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Abstract	  

Targeting	  TIM-‐3	  to	  reverse	  immune	  exhaustion	  during	  chronic	  viral	  infection	  
By	  Roger	  Tieu	  

Human	   immunodeficiency	   virus	   infection	   and	   acquired	   immune	   deficiency	   syndrome	  
(HIV/AIDS)	  have	  emerged	  as	  a	  major	   threat	  by	  being	  able	   to	   impair	   the	   immune	  system.	  
Though	   the	   exact	   mechanism	   of	   disease	   pathogenesis	   is	   not	   clear,	   several	   inhibitory	  
receptors	  involved	  in	  effector	  mechanisms	  are	  invoked	  by	  the	  chronic	  HIV	  infection	  leading	  
to	  limited	  antiviral	  response.	  TIM-‐3	  (T	  cell	  immunoglobulin	  and	  mucin	  domain	  3)	  has	  been	  
identified	   as	   an	   important	   albeit	   still	   understudied	   negative	   regulatory	   of	   immunity.	   In	  
order	  to	  characterize	  TIM-‐3	  in	  the	  context	  of	  chronic	  viral	   infection,	  we	  used	  SIV-‐infected	  
rhesus	   macaques	   as	   our	   model	   system.	   We	   find	   there	   is	   a	   similar	   frequency	   of	   TIM-‐3	  
expressing	   dendritic	   cells	   (DCs)	   between	   humans	   and	   rhesus	   macaques.	   Further	  
characterization	  of	  TIM-‐3	  expressing	  DCs	  revealed	  they	  represent	  an	  activated	  population	  
with	   increased	   CD86	   expression	   and	   secreted	   tumor	   necrosis	   factor	   alpha	   (TNF-‐α)	   in	  
response	   to	   the	   presence	   of	   dsRNA	   (double	   stranded	   RNA).	   We	   also	   find	   an	   increased	  
concentration	  of	  soluble	  galectin-‐9,	  a	  TIM-‐3	   ligand,	   in	  plasma	  samples	  after	  SIV	   infection.	  
Staining	   for	   general	   TIM-‐3	   ligands	   revealed	   their	   presence	   on	   various	   immune	   cell	  
populations,	   including	   T	   cells,	   B	   cells,	   monocytes,	   and	   DCs.	   Finally,	   we	   created	   a	   fusion	  
protein	  of	  extracellular	  TIM-‐3	  and	  the	  Fc	  domain	  of	  an	  IgG2	  antibody	  to	  generate	  TIM-‐3-‐Fc	  
for	  blocking	  TIM-‐3	  signaling.	  Treatment	  of	  peripheral	  blood	  mononuclear	  cells	  with	  TIM-‐3-‐
Fc	  results	  in	  enhanced	  proliferation	  of	  antigen-‐specific	  CD4+	  T	  cells	  in	  vitro.	  Overall,	  these	  
findings	  reveal	  a	  need	  to	  further	  characterize	  TIM-‐3	  since	  we	  establish	  TIM-‐3	  as	  not	  only	  an	  
inhibitory	   molecule	   for	   adaptive	   immunity,	   but	   also	   an	   activation	   molecule	   for	   innate	  
immunity.	  
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Introduction	  

Background	  

The	   immune	   system	   represents	   a	   highly	   evolved	   biological	   system	   capable	   of	  

learning,	   memory,	   and	   pattern	   recognition	   between	   self	   and	   foreign.	   Cells	   of	   the	   innate	  

immune	  system	  detect	  and	  respond	  to	  the	  presence	  of	  non-‐self	  entities,	  such	  as	  pathogens	  

and	   their	   associated	   components	   such	   as	   protein	   (antigen),	   through	   pattern	   recognition	  

receptors	  (1).	  This	  response	  generates	  an	  environment	  promoting	  the	  activation	  of	  antigen	  

presenting	   cells	   (APCs),	   which	   initiate	   the	   elaboration	   of	   specific	   adaptive	   immunity	  

through	  a	  complex	  network	  of	  stimulatory	  and	  inhibitory	  signals	  (2).	  The	  initial	  response	  

by	  both	  T	  and	  B	  cells	  requires	  two	  signals:	  1)	  an	  antigen-‐specific	  signal	  delivered	  via	  the	  T	  

or	  B	  cell	  receptor;	  and	  2)	  a	  second	  co-‐stimulatory	  signal	  to	  initiate	  a	  productive	  activation	  

and	  proliferation	  of	  effector	  cells	  with	  the	  intent	  of	  eliminating	  the	  invading	  pathogen.	  After	  

removing	   the	   threat,	   feedback	   loops	   limit	   both	   the	   inflammatory	   response	   and	   the	  

expansion	  of	  such	  effector	  cells	  primarily	  via	  apoptosis,	  but	  leave	  in	  place	  cells	  with	  long-‐

term	  memory,	  a	  mechanism	  induced	  also	  by	  immunization.	  

	  

Immune	  System	  Overview	  

The	   overall	   immune	   system	   can	   be	   classically	   divided	   into	   innate	   and	   adaptive	  

immunity.	  The	  innate	  immune	  system	  represents	  a	  population	  equipped	  with	  non-‐specific	  

defense	   mechanisms	   that	   can	   rapidly	   activate	   either	   immediately	   or	   within	   hours	   of	   a	  

foreign	  entity	  entering	  the	  body.	  The	  adaptive	  immune	  system	  utilizes	  an	  antigen-‐specific	  

specific	  response	  that	  develops	  over	  a	  longer	  period	  time	  where	  a	  specialized	  and	  specific	  

population	   of	   cells	   proliferates	   and	   attacks	   that	   specific	   antigen.	   Generally	   speaking,	   the	  
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innate	   immune	   population	   consists	   of	   the	   phagocytic	   cells	   (neutrophils,	   monocytes,	   and	  

macrophages)	   that	   actively	   engulf	   antigen,	   the	   inflammatory	   mediators	   (basophils,	  

eosinophils,	   and	   mast	   cells)	   that	   secrete	   molecules	   promoting	   inflammation,	   and	   the	  

natural	  killer	  (NK)	  cells	  (Fig.	  1).	  

	  

	  

Figure	  1.	   General	   origin	   and	   differentiation	   of	   cells	   from	   the	   immune	   system.	  
Depending	   on	   the	   environment,	   timing,	   and	   signaling	   patterns,	   a	   multipotential	  
hematopoietic	  stem	  cell	  will	  follow	  a	  specific	  genetic	  programing	  and	  differentiate	  into	  one	  
of	  the	  listed	  types	  of	  immune	  cells.	  

	  

The	   adaptive	   immune	   population	   consists	   of	   the	   T	   and	   B	   cells	   (Fig.	   1)	   that	   upon	  

binding	  of	  antigen	  to	  their	  T	  cell	  receptor	  (TCR)	  or	  B	  cell	  receptor	  (BCR),	  respectively,	  will	  

mediate	   an	   antigen-‐specific	   response.	   Upon	   activation,	   B	   cells	   specific	   to	   the	   antigen	  
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proliferate	   and	   mature	   into	   plasma	   cells	   that	   secrete	   out	   antigen-‐specific	   antibodies.	  

Antibodies	  serve	   to	  block	  antigen-‐expressing	  pathogens	   from	   infecting	  additional	  cells	  as	  

well	  as	  to	  mark	  the	  pathogen	  as	  a	  target	  for	  other	  immune	  cells.	  Specifically,	  T	  cells	  can	  be	  

subdivided	  into	  CD4+	  T	  cells,	  also	  known	  as	  “helper”	  T	  cells	  which	  support	  other	  immune	  

cells,	  and	  CD8+	  T	  cells,	  also	  known	  as	  cytotoxic	  or	   “killer”	  T	  cells	  which	  actively	  kill	   cells.	  

The	   CD4+	   T	   cells	   can	   be	   further	   subdivided	   into	   the	   Th1	   population,	   which	   secrete	  

interleukin-‐2	   (IL-‐2)	   and	   interferon-‐gamma	   (IFN-‐γ)	   to	  promote	   cellular	   immunity	   (i.e.	   the	  

activation	  of	  CD8+	  T	  cells	  and	  NK	  cells),	  and	  into	  the	  Th2	  population,	  which	  secrete	  IL-‐4,	  IL-‐

10	   and	   IL-‐13	   to	   promote	   humoral	   immunity	   (i.e.	   the	   activation	   of	   B	   cells	   for	   antibody	  

secretion).	   Upon	   antigen	   clearance,	   those	   antigen-‐specific	   T	   and	   B	   cells	   can	  mature	   into	  

memory	  T	  cells	  and	  B	  cells,	  respectively.	  A	  second	  encounter	  with	  a	  pathogen	  expressing	  

those	   same	   antigens	   will	   activate	   these	   memory	   cells	   that	   can	   mediate	   a	   quicker	   and	  

stronger	  recall	  immune	  response.	  

Typically,	   the	   innate	   and	   adaptive	   immune	   systems	   work	   together	   to	   eliminate	  

pathogens	  from	  the	  body.	  The	  key	  players	  in	  mediating	  this	  cooperation	  are	  the	  dendritic	  

cells	  (DCs).	  DCs	  constantly	  but	  quietly	  roam	  the	  body	  and	  endocytose	  antigens.	  However,	  

they	  become	  activated	  when	  an	  extracellular	  or	  intracellular	  pattern-‐recognition	  receptor	  

recognizes	   a	   distinctive	   pathogen-‐associated	   antigen.	   Activation	   causes	   DCs	   to	   maturate	  

and	   express	   co-‐stimulatory	  molecules	   to	   provide	   activation	   signals	   for	   T	   and	   B	   cells.	   In	  

addition,	   activated	  DCs	  process	   the	  antigen	  and	  present	   fragments	   complexed	  within	   the	  

major-‐histocompatibility-‐complex	   (MHC)	   molecules	   on	   the	   cell	   surface	   to	   prime	   and	  

activate	   T	   and	   B	   cells	   specific	   to	   the	   presented	   antigen.	   As	   outlined	   above,	   complete	  
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activation	  of	  T	  or	  B	  cells	  requires	  a	  secondary	  signal	  such	  as	  CD80/86	  on	  DCs	  interacting	  

with	  CD28	  on	  T	  cells	  (3).	  

