	
  the	
  de	
  novo	
  synthesized	
  free	
  fatty	
  acids,	
  further	
  

supporting	
  [14C]-­‐HP-­‐TLC	
  data.	
  	
  The	
  contribution	
  of	
  glutamine	
  carbons	
  to	
  the	
  de	
  novo	
  

synthesis	
  of	
  free	
  fatty	
  acids	
  in	
  LPS-­‐stimulated	
  B	
  cells	
  was	
  not	
  reduced	
  or	
  enhanced	
  

with	
  C-­‐9	
  addition.	
  These	
  results	
  suggested	
  that	
  B	
  cells	
  do	
  not	
  compensate	
  for	
  the	
  

loss	
  of	
  glucose-­‐derived	
  acetyl-­‐CoA	
  by	
  generation	
  of	
  acetyl-­‐CoA	
  from	
  glutamine.	
  

Therefore,	
  glutamine	
  was	
  demonstrated	
  to	
  not	
  be	
  a	
  major	
  contributor	
  of	
  carbon	
  for	
  

de	
  novo	
  lipogenesis	
  via	
  ACL	
  activity.	
  	
  The	
  purpose	
  of	
  glutamine	
  uptake	
  and	
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utilization	
  in	
  B	
  cell	
  homeostasis	
  and	
  response	
  to	
  B	
  cell	
  activation	
  remains	
  unknown;	
  

this	
  is	
  a	
  new	
  on-­‐going	
  project	
  for	
  the	
  Chiles’	
  laboratory.	
  	
  

	
  
Summary	
  and	
  future	
  direction	
  

B	
  cells	
  respond	
  to	
  antigen	
  by	
  activating	
  growth,	
  proliferation,	
  maturation	
  and	
  

differentiation	
  pathways,	
  in	
  a	
  glucose-­‐dependent	
  manner.	
  	
  This	
  investigation	
  

demonstrated	
  the	
  dependency	
  of	
  BTK	
  and	
  PI3K	
  activity	
  in	
  the	
  growth	
  and	
  survival	
  

response	
  of	
  B	
  cell	
  to	
  antigenic	
  stimulation,	
  contributing	
  essentially	
  to	
  increased	
  

glucose	
  uptake	
  and	
  utilization	
  (203).	
  	
  Driven	
  by	
  αIg	
  engagement	
  of	
  the	
  BCR,	
  the	
  

activation	
  response	
  included:	
  increased	
  glut-­‐1,	
  Na+K+	
  ATPase,	
  and	
  glycolytic	
  enzyme	
  

expression,	
  enhanced	
  glycolysis,	
  increased	
  cellular	
  size	
  and	
  viability,	
  as	
  well	
  as	
  

increased	
  ATP	
  concentration,	
  lactate	
  production,	
  and	
  CO2	
  production.	
  	
  Furthermore,	
  

the	
  response	
  in	
  activation	
  was	
  demonstrated	
  to	
  be	
  dependent	
  upon	
  the	
  type	
  of	
  

stimuli	
  presented	
  to	
  the	
  B	
  cell;	
  LPS	
  and	
  CD40L	
  elicited	
  induced	
  glucose	
  utilization	
  

through	
  signal	
  transduction	
  pathways	
  not	
  dependent	
  on	
  BTK	
  or	
  PI3K	
  activity.	
  	
  

Further	
  investigation	
  and	
  delineation	
  of	
  signal	
  mediators	
  involved	
  under	
  varied	
  

stimuli	
  may	
  provide	
  insight	
  to	
  the	
  role	
  of	
  enhanced	
  glycolytic	
  flux	
  in	
  the	
  specificity	
  

of	
  the	
  B	
  cell	
  immune	
  response.	
  	
  

Reports	
  have	
  suggested	
  a	
  central	
  role	
  for	
  Akt	
  and	
  myc	
  in	
  the	
  signal	
  

transduction	
  events	
  through	
  which	
  B	
  cells	
  respond	
  to	
  antigen	
  (56,	
  66,	
  96,	
  113,	
  150,	
  

154,	
  255,	
  310,	
  359,	
  369,	
  371).	
  	
  Interestingly,	
  the	
  synthesis	
  of	
  lipids	
  and	
  

endomembrane	
  expansion	
  are	
  among	
  the	
  many	
  processes	
  promoted	
  in	
  the	
  B	
  cell	
  

differentiation	
  and	
  requires	
  glucose	
  metabolism.	
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Results	
  reported	
  herein	
  suggest	
  that	
  B	
  cells	
  proliferate	
  and	
  expand	
  their	
  

cellular	
  membranes	
  predominantly	
  through	
  the	
  activation	
  of	
  the	
  PI3K-­‐Akt	
  pathway.	
  	
  

In	
  the	
  activation	
  response,	
  B	
  cells	
  promote	
  glucose	
  utilization	
  to	
  supply	
  fuel	
  and	
  the	
  

substrates	
  for	
  de	
  novo	
  macromolecular	
  synthesis	
  for	
  growth,	
  survival,	
  and	
  

differentiation.	
  	
  The	
  generation	
  of	
  acetyl-­‐CoA	
  from	
  glucose	
  (and	
  to	
  a	
  lesser	
  amount	
  

glutamine)	
  through	
  the	
  activity	
  of	
  ACL	
  was	
  demonstrated	
  herein	
  to	
  be	
  vital	
  in	
  the	
  

process	
  of	
  B	
  cell	
  development	
  from	
  quiescent	
  to	
  the	
  plasma	
  cell	
  stage.	
  	