	  

Immune	  exhaustion	  

During	  the	  course	  of	  cancer	  and	  chronic	  viral	  infections,	  where	  the	  pathogen	  is	  not	  

eliminated,	  antigen	  stimulation	  persists,	  yet	  the	  regulatory	  feedback	  loops	  are	  engaged.	  	  By	  

preventing	  a	  return	  to	  normalcy,	  immune	  dysfunction	  and	  dysregulation	  arises,	  resulting	  in	  

the	   generation	   of	   ‘exhausted’	   effector	   cells	   with	   poor	   function	   (4).	   This	   impairment	   has	  

been	   associated	   with	   prolonged	   inhibitory	   signaling	   that	   normally	   minimizes	   collateral	  

damage	   during	   inflammation	   and	   prevents	   autoimmunity	   by	   maintaining	   self-‐tolerance,	  

but	  in	  the	  context	  of	  chronic	  infection,	  limits	  the	  ability	  of	  the	  host	  to	  combat	  the	  infection	  

further.	  Among	  the	  dysfunctional	  are	  T	  cells	  in	  a	  phenomenon	  known	  as	  T	  cell	  exhaustion	  

(4).	  

T	  cell	  exhaustion	  describes	  a	  progressive	  loss	  of	  function	  in	  pathogen-‐specific	  CD4+	  	  

and	   CD8+	   	   T	   cells	   in	   a	   hierarchical	  manner	  with	   impaired	   production	   of	   IL-‐2	   as	   well	   as	  

cytotoxicity	  and	  proliferation,	  followed	  by	  loss	  of	  TNF-‐α,	  and	  eventually	  IFN-‐γ	  at	  late	  stages	  

(4).	  This	  exhaustion	  has	  been	  found	  to	  be	  associated	  with	  prolonged	  and	  overexpression	  of	  

multiple	   inhibitory	   receptors	   in	   concert	   with	   their	   ligands	   that	   are	   also	   upregulated	   on	  

APCs.	  The	  first	  such	  regulatory	  molecule	  discovered	  was	  CTLA-‐4,	  which	  binds	  CD80/CD86	  

with	   an	   approximately	   10-‐fold	   higher	   affinity	   than	   CD28	   (5,	   6),	   leading	   to	   its	   use	   in	   the	  

context	  of	  organ	  transplantation	  (7).	  

Another	   study	   using	   the	   mouse	   model	   of	   chronic	   LCMV	   (lymphocytic	  

choriomeningitis	   virus)	   infection,	   revealed	   that	   PD-‐1	   (programmed	   death	   1)	   was	  
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selectively	   upregulated	   by	   exhausted	   T	   cells,	   and	   blocking	   interactions	   of	   this	   inhibitory	  

receptor	  with	  its	  ligands	  using	  antibodies	  enhanced	  virus-‐specific	  CD8+	  	  T	  cell	  response	  and	  

decreased	  viral	  load	  (8).	  This	  finding	  highlighted	  the	  potency	  of	  such	  individual	  inhibitory	  

pathways	  in	  controlling	  T	  cell	  response	  in	  chronic	  viral	  infection	  as	  well	  as	  the	  potential	  for	  

targeting	   these	   same	   pathways.	   However,	   blockade	   of	   the	   PD-‐1	   pathway	   only	   partially	  

restored	   T	   cell	   function,	   indicating	   the	   involvement	   of	   other	   inhibitory	   pathways.	  

Additional	  inhibitory	  receptors	  include	  B	  and	  T	  lymphocyte	  attenuator	  (BTLA),	  lymphocyte	  

activation	   gene	   3	   (LAG-‐3),	   T	   cell	   immunoglobulin	   and	   mucin	   domain	   3	   (TIM-‐3),	   CD244	  

(2B4),	  and	  killer	  cell	  lectin	  like	  receptor	  G1	  (KLRG1)	  (9-‐14).	  

	  

The	  inhibitory	  receptor	  TIM-‐3	  

TIM-‐3	   is	   a	   type	   I	   transmembrane	   protein	   consisting	   of	   an	   N-‐terminal	  

immunoglobulin	  variable	  (IgV)-‐like	  domain,	  a	  mucin	  domain	  with	  potential	  sites	  of	  O-‐	  and	  

N-‐linked	  glycosylation,	  followed	  by	  a	  transmembrane	  domain,	  and	  a	  cytoplasmic	  tail	  with	  

tyrosine	  phosphorylation	  motifs.	  Attempts	  to	  identify	  new	  Th1	  specific	  cell	  surface	  proteins	  

resulted	   in	   the	   identification	   of	   TIM-‐3.	   Treatment	   with	   antibody	   raised	   against	   TIM-‐3	  

exacerbated	   experimental	   autoimmune	   encephalomyelitis	   (EAE)	   in	  mice	   (15),	   suggesting	  

its	   role	   in	  peripheral	   tolerance	  and	  prevention	  of	   autoimmunity	  which	  was	   supported	   in	  

later	  studies	  (16,	  17).	  Elevated	  TIM-‐3	  expression	  was	  found	  on	  dysfunctional	  T	  cells	  from	  

HIV-‐infected	  individuals,	  and	  blockade	  of	  TIM-‐3	  with	  antibody	  or	  soluble	  TIM-‐3	  enhanced	  

function	  of	  HIV-‐specific	  T	  cells,	  implicating	  the	  role	  of	  TIM-‐3	  as	  an	  inhibitory	  receptor	  (12).	  
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The	  TIM-‐3	  ligand,	  galectin-‐9	  

Galectin-‐9	  was	  identified	  as	  a	  ligand	  binding	  to	  the	  carbohydrate	  motifs	  on	  the	  IgV	  

domain	   of	  murine	   TIM-‐3	   (18).	   Interaction	   of	   galectin-‐9	  with	   TIM-‐3	   expressing	   Th1	   cells	  

induced	  their	  apoptosis.	  Given	  the	  nature	  of	  TIM-‐3/galectin-‐9	  interactions,	  much	  effort	  has	  

focused	   on	   identifying	   a	   specific	   galectin-‐9	   expressing	   population.	   Initial	   reports	   have	  

found	   regulatory	   T	   cells	   (Tregs)	   and	   naïve	   CD4+	   T	   cells	   to	   express	   galectin-‐9	   (19,	   20),	  

though	  additional	  studies	  will	  be	  needed	  to	  elucidate	  in	  what	  context	  galectin-‐9	  assumes	  an	  

active	   role.	   In	   addition,	   select	   functions	   involving	   TIM-‐3	   have	   strongly	   suggested	   the	  

existence	  of	  other	  yet	  to	  be	  determined	  TIM-‐3	  ligands.	  	  

	  

Role	  of	  TIM-‐3	  in	  chronic	  viral	  infections	  

Increased	  expression	  of	  TIM-‐3	  has	  been	  observed	  on	  exhausted	  CD8+	  T	  cells	  isolated	  

from	  humans	  infected	  with	  human	  immunodeficiency	  virus	  (HIV)	  (12,	  21,	  22),	  hepatitis	  B	  

virus	  (HBV)	  (23,	  24),	  and	  hepatitis	  C	  virus	  (HCV)	  (21,	  25,	  26)	  as	  well	  as	  in	  murine	  models	  of	  

HBV	   (27),	   herpes	   simplex	   virus	   (HSV)	   (28)	   and	  LCMV	   infection	   (29),	   and	   in	   SIV-‐infected	  

rhesus	   macaques	   (30,	   31).	   Even	   though	   chronic	   stimulation	   by	   viral	   presence	   has	   been	  

associated	  with	  elevated	  expression	  of	  TIM-‐3,	  HIV	  infection	  of	  CD4+	  T	  cells	  does	  not	  induce	  

expression	   of	   TIM-‐3	   on	   T	   cells	   (32).	   Instead,	   TIM-‐3	   expression	   increases	   indirectly	   via	  

TCR/CD28	   co-‐stimulation,	   which	   provides	   evidence	   for	   the	   role	   of	   TIM-‐3	   to	   restrain	  

effector	  response	  in	  a	  temporal	  fashion.	  

During	  chronic	  viral	   infections	  with	  sustained	  antigen	  stimulation,	  exhausted	  CD8+	  	  

T	   cells	   can	   co-‐express	   multiple	   inhibitory	   receptors,	   which	   can	   work	   synergistically	   to	  

modulate	   the	   functional	  quality	  of	   these	  virus-‐specific	  CD8+	   	   T	   cells	   (14).	  The	   severity	  of	  
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exhaustion	  tends	  to	  correlate	  with	  the	  combined	  number	  of	  expressed	  inhibitory	  receptors.	  

Co-‐expression	   of	   TIM-‐3	   and	   PD-‐1	   on	   CD8+	   T	   cells	   in	   a	   murine	   model	   of	   LCMV	   had	   an	  

association	  with	   severe	   CD8+	   	   T	   cell	   exhaustion	  with	   respect	   to	   diminished	   proliferation	  

and	  cytokine	  production	  (29).	  TIM-‐3	  and	  PD-‐1	  work	  synergistically	  as	  evident	  with	  TIM-‐3	  

blockade	  or	  PD-‐1	  blockade	  alone	  partially	  restoring	  T	  cell	  effector	  function,	  but	  upon	  dual	  

blockade,	  T	   cell	   function	   restoration	  was	   significantly	  greater	   than	   the	  additive	  effects	  of	  

TIM-‐3	   or	   PD-‐1	   blockade	   alone.	   A	   mechanism	   for	   the	   role	   of	   inhibitory	   TIM-‐3	   has	   been	  

proposed	  (Fig.	  2).	  

	  

SIV-‐infected	  rhesus	  macaques,	  a	  model	  for	  AIDS	  

Non-‐human	   primate	  models	   have	   been	   widely	   used	   to	   study	   the	   pathogenesis	   of	  

HIV/AIDS	  as	  well	  as	  for	  the	  development	  of	  vaccine	  and	  therapeutic	  treatments.	  In	  rhesus	  

macaques	  of	  Indian	  origin,	  simian	  immunodeficiency	  virus	  (SIV)	  infection	  follows	  a	  similar	  

disease	  course	  as	  HIV	  infection	  of	  humans	  making	  them	  an	  ideal	  model	  (33).	  

Immune	  exhaustion	  has	  been	  described	  in	  chronically	  SIV-‐infected	  rhesus	  macaques	  

(31,	  34,	  35).	  With	   the	   initial	   identification	  of	  PD-‐1	  as	  an	   inhibitory	   receptor,	   SIV-‐infected	  

rhesus	   macaques	   were	   treated	   with	   a	   humanized	   anti-‐PD-‐1	   monoclonal	   antibody	   as	   an	  

immunotherapeutic	  treatment	  to	  block	  PD-‐1	  signaling	  (34).	  Overall,	  T	  and	  B	  cell	  functions	  

were	  improved,	  viral	  loads	  decreased,	  and	  animal	  survival	  rates	  were	  increased.	  However,	  

the	   level	   of	   anti-‐PD-‐1	  antibody	  declined	   rapidly	  due	   to	   an	   antibody	   response	   against	   the	  

xenobiotic	   partially	   humanized	   mouse	   antibody.	   With	   these	   limitations	   in	   mind,	   a	  

recombinant	  PD-‐1	  receptor	  fused	  to	  Ig-‐Fc	  has	  been	  generated	  to	  block	  PD-‐1	  signaling	  (35).	  

Such	   a	   molecule	   would	   prevent	   binding	   of	   PD-‐1	   to	   its	   ligands.	   In	   vitro	   use	   of	   PD-‐1-‐Fc	  
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improved	   SIV-‐specific	   CD4+	   and	   CD8+	   T	   cell	   proliferation.	   Furthermore,	   in	   vivo	  

administration	  of	  PD-‐1-‐Fc	  to	  SIV-‐infected	  rhesus	  macaques	  was	  found	  to	  be	  safe	  and	  non-‐

immunogenic	  as	  repeat	  administrations	  of	  PD-‐1-‐Fc	  did	  not	  elicit	  an	  antibody	  response	  and	  

PD-‐1	  blockade	  with	  PD-‐1-‐Fc	  in	  conjunction	  with	  ART	  interruption	  resulted	  in	  a	  significant	  

albeit	  transient	  delay	  in	  viral	  rebound.	  
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Figure	  2.	   Proposed	  mechanism	  for	  TIM-‐3	  in	  modulating	  T	  cell	  function.	  (A)	  Acute	  
infection	  where	  CD4+	  T	  cells	  proliferate	  and	  mediate	  the	  clearance	  of	  invading	  pathogens,	  
and	   upon	   removing	   the	   threat,	   TIM-‐3	   signaling	   restrains	   CD4+	   T	   cell	   response	   and	  
eliminates	  many	  through	  apoptosis,	  while	  a	   fraction	  become	  long-‐term	  memory	  cells.	  (B)	  
Chronic	  infection	  where	  CD4+	  T	  cells	  are	  constantly	  stimulated	  by	  antigen,	  resulting	  in	  the	  
upregulation	   of	   TIM-‐3	   which	   strengthens	   inhibitory	   signaling	   and	   leads	   to	   either	   T	   cell	  
exhaustion	  or	  apoptosis.	  
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Objectives	  

The	  following	  represent	  the	  experimental	  objectives	  of	  this	  study:	  

1. Identify	  the	  expression	  pattern	  of	  TIM-‐3	  on	  the	  various	  immune	  cell	  populations	  

a. Flow	  cytometric	  analysis	  using	  cell	  surface	  markers	  (CD3,	  CD4,	  CD8,	  CD11c,	  

CD14,	  CD16,	  CD20,	  CD28,	  CD95,	  CD123,	  HLA-‐DR,	  NKG2A,	  PD-‐L2,	  and	  TIM-‐3)	  

(Fig.	  3)	  to	  define	  distinct	  populations	  

b. Characterize	  the	  CD11c+	  mDC	  population	  for	  functional	  response	  

2. Establish	  a	  baseline	  of	  galectin-‐9	  amongst	  naïve	  and	  SIV-‐infected	  rhesus	  macaques	  

a. Quantify	  plasma	  levels	  of	  galectin-‐9	  

b. Identify	  cell	  populations	  expressing	  galectin-‐9	  

3. Construct	  Fc	  fusions	  of	  extracellular	  TIM-‐3	  as	  well	  as	  the	  various	  splice	  variants	  

a. Production	  of	  recombinant	  proteins	  TIM-‐3-‐Fc,	  IgV-‐Fc,	  and	  mucin-‐Fc	  

4. Identify	  immune	  cell	  populations	  expressing	  TIM-‐3	  ligand	  

a. Flow	  cytometric	  analysis	  using	  TIM-‐3-‐Fc	  in	  addition	  to	  cell	  surface	  markers	  

5. Reverse	  T	  cell	  exhaustion	  by	  blocking	  TIM-‐3	  signaling	  

a. Measure	  proliferative	  capacity	  
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Methods	  

Ethics	  statement	  

All	   animals	   were	   born	   and	   maintained	   at	   the	   Yerkes	   National	   Primate	   Research	  

Center	   of	   Emory	  University	   in	   accordance	  with	   the	   regulations	   of	   the	   Committee	   on	   the	  

Care	  and	  Use	  of	  Laboratory	  Animal	  Resources.	  The	  animals	  are	   fed	  monkey	  diet	  (Purina)	  

supplemented	   daily	  with	   fresh	   fruit.	   Additional	   enrichment	   is	   provided	   and	   overseen	   by	  

the	   Yerkes	   staff	   and	   animal	   health	   is	   monitored	   daily	   by	   the	   animal	   care	   staff	   and	  

veterinary	   personnel.	   Animals	   that	   reached	   IACUC	   defined	   endpoints,	   including	   pain	   or	  

stress	   that	   could	   not	   be	   alleviated	   therapeutically	   were	   humanely	   euthanized	   with	   an	  

overdose	  of	  barbiturate	   consistent	  with	   the	   recommendation	  of	   the	  American	  Veterinary	  

Medical	   Association.	   All	   experiments	   were	   reviewed	   and	   approved	   by	   the	   Emory	  

Institutional	   Animal	   Care	   as	  well	   as	   Biosafety	   Committee.	   Animals	  were	   inoculated	  with	  

200	  TCID50	  (50%	  tissue	  culture	  infective	  dose)	  of	  SIVmac239	  intravenously	  and	  served	  as	  a	  

source	   of	   blood	   at	   various	   time	   points	   post-‐infection.	   Human	   blood	   was	   obtained	   from	  

healthy	  donors	  after	  providing	  written	   informed	  consent,	  and	  the	  protocol	  was	  approved	  

by	  the	  Institutional	  Review	  Board	  of	  Emory	  University.	  

	  

Flow	  cytometric	  analysis	  

PBMCs	   (peripheral	   blood	  mononuclear	   cells)	  were	   isolated	   from	   freshly	   obtained	  

peripheral	  blood	  samples	  from	  each	  rhesus	  monkey	  or	  from	  humans	  using	  standard	  Ficoll-‐

Hypaque	   gradient	   centrifugation.	   Briefly,	   1	   x	   106	   PBMCs	  were	   used	   for	  multi	   parameter	  

flow	  cytometer	  staining.	  For	  panel	  1,	  the	  antibody	  cocktail	  mix	  was	  against	  CD3	  (SP34-‐2),	  

CD4	   (L200),	   CD8	   (RPA-‐T8),	   CD20	   (L27),	   CD28	   (CD28.2),	   CD95	   (DX2),	   HLA-‐DR	   (TU36),	  
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NKG2A	   (Z199,	   Beckman	   Coulter)	   and	   TIM-‐3	   (344823,	   PE-‐conjugate,	   R&D	   or	   isotype	   Rat	  

IgG2A-‐PE)	  and	  for	  panel	  2,	  the	  antibody	  cocktail	  mix	  was	  against	  (CD3,	  CD8,	  CD20	  in	  APC-‐

Cy7),	   CD14	   (M5E2),	   CD16	   (3G8),	   HLA-‐DR	   (TU36),	   CD123	   (7G3),	   CD11c	   (3.9),	   PD-‐L2	  

(24F.10C12)	  and	  TIM-‐3	  (344823,	  PE-‐conjugate,	  R&D	  or	  isotype	  Rat	  IgG2A-‐PE),	  were	  added	  

and	   incubated	  at	  37°C	   in	   the	  dark	   for	  30	  minutes.	  At	   the	  end	  of	   incubation,	  PBMCs	  were	  

washed	   with	   2%	   FBS	   in	   PBS	   (FACS	   wash	   solution),	   centrifuged,	   and	   supernatant	   was	  

discarded.	  PBMCS	  were	  fixed	  in	  1%	  PFA	  (paraformaldehyde)	  and	  acquired	  on	  a	  LSRII	  flow	  

cytometer	   (BD	   Biosciences)	   driven	   by	   the	   FACS	   DiVa	   software.	   Analysis	   of	   the	   acquired	  

data	  was	  performed	  using	  FlowJo	  software	  (version	  9.2;	  TreeStar,	  Ashland,	  OR).	  The	  gating	  

strategy	  is	  illustrated	  (Fig.	  3)	  and	  the	  phenotype	  of	  the	  various	  cell	  subsets	  analyzed	  in	  this	  

study	  are	  illustrated	  (Fig.	  4).	  

For	  intracellular	  galectin-‐9	  staining,	  PBMCs	  were	  permeabilized	  in	  BD	  Fixation	  and	  

Permeabilization	   Solution	   (#554722,	   BD	   Biosciences)	   at	   4°C	   for	   20	  minutes	   in	   the	   dark,	  

and	  then	  washed	  with	  BD	  Permeabilization	  Wash	  Buffer	  (#554723,	  BD	  Biosciences)	  added	  

directly	   to	   the	   tube.	   Then,	   anti-‐galectin-‐9	   (9M1-‐3)	  was	   added	   to	   the	   permeabilized	   cells,	  

incubated	  at	  40°C	  for	  30	  minutes	   in	  the	  dark,	  and	  then	  washed	  with	  FACS	  wash	  solution.	  