  The	
  

contribution	
  of	
  glucose	
  to	
  growth,	
  proliferation,	
  maturation	
  and	
  differentiation	
  

pathways	
  was	
  essential	
  and	
  not	
  only	
  required	
  the	
  immediate	
  activation	
  of	
  signal	
  

transduction	
  pathways	
  (PI3K	
  and	
  BTK	
  via	
  BCR	
  engagement,	
  STAT6	
  via	
  IL-­‐4	
  

engagement),	
  but	
  also	
  required	
  the	
  enzymatic	
  activity	
  of	
  ACL	
  for	
  the	
  growth	
  and	
  

survival	
  responses	
  to	
  antigenic	
  stimulation.	
  	
  

	
   Further	
  investigation	
  of	
  glucose-­‐dependent	
  B	
  cell	
  function	
  (Ig	
  secretion)	
  and	
  

the	
  role	
  glucose	
  utilization	
  and	
  metabolism	
  will	
  illuminate	
  the	
  requirements	
  and	
  

signal	
  mediating	
  events	
  necessary	
  for	
  plasma	
  cell	
  generation.	
  	
  The	
  murine	
  B	
  cell	
  

lymphoma	
  cell	
  line,	
  CH12.lx,	
  has	
  been	
  characterized	
  for	
  differentiation	
  and	
  

production	
  of	
  IgM	
  in	
  response	
  to	
  LPS	
  stimulation	
  and	
  may	
  prove	
  useful	
  as	
  a	
  model	
  

system	
  to	
  examine	
  ACL	
  activity	
  in	
  B	
  cell	
  function	
  as	
  antibody-­‐secreting	
  plasma	
  cells	
  

(203,	
  388).	
  	
  Preliminary	
  results	
  suggest	
  that	
  ACL	
  is	
  phosphorylated	
  and	
  its	
  activity	
  

is	
  required	
  for	
  IgM	
  secretion.	
  	
  As	
  primary	
  murine	
  B	
  cells	
  are	
  not	
  amenable	
  to	
  

transfection,	
  further	
  studies	
  in	
  CH12.lx	
  cells	
  may	
  also	
  include	
  siRNA	
  knockdown	
  of	
  

ACL	
  to	
  examine	
  the	
  role	
  of	
  this	
  lipogenic	
  enzyme	
  in	
  the	
  formation	
  and	
  function	
  of	
  

plasma	
  cells	
  mediated	
  through	
  de	
  novo	
  lipogenesis.	
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Investigation	
  into	
  the	
  changes	
  in	
  lipid	
  metabolism	
  for	
  the	
  acceleration	
  of	
  

membrane	
  phospholipid	
  synthesis	
  in	
  differentiating	
  B-­‐lymphoma	
  cell	
  lines	
  may	
  

further	
  current	
  understandings	
  of	
  metabolic	
  pathways	
  which	
  lead	
  to	
  the	
  emergence	
  

of	
  plasma	
  cells	
  and	
  their	
  malignant	
  counterparts	
  (i.e.	
  multiple	
  myeloma)	
  (203,	
  389).	
  	
  

Aberrant	
  expression	
  of	
  ACL	
  and	
  constitutive	
  activation	
  of	
  the	
  PI3K-­‐Akt	
  pathway	
  has	
  

been	
  observed	
  in	
  many	
  immortalized	
  cells,	
  lymphomas,	
  and	
  tumors	
  (387,	
  390,	
  391).	
  	
  

Targeted	
  inhibition	
  of	
  ACL	
  has	
  shown	
  promise	
  in	
  the	
  treatment	
  of	
  pathological	
  cell	
  

growth;	
  ACL-­‐specific	
  RNAi	
  or	
  the	
  ACL	
  inhibitors	
  SB-­‐204990	
  and	
  hydroxycitrate	
  

have	
  prevented	
  proliferation	
  and	
  survival	
  in	
  vitro	
  of	
  liver,	
  colon,	
  lung	
  and	
  prostate	
  

cancers	
  (77,	
  122,	
  153,	
  160,	
  392,	
  393).	
  	
  This	
  investigation	
  illustrates	
  the	
  contribution	
  

of	
  intracellular	
  signaling	
  and	
  metabolic	
  requirements	
  involved	
  in	
  the	
  acquisition	
  

and	
  utilization	
  of	
  glucose	
  to	
  support	
  bio-­‐energetic	
  needs	
  for	
  generation	
  of	
  antibody-­‐

secreting	
  plasma	
  cells	
  in	
  ex	
  vivo	
  B	
  cells.	
  	
  The	
  contribution	
  of	
  signal	
  transduction	
  

pathways	
  (STAT6,	
  BTK,	
  PI3K,	
  and	
  PLC)	
  to	
  enhance	
  glucose	
  transport	
  and	
  utilization	
  

for	
  fuel	
  and	
  macromolecular	
  synthesis	
  connects	
  the	
  lipogenic	
  enzyme-­‐	
  ACL	
  to	
  the	
  

activation	
  response	
  for	
  B	
  cell	
  growth,	
  survival,	
  and	
  differentiation.	
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