Finally,	   PBMCs	   were	   fixed	   in	   1%	   PFA	   and	   acquired	   on	   a	   LSRII	   flow	   cytometer	   (BD	  

Biosciences).	  
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Figure	  3.	   Flow	   cytometry	   gating	   strategy	   for	   PBMCs.	   (A)	   Forward	   scatter	   (FSC)	  
measures	   the	  diameter	  of	   the	   cell	   and	   side	   scatter	   (SSC)	  measures	   the	  granularity	  of	   the	  
cell.	  (B)	  Lymphocytes	  are	  gated	  through	  dead	  cell	  staining	  to	  analyze	  only	  viable	  cells.	  (C)	  
Lymphocyte	   gating	  on	   lineage	  markers	  CD3	  and	  NKG2A	   reveals	   the	  CD3-‐NKG2A+	  NK	  cell	  
population.	  (D)	  Lymphocyte	  gating	  on	  lineage	  markers	  CD3	  and	  CD20	  reveals	  the	  CD20+	  B	  
cells	  and	  CD3+	  T	  cells.	  (E)	  T	  cell	  gating	  reveals	   two	  distinct	  populations	  consisting	  of	   the	  
CD4+	   T	   cells	   and	   CD8+	   T	   cells.	   (F)	  Monocytes	   are	   gated	   through	   dead	   cell	   staining	   to	  
analyze	  only	  viable	  cells.	  (G)	  Monocytes	  are	  gated	  through	  FSC-‐A	  and	  FSC-‐H	  to	  discriminate	  
doublets	   from	  single	   cells	  where	  everything	  within	   the	  diagonal	  box	   is	   considered	   single	  
cells.	   (H)	   Gating	   on	   lineage	   markers	   CD3/CD8/CD20	   allows	   for	   analyzing	   populations	  
lacking	  those	  markers.	  (I)	  Cells	  that	  are	  negative	  for	  lineage	  markers	  CD3/CD8/CD20	  can	  
be	   further	   gated	   for	   the	   expression	   of	   lineage	  markers	   CD14/CD16.	   (J)	  Monocyte	   gating	  
reveals	   three	   distinct	   populations	   consisting	   of	   CD16+CD14–	   non-‐classical	   monocytes,	  
CD14+CD16+	   intermediate	  monocytes,	  CD14+CD16–	  classical	  monocytes.	  (K)	  Cells	  that	  are	  
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negative	  for	  lineage	  markers	  CD14/CD16	  can	  be	  further	  gated	  for	  the	  expression	  of	  lineage	  
marker	   HLA-‐DR	   to	   identify	   the	   DC	   population.	   (L)	   DC	   dating	   reveals	   two	   distinct	  
populations	   consisting	   of	   the	  CD123+	   plasmacytoid	  DCs	   (pDCs)	   and	  CD11c+	  myeloid	  DCs	  
(mDCs).	  

	  

TLR	  stimulation	  

Briefly,	   1	   x	   106	   PBMCs	   were	   stimulated	   with	   Toll-‐like	   receptor	   (TLR)	   agonists,	  

specifically	  TLR-‐3	  (poly	  IC,	  10μg/ml)	  and	  TLR-‐4	  (MPL,	  125ng/ml)	  agonists	  in	  the	  presence	  

of	   brefeldin	   A	   (10	   µg/ml)	   for	   5	   hours	   at	   37°C,	   7%CO2.	   PBMCs	   were	   then	   stained	   for	  

Live/Dead	  marker	  followed	  by	  antibody	  cocktail	  mix	  of	  surface	  markers	  against	  (CD3,	  CD8,	  

CD20	   in	   APC-‐Cy7),	   CD14,	   CD16,	   HLA-‐DR,	   CD123,	   CD11c,	   PD-‐L2	   and	   TIM-‐3.	   Following	  

permeabilization	  (BD	  kit),	  PBMCs	  were	  stained	  with	  anti-‐TNF-‐α	  (MAb11),	  anti-‐IL-‐12/IL-‐23	  

p40	  (C8.6).	  Finally,	  PBMCs	  were	  fixed	  in	  1%	  PFA	  and	  acquired	  on	  LSRII	  flow	  cytometer	  (BD	  

Biosciences).	  Analysis	  of	  the	  acquired	  data	  was	  performed	  using	  FlowJo	  software	  (version	  

9.2;	  TreeStar).	  

	  

Detection	  of	  galectin-‐9	  in	  plasma	  

Galectin-‐9	  was	  detected	  in	  the	  plasma	  of	  rhesus	  macaques	  using	  a	  commercial	  ELISA	  

assay	  carried	  out	  according	  to	  Dr.	  Siddappa	  Byrareddy	  and	  Dr.	  Aftab	  Ansari.	  

	  

Cloning	  and	  characterization	  of	  rhesus	  macaque	  TIM-‐3	  

Total	  RNA	  was	  isolated	  and	  purified	  from	  rhesus	  PBMCs	  using	  an	  RNeasy	  Mini	  Kit	  

(Qiagen)	  and	  samples	  were	   incubated	  with	  RNase-‐free	  DNase	   I	   (Promega)	  at	  37°C	   for	  30	  

minutes	   to	   avoid	   amplification	   of	   contaminating	   genomic	   DNA.	   First	   strand	   cDNA	   was	  
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reverse	  transcribed	  from	  the	  total	  RNA	  with	  the	  Enhanced	  Avian	  First	  Strand	  Synthesis	  Kit	  

(Sigma)	  using	  oligo(dT)23	  primers.	  PCR	  amplifications	  of	  first	  strand	  cDNA	  were	  carried	  out	  

using	   the	   sense	   primer	   pTIM-‐3	   and	   anti-‐sense	   primer	   pTIM-‐3-‐R	   (Fig.	   9).	   Primers	   were	  

designed	   using	   BLAST	   (NCBI)	   for	   human	   cDNA	   with	   the	   rhesus	   genome.	   The	   amplified	  

fragments	  were	  ligated	  via	  T/A	  overhangs	  into	  the	  pGEM-‐T	  vector	  (Promega).	  The	  ligated	  

plasmids	  were	   transformed	   and	   amplified	   in	   JM109	   cells	   (Promega).	   The	   plasmids	  were	  

purified	  and	  sequenced.	  

	  

Construction	  of	  Fc	  fusion	  expression	  plasmid	  vectors	  

To	  construct	  the	  Fc	  fusion	  expression	  plasmids	  of	  extracellular	  TIM-‐3	  corresponding	  

to	  both	  IgV	  and	  mucin	  as	  well	  as	  its	  individual	  splice	  variants	  IgV	  and	  mucin,	  two	  pGEM-‐T	  

vectors	  served	  as	  templates	  where	  each	  either	  carried	  full-‐length	  TIM-‐3	  or	  rhesus	  IgG2	  Fc	  

(consisting	  of	  the	  hinge	  region,	  CH2	  and	  CH3	  domains).	  Two	  amino	  acid	  substitutions	  were	  

introduced	   into	   the	   Fc	   domain	   to	   eliminate	   potential	   interactions	  with	   Fc	   receptors	   and	  

complement,	   L235A	   and	   P331S,	   respectively.	   Extracellular	   TIM-‐3	  was	   PCR	   amplified	   out	  

using	  sense	  primer	  pTIM-‐3	  (NcoI)	  and	  anti-‐sense	  primer	  pMucin-‐R	  (Fc).	  Anti-‐sense	  primer	  

pMucin-‐R	   (Fc)	   contains	   the	   first	   20	   nt	   complement	   to	   IgG2	   Fc.	   The	   IgG2	   Fc	   encoding	  

fragment	   was	   PCR	   amplified	   out	   using	   sense	   primer	   PAmigg2b	   and	   anti-‐sense	   primer	  

IgG6ae	  (EcoRI).	  With	  a	  common	  20	  nt	  sequence,	  these	  two	  fragments	  were	  than	  joined	  by	  

overlapping	  PCR	  using	  sense	  primer	  pTIM-‐3	  (NcoI)	  and	  anti-‐sense	  primer	  pMucin-‐R	  (Fc).	  

The	  resulting	  product	  was	  digested	  with	  NcoI	   and	  EcoRI	   and	   ligated	   into	   the	  pMT	  vector	  

(Life	   Technologies)	   previously	   digested	  with	  NcoI	   and	  EcoRI,	   resulting	   in	   pMT	  TIM-‐3-‐Fc.	  

The	   IgV	  domain	  was	  PCR	  amplified	  out	  using	  sense	  primer	  pTIM-‐3	  (NcoI)	  and	  anti-‐sense	  
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primer	   pIgV-‐R	   (Fc)	   while	   the	  mucin	   domain	   was	   PCR	   amplified	   out	   using	   sense	   primer	  

pMucin	   (NcoI)	   and	   anti-‐sense	   primer	   pMucin-‐R	   (Fc).	   The	   same	   strategy	   used	   to	   fuse	  

extracellular	  TIM-‐3	  to	  IgG2	  Fc	  was	  applied	  to	  the	  IgV	  domain	  and	  mucin	  domain,	  resulting	  

in	  pMT	  IgV-‐Fc	  and	  pMT	  mucin-‐Fc,	  respectively.	  

	  

Cell	  transfection	  

Drosophila	   Schneider	   2	   (S2)	   cells	   were	   grown	   in	   S2	   medium	   (Life	   Technologies)	  

containing	   10%	   heat-‐inactivated	   fetal	   bovine	   serum,	   5	   U/ml	   penicillin	   and	   5	   μg/ml	  

streptomycin	  at	  27°C	   in	  an	   incubator	  to	  a	  density	  of	  10	  –	  20	  x	  106	  cells/mL.	  While	   in	   log	  

phase	  growth,	  S2	  cells	  were	  co-‐transfected	  by	  electroporation	  with	  either	  pMT	  TIM-‐3-‐Fc,	  

pMT	   IgV-‐Fc	   or	   pMT	   mucin-‐Fc,	   with	   pCoHygro	   vector	   expressing	   the	   resistance	   gene	   to	  

hygromycin	   at	   a	   15:1	   ratio	   using	   Nucleofector	   Solution	   and	   the	   Nucleofector	   Device	  

(Lonza).	  Three	  days	  after	  transfection,	  the	  cells	  were	  selected	  in	  culture	  medium	  containing	  

300	   μg/mL	   of	   hygromycin	   (Invivogen).	   After	   selection,	   the	   transfected	   S2	   cells	   were	  

expanded	  to	  a	  density	  of	  30	  –	  40	  x	  107	  cells/mL	  and	  protein	  production	  induced	  with	  500	  

μM	   CuSO4.	   Supernatants	  were	   harvested	   over	   7	   days	   and	   Fc	   fusion	   proteins	   purified	   by	  

affinity	   chromatography	   with	   Protein	   G	   sepharose	   (Life	   Technologies).	   The	   column	  was	  

washed	   and	   Fc	   fusion	   protein	  was	   eluted	   using	   acetate	   buffer	   (pH	   2.6).	   The	   elution	  was	  

neutralized	   immediately,	   and	   dialyzed	   against	   phosphate-‐buffered	   saline	   (PBS).	   Protein	  

concentrations	  were	   quantified	   by	   the	   Pierce	   BCA	   Protein	   Assay	   Kit	   (Life	   Technologies)	  

and	  subsequently	  lyophilized	  and	  stored	  at	  4°C	  with	  desiccant.	  
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SDS-‐PAGE	  and	  Western	  Analysis	  

Fc	   fusion	   proteins	   were	   boiled	   in	   SDS-‐PAGE	   sample	   buffer	   with	   or	   without	   2-‐

mercaptoethanol	   for	   5	  minutes.	   The	   samples	   (4	   μg	   protein	   per	  well)	  were	   separated	   on	  

10%	   Tris	   glycine	   SDS-‐PAGE	   (Lonza)	   along	   with	   bovine	   serum	   albumin	   (BSA)	   and	   the	  

Precision	  Plus	  Protein	  Dual	  Color	  Standard	  (Bio-‐Rad)	  markers.	  For	  SDS-‐PAGE	  analysis,	  the	  

proteins	  were	  detected	  by	   staining	  with	  Bio-‐Safe	  Coomassie	   (Bio-‐Rad).	   For	  Western	  blot	  

analysis,	   the	   gels	   were	   electrotransferred	   to	   nitrocellulose	  membranes.	   The	  membranes	  

were	   blocked	  with	   5%	  BSA	   in	   PBST	   (0.05%	  Tween	   20	   in	   PBS)	   for	   1	   hour,	   and	   alkaline-‐

phosphatase-‐conjugated	   rabbit	   anti-‐monkey	   IgG	   (Sigma)	   (raised	   against	  monkey	  Fc)	  was	  

added	  at	  a	  dilution	  of	  1:1000	  to	  1%	  BSA	  in	  PBST	  for	  1	  hour.	  The	  membrane	  was	  washed	  

with	   PBS	   and	   developed	   with	   alkaline	   phosphatase	   substrate.	   Western	   analysis	   was	  

repeated	   using	   goat	   anti-‐TIM-‐3	   polyclonal	   antibody	   (R&D	   Systems)	   as	   the	   primary	  

antibody	  followed	  by	  anti-‐goat	  IgG	  as	  the	  secondary	  antibody.	  

	  

Galectin-‐9	  binding	  assays	  

Maxisorp	   ELISA	   plates	   were	   coated	   24	   hours	   before	   the	   assay	   using	   0.2	   μg	   of	  

recombinant	  human	  galectin-‐9	  (R&D	  Systems)	  or	  BSA	  in	  a	  volume	  of	  100	  μL	  of	  1X	  coating	  

buffer.	  Serial	  dilutions	  of	  TIM-‐3-‐Fc,	   IgV-‐Fc,	  and	  mucin-‐Fc	  were	  added	  and	  incubated	  for	  1	  

hour	  at	  37°C.	  The	  plate	  was	  washed	  and	  blocked	  with	  1%	  BSA	  in	  PBST	  incubated	  for	  1	  hour	  

at	  37°C.	  The	  plate	  was	  washed	  and	  horseradish	  peroxidase-‐conjugated	  anti-‐human	  IgG	  was	  

added	   at	   a	   dilution	   of	   1:1000	   to	   1%	   BSA	   in	   PBST	   for	   1	   hour	   at	   37°C.	   TMB	   Peroxidase	  

Substrate	   (KPL)	  was	  added	  and	  developed	  prior	   to	   stopping	   the	   reaction	  with	  2N	  H2SO4.	  

Absorbance	  was	  measured	  at	  490	  nm.	  
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Staining	  for	  TIM-‐3	  ligand	  

Purified	  TIM-‐3-‐Fc	  was	  chemically	  conjugated	  to	  R-‐PE	  (ab102918,	  Abcam)	  according	  

to	  manufacturer	   protocol.	   Isolated	   PBMCs	  were	   then	   incubated	  with	   various	   amounts	   of	  

Tim3-‐Fc/R-‐PE	   in	   the	   absence	   or	   presence	   of	   10%	   rhesus	   heparin	   plasma	   to	   inhibit	   non-‐

specific	  binding	  along	  with	   the	  antibody	  cocktail	  mix	  against	  CD3,	  CD20,	  NKG2A,	  HLADR,	  

CD14,	  CD16,	  and	  CD11c	  for	  30	  minutes	  at	  4°C	  in	  the	  dark.	  Then,	  PBMCs	  were	  washed	  with	  

FACS	  solution,	  fixed	  in	  1%	  PFA,	  and	  acquired	  on	  BD	  LSRII	  flow	  cytometer	  (BD	  Biosciences).	  

	  

Proliferation	  assay	  

Briefly,	   1	   x	   107	   PBMCs	   were	   labeled	   with	   3	   μM	   carboxyfluorescein	   diacetate	  

succinimidyl	   ester	   (CFSE)	  and	  washed	  with	   ice-‐cold	  RPMI-‐1640	  medium	  containing	  10%	  

FBS,	  100	  units/ml	  penicillin/streptomycin	  and	  2mM	  L-‐glutamine	  (complete	  medium).	  The	  

CFSE-‐labeled	  cells	  were	  adjusted	  to	  1	  –	  2	  x	  106	  cells/0.6	  ml,	  transferred	  to	  a	  48-‐well	  plate,	  

and	  stimulated	  with	  or	  without	  a	  mixture	  of	  SIV	  gag	  peptides	  covering	  the	  entire	  SIV	  gag	  

sequence	  (20-‐mers	  overlapping	  by	  12)	  (2	  μg/ml)	   in	   the	  presence	  or	  absence	  of	  TIM-‐3-‐Fc	  

(10	  µg/ml),	  PD-‐1-‐Fc	  (5	  µg/ml),	  or	  anti-‐PD-‐1	  monoclonal	  antibody	  (10	  µg/ml)	  at	  37°C,	  7%	  

CO2.	  After	  6	  days	  of	  incubation	  cells	  were	  harvested	  and	  stained	  for	  specific	  markers.	  The	  

cells	   were	   washed	   with	   FACS	   solution	   and	   stained	   with	   Live/Dead	   marker	   (Alexa	   430,	  

Invitrogen	   A10169)	   at	   room	   temperature	   for	   30	   minutes	   and	   washed	   with	   complete	  

medium.	  Labeled	  cells	  were	  then	  stained	  with	  the	  antibody	  cocktail	  containing	  Alexa	  Fluor	  

700-‐conjugated	   anti-‐CD3	   (clone	   SP34-‐2,	   BD),	   peridinin-‐chlorophyll	   protein-‐conjugated	  

anti-‐CD4	  (clone	  L200,	  BD)	  and	  BD	  Horizon	  V450-‐conjugated	  anti-‐CD8	  (clone	  RPA-‐T8,	  BD).	  
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After	   incubation	   for	  30	  minutes	  at	  4°C,	  PBMCs	  were	  washed	  with	  FACS	  solution,	   fixed	   in	  

1%	  PFA,	  and	  acquired	  on	  a	  LSRII	  flow	  cytometer	  (BD	  Biosciences)	  driven	  by	  the	  FACS	  DiVa	  

software.	  Analysis	  of	  the	  acquired	  data	  was	  performed	  using	  FlowJo	  software	  (version	  9.2;	  

TreeStar,	  Ashland,	  OR).	  
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Results	  

Expression	  of	  TIM-‐3	  on	  different	  cells	  in	  humans	  and	  rhesus	  macaques	  

In	   order	   to	   explore	   the	   role	   of	   TIM-‐3	   in	   the	   rhesus	   macaque	   model	   of	   AIDS,	   we	  

evaluated	  the	  expression	  of	  Tim-‐3	  on	  PBMCs	  from	  uninfected	  rhesus	  macaques	  and	  healthy	  

human	  donors.	  As	  shown	  in	  Fig.	  4,	  there	  are	  significant	  differences	  in	  the	  TIM-‐3	  expression	  

profile	   of	   PBMCs	   from	   the	   two	   species.	   The	   frequencies	   of	   TIM-‐3-‐expressing	   cells	   were	  

markedly	   lower	   for	   CD4+,	   CD8+	   T	   cells,	   NKG2A+	   natural	   killer	   (NK)	   cells,	   mDCs,	   and	  

plasmacytoid	  dendritic	  cells	  (pDCs)	  from	  rhesus	  macaques	  compared	  to	  humans	  (Fig.	  4).	  In	  

contrast,	   the	   frequency	   of	   TIM-‐3-‐expressing	   CD20+	   B	   cells	   from	   rhesus	   macaques	   was	  

markedly	  higher	  than	  from	  humans.	  However,	  TIM-‐3	  expression	  on	  rhesus	  macaque	  T	  cells	  

has	  been	  documented	  to	  increase	  early	  after	  SIV	  infection	  (30).	  

	  

TIM-‐3	  and	  PD-‐L2	  are	  expressed	  by	  different	  subsets	  of	  mDCs	  

We	   next	   investigated	   the	   expression	   of	   TIM-‐3	   and	   PD-‐L2	   on	   dendritic	   cells	   in	  

PBMCs,	   as	   interaction	  of	  TIM-‐3	  with	   galectin-‐9	   (36)	   and	  PD-‐L2	  with	  PD-‐1	   (37)	   has	   been	  

suggested	  to	  lead	  to	  T	  cell	  activation	  and	  inhibition	  respectively.	   Interestingly,	  analysis	  of	  

mDCs	  subpopulations	  revealed	  a	  clear	  separation	  between	  TIM-‐3+	  and	  PD-‐L2+	  mDCs	  (Fig.	  

5A).	  
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Figure	  4.	   Expression	  of	  TIM-‐3	  on	  the	  various	  immune	  cell	  populations.	  Flow	  plots	  
depict	   TIM-‐3	   expression	   on	   CD4+	   T	   cells,	   CD8+	   T	   cells,	   CD20+	   B	   cells,	   NKG2A+	  NK	   cells,	  
CD11c+	   mDCs,	   and	   CD123+	   pDCs	   from	   PBMCs	   in	   representative	   humans	   or	   rhesus	  
macaques.	  
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Figure	  5.	   Expression	   of	   CD86	   on	   TIM-‐3+	  mDCs	   pre-‐infection	   and	   post-‐infection.	  
(A)	   Flow	   cytometric	   analysis	   of	   naïve	   rhesus	  macaque	  mDCs	  based	  on	  PD-‐L2	   and	  TIM-‐3	  
expression.	   (B)	   Expression	  of	   CD86	  on	  mDCs	   gating	   on	  TIM-‐3+PD-‐L2–	  and	  TIM-‐3–PD-‐L2+	  
mDCs.	  (C)	  Longitudinal	  analysis	  of	  CD86	  expression	  on	  mDCs	  gating	  on	  TIM-‐3+PD-‐L2–	  and	  
TIM-‐3–PD-‐L2+	  mDCs.	  

	  

TIM-‐3	  expressing	  mDCs	  show	  a	  more	  activated	  phenotype	  

Maturation	   states	   for	   DCs	   have	   been	   defined	   with	   the	   “immature	   state”	  

characterized	  by	  low	  levels	  of	  antigen-‐presenting	  MHC-‐I	  and	  MHC-‐II	  gene	  products	  (38)	  as	  

well	   as	   co-‐stimulatory	   molecules	   such	   as	   CD86	   (39),	   whereas	   the	   “mature	   state”	   is	  

characterized	   by	   the	   converse.	   Of	   note,	   immature	  DCs	   tend	   to	   induce	   tolerance	  whereas	  

mature	   DCs	   elicit	   antigen-‐specific	   effector	   functions.	   We	   analyzed	   the	   two	   unique	   mDC	  

populations	   and	   showed	   that	   TIM-‐3+PD-‐L2–	  mDCs	   express	   higher	   frequencies	   of	   CD86	  
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compared	  to	  TIM-‐3–PD-‐L2+	  mDCs	  (Fig.	  5B).	  Longitudinal	  monitoring	  of	  CD86	  expression	  of	  

the	  two	  populations	  showed	  the	  TIM-‐3+PD-‐L2–	  population	  peaks	  at	  1	  week	  post-‐infection,	  

followed	   by	   a	   transient	   decrease	   at	   2	   weeks	   post-‐infection,	   and	   an	   overall	   increased	  

frequency	  at	  16	  weeks	  post-‐infection	  compared	  to	  pre-‐infection	  (Fig.	  5C).	   In	  contrast,	   the	  

TIM-‐3–PD-‐L2+	   population	   suspected	   to	   be	   inducing	   T	   cell	   activation	   had	   a	   transient	  

increase	  at	  4	  weeks	  post-‐infection,	  followed	  by	  a	  decrease	  at	  12	  weeks	  post-‐infection,	  and	  

over	  an	  overall	  increased	  frequency	  at	  16	  weeks	  post-‐infection	  compared	  to	  pre-‐infection.	  

	  

TIM-‐3+	  mDCs	  respond	  to	  TLR3	  agonist	  

An	  increased	  frequency	  of	  activated	  mDCs	  over	  time	  suggested	  mDC	  recognition	  of	  

viral	   components,	   such	   as	   protein	   or	   dsRNA,	   through	   the	   Toll-‐like	   receptors	   (TLRs).	  We	  

then	   asked	  whether	   the	   distinct	  mDC	   populations	  would	   respond	   to	   dsRNA	   in	   a	   TLR-‐3-‐

dependent	   manner,	   triggering	   the	   release	   of	   inflammatory	   cytokines	   such	   as	   tumor	  

necrosis	   factor	  alpha	   (TNF-‐α)	  and	   IL-‐12.	  We	  also	   included	   lipopolysaccharide	  as	  a	  TLR-‐4	  

agonist	   for	  a	   control.	  As	  shown	   in	  Fig.	  5,	   the	  TLR-‐4	  agonist	   induced	  robust	  expression	  of	  

TNF-‐α	   and	   IL-‐12	   in	   TIM-‐3–PD-‐L2+	   mDCs,	   while	   the	   TLR-‐3	   agonist	   did	   not	   induce	   a	  

measurable	  response.	  We	  also	  note	  stimulation	  of	  TIM-‐3–PD-‐L2–	  mDCs	  with	  TLR-‐4	  agonist	  

resulted	  in	  a	  similar,	  albeit	  weaker	  response	  while	  TLR-‐3	  agonist	  induced	  mild	  expression	  

of	   TNF-‐α	   (data	   not	   shown).	   Surprisingly,	   TIM-‐3+	   PD-‐L2–	   mDCs	   responded	   to	   the	   TLR-‐3	  

agonist,	   but	   not	   TLR-‐4	   agonist,	   with	   increased	   TNF-‐α	   expression	   but	   with	   little	   IL-‐12	  

expression	  (Fig.	  6A,	  6B).	  Taken	  together,	  these	  data	  suggest	  TIM-‐3	  as	  a	  marker	  for	  an	  mDC	  

population	   able	   to	   respond	   to	   viral	   dsRNA,	   promoting	   inflammation	   rather	   than	   Th1	  

induction	  to	  lead	  to	  more	  potent	  CD4	  and	  CD8	  T	  cell	  responses.	  
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Figure	  6.	   TLR	   agonist	   stimulation	   of	   the	   mDC	   populations.	   (A)	   Flow	   cytometric	  
analysis	  of	  TNF-‐α	  and	  IL-‐12	  secretion	  by	  TIM-‐3+	  PD-‐L2–	  and	  TIM-‐3–PD-‐L2+	  mDCs	  under	  no	  
stimulation,	   TLR-‐3	   ligand	   (dsRNA)	   simulation,	   or	   TLR-‐4	   ligand	   (lipopolysaccharide)	  
stimulation.	  (B)	  Quantitative	  analysis	  of	  TNF-‐α	  and	   IL-‐12	  secretion	  by	  TIM-‐3+PD-‐L2–	   and	  
TIM-‐3–PD-‐L2+	  mDCs	   under	   no	   stimulation,	   TLR-‐3	   ligand	   (dsRNA)	   simulation,	   or	   TLR-‐4	  
ligand	  (lipopolysaccharide)	  stimulation.	  

	  

High	  levels	  of	  soluble	  galectin-‐9	  in	  SIV-‐infected	  rhesus	  macaques	  

Previous	  reports	  have	  examined	  galectin-‐9	  as	  a	  ligand	  to	  TIM-‐3	  (18,	  40).	  To	  further	  

elucidate	   potential	  mechanisms	   of	   TIM-‐3/galectin-‐9	   interactions	   and	   immune	   responses,	  

we	   examined	   plasma	   concentrations	   of	   galectin-‐9	   in	   naïve	   and	   SIV-‐infected	   rhesus	  

macaques.	  Plasma	  levels	  of	  galectin-‐9	  were	  more	  than	  15-‐times	  higher	  in	  the	  chronic	  phase	  

of	   SIV	   infection	   relative	   to	   uninfected	   rhesus	   macaques	   (Fig.	   7A).	   Among	   SIV-‐infected	  

rhesus	  macaques,	  we	  distinguished	  elite	  controllers	  with	  delayed	  disease	  progression	  from	  

non-‐controllers	   who	   developed	   clinical	   AIDS	   within	   18	   months	   post	   infection.	   Non-‐
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controllers	   had	   significantly	   elevated	   levels	   of	   circulating	   galectin-‐9	   compared	   to	   elite-‐

controllers	  and	  naïve	  rhesus	  macaques	  (Fig.	  7B).	  Longitudinal	  analysis	  of	  chronically	  SIV-‐

infected	   non-‐controllers	   revealed	   a	   spike	   in	   galectin-‐9	   at	   2	   weeks	   post-‐infection,	   which	  

leveled	  out	  at	  4	  weeks	  post-‐infection	  and	  remained	  constant	  at	  least	  until	  60	  weeks	  post-‐

infection	  (Fig.	  7C).	  A	  similar	  pattern	  was	  observed	  for	  SIV-‐infected	  elite-‐controllers	  though	  

at	   significantly	   lower	   levels	   of	   galectin-‐9,	   suggesting	   that	   galectin-‐9	   may	   represent	   a	  

correlate	  of	  disease	  progression	  and	  be	  involved	  in	  SIV	  disease	  pathogenesis.	  

	  

	  

Figure	  7.	   Plasma	   levels	   of	   soluble	   galectin-‐9	   in	   naïve	   and	   SIV-‐infected	   rhesus	  
macaques.	  (A)	  Dot	  plot	  represents	  the	  concentration	  of	  soluble	  galectin-‐9	  (sGalectin-‐9)	  in	  
the	  plasma	  of	  30	  rhesus	  macaques	  pre-‐	  and	  post-‐infection	  as	  determined	  by	  ELISA.	  (B)	  Dot	  
plot	   represents	   the	   concentration	   of	   soluble	   galectin-‐9	   in	   the	   plasma	   of	   naïve	   rhesus	  
macaques,	  SIV-‐infected	  elite	  controllers,	  and	  SIV-‐infected	  non-‐controllers.	  (C)	  Longitudinal	  
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analysis	  of	   the	  concentration	  of	  soluble	  galectin-‐9	   in	  elite	  controllers	  and	  non-‐controllers	  
post-‐SIV	  infection.	  

Various	  cell	  populations	  express	  intracellular	  galectin-‐9	  

In	   order	   to	   determine	   the	   predominant	   producer	   of	   galectin-‐9,	   we	   assessed	  

intracellular	   levels	   in	   different	   immune	   cells	   by	   flow	   cytometry.	   Staining	   revealed	   high	  

levels	   of	   intracellular	   galectin-‐9	   in	   CD3+	   T	   cells,	   CD20+	   B	   cells,	   NKG2A+	   NK	   cells,	  

CD14+CD16–	  and	  CD16+CD14–	  monocytes,	  and	  CD11c+	  mDCs	  (Fig.	  8).	  

	  

	  

Figure	  8.	   Intracellular	  staining	  of	  various	  immune	  cell	  populations	  for	  galectin-‐9.	  
Flow	  cytometry	  gating	  strategy	  to	  analyze	  intracellular	  expression	  of	  galectin-‐9	  on	  CD3+	  T	  
cells,	  CD20+	  B	  cells,	  NKG2A+	  NK	  cells,	  CD14+CD16–	  monocytes,	  CD16+CD14–	  monocytes,	  and	  
CD11c+	  mDCs.	  
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Cloning	  of	  TIM-‐3	  

In	  order	  to	  characterize	  rhesus	  TIM-‐3,	  we	  generated	  cDNA	  from	  RNA	  isolated	  from	  

rhesus	  PBMCs	  (Fig.	  9).	  The	  isolated	  cDNA	  shares	  a	  high	  similarity	  (90%)	  with	  human	  TIM-‐

3,	   and	   the	   amino	   acid	   sequences	   also	   shows	   high	   homology	   (85%)	   with	   human	   TIM-‐3	  

protein	  (Fig.	  10).	  Alignment	  of	  the	  amino	  acid	  sequence	  with	  the	  endogenous	  human	  and	  

murine	  TIM-‐3	  reveals	  a	  conservation	  of	  the	  domains,	  consisting	  of	  the	  signal	  peptide,	  IgV,	  

mucin,	  transmembrane	  and	  cytoplasmic	  domains.	  Of	  interest,	  we	  noted	  a	  nine	  amino	  acid	  

deletion	   in	   the	   mucin	   domain,	   appearing	   before	   the	   beginning	   of	   the	   transmembrane	  

domain.	   The	   deletion	   in	   rhesus	   TIM-‐3	   does	   not	   a	   priori	   have	   any	   detectable	   functional	  

alteration	  due	  to	  its	  location	  within	  the	  mucin	  stalk.	  

 
Primer Name  Sequence (specified for 5' to 3') 
Cloning Primers 
pTIM-3 S TCAGAAGTGGAATACATAGCAG 
pTIM-3-R A CTATGGCACTGCAACGCGACAA 
Subcloning Primers 
pTIM-3 (NcoI) S TATA / CCATGG / TCAGAAGTGGAATACATAGCAG 
pIgV-R (Fc) A GGTGGGCACGTAGATCTACC / TGGTTTGATGACGACCAACTTC 
pMucin (NcoI) S CC / CCATGG / GCCAAGGTCACCCCTGCACCAA 
pMucin-R (Fc) A GGTGGGCACGTAGATCTACC / TCTGATGGTTGCTCCAGAGTC 
PAmigg2b S GGTAGATCTACGTGCCCACCGTGCCCAGCTGAA 
IgG6ae (EcoRI) A TATGACGTC / GAATTC / TCATTTACCCGGAGACACGGAGA 
Figure	  9.	   Primer	   list	   for	   cloning	   and	   subcloning	   TIM-‐3.	   “Primer	   Name”	   column	  
indicates	   the	   use	   of	   restriction	   digest	   sites	   in	   bold	   and	   the	   use	   of	   a	   20	   nt	   sequence	  
corresponding	   to	   IgG2	   Fc	   for	   overlapping	   PCR	   application	   in	   italics.	   “S”	   refers	   to	   sense	  
primer,	  while	  “A”	  refers	  to	  anti-‐sense	  primer.	  
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Figure	  10.	   Alignment	  of	  the	  amino	  acid	  sequences	  of	  human	  TIM-‐3	  (huTIM-‐3)	  and	  
rhesus	  TIM-‐3	  (rhTIM-‐3).	  Highlighted	  sequences	  indicate	  homology	  between	  endogenous	  
human	  and	  rhesus	  TIM-‐3.	  Dashes	  indicate	  gaps	  in	  alignment.	  

	  

Construction	  of	  TIM-‐3-‐Fc	  fusion	  proteins	  

To	  explore	  the	  function	  of	  extracellular	  TIM-‐3	  as	  well	  as	  its	  domains,	  we	  subcloned	  

the	  IgV	  and	  mucin	  domains.	  For	  downstream	  applications,	  recombinant	  proteins	  can	  prove	  

challenging	  with	  purification	  and	  their	  use	  in	  vivo	  may	  be	  limited	  by	  their	  relatively	  short	  

half-‐life.	  We	   addressed	   these	   issues	   by	   using	   overlapping	   PCR	   to	   fuse	   rhesus	   IgG2	   Fc	   to	  

extracellular	  TIM-‐3,	  IgV	  domain,	  or	  mucin	  domain	  to	  generate	  TIM-‐3-‐Fc,	  IgV-‐Fc,	  and	  mucin-‐

Fc	   (Fig.	   11,	  12).	   It	   is	   important	   to	  note	   two	  amino	  acid	  mutations	  were	  made	   in	   IgG2	  Fc	  

(L235A	  and	  P331S)	  to	  eliminate	  potential	  binding	  of	  C3	  for	  complement	  activation	  and	  Fc	  

receptors	  for	  antibody-‐dependent	  cellular	  cytotoxicity	  (ADCC),	  but	  still	  retain	  recycling	  via	  

the	  FcRn	  salvage	  pathway	  (41).	  This	  approach	  of	  fusing	  IgG2	  Fc	  to	  TIM-‐3	  is	  expected	  to	  (1)	  

increase	  the	  circulating	  half-‐life	  of	  TIM-‐3	  since	  TIM-‐3-‐Fc	  will	  be	  secreted	  as	  a	  homodimer	  

with	  a	  higher	  molecular	  weight	  and	  thus	  be	  in	  circulation	  longer	  due	  to	  not	  being	  filtered	  

out	  by	   the	  kidneys;	   (2)	  enhance	  TIM-‐3	  binding	  of	  TIM-‐3	   ligands	  by	  the	  homodimers;	  and	  

(3)	  facilitate	  purification	  of	  TIM-‐3-‐Fc	  through	  the	  use	  of	  Protein	  G	  Sepharose.	  
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Figure	  11.	   Construction	  of	  TIM-‐3	  and	  its	  splice	  variants	  as	  Fc	   fusion	  proteins.	  (A)	  
The	  genes	  encoding	  for	  endogenous	  TIM-‐3,	  full-‐length	  TIM-‐3	  fused	  to	  Fc	  domain,	  TIM-‐3	  IgV	  
fused	  to	  Fc	  domain,	  and	  TIM-‐3	  mucin	  fused	  to	  Fc	  domain.	  (B)	  The	  individual	  domains	  of	  the	  
full-‐length	  TIM-‐3-‐Fc	  fusion	  protein.	  
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Key:	  IgV	  domain	  (red),	  mucin	  domain	  (green),	  and	  antibody	  hinge	  and	  Fc	  regions	  (blue).	  

TIM-‐3-‐Fc	   IgV	  domain;	  Mucin	  domain;	  IgG2	  hinge	  and	  Fc	  

SEVEYIAEVGQNAYLLCSYTPAPPGNLVPVCWGKGACPVFDCSNVVLRTENRDVNDRTSGRYWLK
GDFHKGDVSLTIENVTLADSGVYCCRIQIPGIMNDEKHNLKLVVIKPAKVTPAPTLQRDLTSAFPR
MLTTGEHGPAETQTPGSLPDVNLTRIFTLTNELRDSGATIRGRSTCPPCPAELAGGPSVFLFPPKPK
DTLMISRTPEVTCVVVDVSQEEPDVKFNWYVDGVEVHNAQTKPREEQFNSTYRVVSVLTVTHQD
WLNGKEYTCKVSNKGLPASRQKTVSKTKGQPREPQVYTLPPPREELTKNQVSLTCLIKGFYPSDIV
VEWASNGQPENTYKTTPPVLDSDGSYFLYSKLTVDKSRWQQGNVFSCSVMHEALHNHYTQKSLS
VSPGK	  

IgV-‐Fc	  	   IgV	  domain;	  IgG2	  hinge	  and	  Fc	  

SEVEYIAEVGQNAYLLCSYTPAPPGNLVPVCWGKGACPVFDCSNVVLRTENRDVNDRTSGRYWLK
GDFHKGDVSLTIENVTLADSGVYCCRIQIPGIMNDEKHNLKLVVIKPGRSTCPPCPAELAGGPSVFL
FPPKPKDTLMISRTPEVTCVVVDVSQEEPDVKFNWYVDGVEVHNAQTKPREEQFNSTYRVVSVL
TVTHQDWLNGKEYTCKVSNKGLPASRQKTVSKTKGQPREPQVYTLPPPREELTKNQVSLTCLIKG
FYPSDIVVEWASNGQPENTYKTTPPVLDSDGSYFLYSKLTVDKSRWQQGNVFSCSVMHEALHNH
YTQKSLSVSPGK	  

mucin-‐Fc	   Mucin	  domain;	  IgG2	  hinge	  and	  Fc	  

AKVTPAPTLQRDLTSAFPRMLTTGEHGPAETQTPGSLPDVNLTRIFTLTNELRDSGATIRGRSTCP
PCPAELAGGPSVFLFPPKPKDTLMISRTPEVTCVVVDVSQEEPDVKFNWYVDGVEVHNAQTKPRE
EQFNSTYRVVSVLTVTHQDWLNGKEYTCKVSNKGLPASRQKTVSKTKGQPREPQVYTLPPPREEL
TKNQVSLTCLIKGFYPSDIVVEWASNGQPENTYKTTPPVLDSDGSYFLYSKLTVDKSRWQQGNVF
SCSVMHEALHNHYTQKSLSVSPGK	  

Figure	  12.	   Sequences	  of	  TIM-‐3-‐Fc,	   IgV-‐Fc	  and	  Mucin-‐Fc.	   The	   amino	   acid	   sequences	  of	  
TIM-‐3-‐Fc,	   IgV-‐Fc,	   and	  Mucin-‐Fc	   are	   shown.	   The	   IgV	   domains	   are	   indicated	   in	   red,	  Mucin	  
domains	  are	  indicated	  in	  green,	  and	  Fc	  domains	  are	  indicated	  in	  blue.	  
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In	  addition,	  we	  used	  S2	  insect	  cells	  for	  the	  expression	  and	  production	  of	  the	  TIM-‐3-‐

Fc	  fusion	  proteins	  (Fig.	  13).	  Compared	  to	  the	  mammalian	  cell	  culture	  approach,	  S2	   insect	  

cells	   carry	   the	  advantages	  of	  quick	  and	  easy	   transfection,	   ease	  of	  handling,	   and	  ability	   to	  

stably	   scale	   up	   for	   high	   titers.	   Prior	   repeated	   use	   of	   recombinant	   macaque	   proteins	  

produced	  in	  S2	  insect	  cells	  in	  vivo	  has	  shown	  good	  tolerability	  and	  an	  absence	  of	  immune	  

recognition,	  suggesting	  that	  the	  proteins	  produced	  in	  this	  system	  are	  folded	  correctly,	  even	  

though	   differences	   in	   glycosylation	   exists	   relative	   to	  mammalian	   cell	   produced	   proteins.	  

These	  differences	  have	  not	  been	  shown	  to	  affect	  secondary	  functions	  such	  as	  complement	  

activation	  and	  ADCC	  (42).	  

	  

	  

Figure	  13.	   Expression	  of	  TIM-‐3-‐Fc	  in	  S2	  insect	  cells.	  Schematic	  outline	  of	  the	  TIM-‐3-‐
Fc	  production	  process	  beginning	  with	  subcloning	  the	  TIM-‐3-‐Fc	  gene	   into	  the	  pMT	  vector,	  
followed	  by	  co-‐transfection	  with	  the	  pCoHygro	  vector	  into	  S2	  insect	  cells.	  After	  induction,	  
supernatant	   is	  collected	  and	  filtered	  through	  a	  Protein	  G	  Sepharose	  column	  to	  purify	  and	  
isolate	  the	  TIM-‐3-‐Fc	  protein.	  
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To	   confirm	   the	   successful	   transfection	   of	   S2	   insect	   cells,	   an	   aliquot	   of	   transfected	  

insect	   cells	   was	   lysed	   for	   amplification	   of	   the	   transfected	   plasmids	   using	   gene-‐specific	  

primers	  (Fig.	  9).	  The	  supernatants	  from	  the	  transfected	  insect	  cells	  were	  also	  examined	  for	  

the	  presence	  of	  the	  Fc	  fusion	  proteins	  by	  Coomasie	  Blue	  staining	  of	  the	  SDS-‐PAGE	  gel	  (Fig.	  

14A)	  and	  Western	  blot	  using	  HRP-‐conjugated	  anti-‐IgG2	  Fc	  antibodies	  (Fig.	  14B)	  as	  well	  as	  

with	   polyclonal	   anti-‐TIM-‐3	   antibody	   (data	   not	   shown).	   SDS-‐PAGE	   and	   Western	   blot	  

detected	   a	   50	   kDa	   and	   100	   kDa	   bands	   for	   TIM-‐3-‐Fc	   under	   reducing	   and	   non-‐reducing	  

conditions,	   respectively;	   a	   44	   kDa	   and	   88	   kDa	   band	   for	   IgV-‐Fc	   under	   reducing	   and	   non-‐

reducing	   conditions,	   respectively;	   and	   a	   37	   kDa	   and	   74	   kDa	   band	   for	   mucin-‐Fc	   under	  

reducing	  and	  non-‐reducing	  conditions,	  respectively.	  These	  findings	  confirm	  the	  secretion	  of	  

the	  Fc	  fusion	  proteins	  by	  transfected	  insect	  cells	  and	  the	  homodimerized	  TIM-‐3-‐Fc	  fusion	  

proteins	  exist	  in	  native	  conditions.	  
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Figure	  14.	   SDS-‐PAGE	  and	  Western	  blot	  analysis	  of	   the	  various	  Fc	   fusion	  proteins.	  
(A)	  SDS-‐PAGE	  and	  (B)	  Western	  analysis	  of	  TIM-‐3-‐Fc,	  IgV-‐Fc,	  and	  mucin-‐Fc	  along	  with	  PD-‐1-‐
Fc	  and	  BSA	  as	  controls	  under	  reducing	  and	  non-‐reducing	  conditions.	  Western	  blot	  staining	  
was	  for	  the	  Fc	  domain.	  
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Binding	  of	  galectin-‐9	  to	  the	  TIM-‐3	  IgV	  domain	  but	  not	  the	  mucin	  domain	  

To	  evaluate	  whether	  the	  purified	  TIM-‐3-‐Fc	  fusion	  proteins	  were	  functional	  as	  well	  

as	   establish	  whether	   galectin-‐9	  was	   a	   ligand	   for	   TIM-‐3,	   we	   tested	   TIM-‐3-‐Fc,	   IgV-‐Fc,	   and	  

mucin-‐Fc	   for	   their	   abilities	   to	   bind	   galectin-‐9	   in	   an	   ELISA	   format.	   TIM-‐3-‐Fc	   and	   IgV-‐Fc	  

showed	  similar	  binding	  kinetics	  to	  plate	  bound	  galectin-‐9	  (Fig.	  15).	  In	  contrast,	  the	  mucin-‐

Fc	  did	  not	  show	  any	  significant	  binding	  to	  galectin-‐9.	  This	  suggests	  galectin-‐9	  specifically	  

recognizes	  and	  binds	  to	  the	  IgV	  domain	  of	  TIM-‐3.	  

	  

	  

Figure	  15.	   Binding	   activity	   of	   TIM-‐3-‐Fc,	   IgV-‐Fc,	   and	   mucin-‐Fc	   to	   immobilized	  
galectin-‐9.	  Serial	  dilutions	  of	  the	  Fc	  fusion	  proteins	  were	  added	  to	  immobilized	  galectin-‐9	  
and	   detected	   by	   HRP-‐conjugated	   anti-‐IgG	   antibody.	   Binding	   activity	   was	   measured	   by	  
fluorescence	  generated	  by	  substrate	  oxidation	  via	  HRP	  activity.	  
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Expression	  of	  TIM-‐3	  ligand	  

To	  explore	  TIM-‐3	  ligand	  expression,	  we	  chemically	  conjugated	  R-‐PE	  to	  TIM-‐3-‐Fc	  and	  

stained	   total	   PBMCs	   followed	   by	   normal	   gating	   strategy.	   We	   carried	   out	   TIM-‐3	   ligand	  

expression	   analysis	   in	   the	   absence	   and	   presence	   of	   10%	   rhesus	   heparin	   plasma	   to	  

minimize	  background	  by	  blocking	  potential	  FcRn	  interactions.	  Surprisingly,	  blocking	  with	  

serum	   did	   not	   reduce	   but	   enhanced	   TIM-‐3-‐Fc	   binding	   to	   TIM-‐3	   ligand,	   for	   reasons	   that	  

need	  further	  investigation.	  TIM-‐3-‐Fc/R-‐PE	  bound	  to	  resting	  CD14+CD16–,	  CD16+CD14–,	  and	  

CD14+CD16+	  monocytes	  as	  well	  as	  on	  CD20+	  B	  cells	  and	  CD11c+	  mDCs,	  confirming	  the	  data	  

generated	   with	   anti-‐galectin-‐9	   staining	   (Fig.	   8).	   We	   also	   observed	   binding	   on	   CD4+	   and	  

CD8+	  T	  cells,	  though	  at	  markedly	  lower	  levels	  than	  B	  cells,	  monocytes,	  or	  mDCs	  (Fig.	  16).	  All	  

reported	  binding	  increased	  in	  a	  dose-‐dependent	  manner.	  

	  

In	  vitro	  blockade	  of	  the	  inhibitory	  TIM-‐3	  pathway	  with	  TIM-‐3-‐Fc	  

To	  study	  the	  effect	  of	  blocking	  the	  interaction	  between	  TIM-‐3	  and	  its	  ligands	  during	  

in	   vitro	   stimulation	   of	   SIV-‐antigen	   specific	   cells,	   we	   used	   our	   recombinant	   TIM-‐3-‐Fc.	   No	  

monoclonal	   antibody	   raised	   against	   rhesus	   TIM-‐3	   has	   been	   described	   or	   been	  

characterized	   for	   blockade	   experiments.	   Instead,	   our	   benchmark	   was	   the	   targeted	  

inhibition	   of	   the	   PD-‐1	   pathway	   using	   either	   monoclonal	   antibody	   against	   PD-‐1	   (34)	   or	  

recombinant	  PD-‐1-‐Fc	  prepared	  as	  previously	  described	  (35).	  Both	  of	  these	  inhibitors	  of	  the	  

PD-‐1	  pathway	  have	  shown	  success	  in	  enhancing	  proliferation	  SIV-‐specific	  CD4+	  and	  CD8+	  T	  

cells.	  

Thus,	  PBMCs	  from	  four	  chronically	   infected	  (150	  weeks	  post-‐SIV	   infection,	  plasma	  

viral	   loads	   as	   viral	   copies/mL	   are	   followed:	   RM1,	   undetermined;	   RM2,	   242755;	   RM3,	  
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undetermined;	  RM4,	  5604)	  rhesus	  macaques	  were	  labeled	  with	  CFSE	  and	  stimulated	  for	  6	  

days	   with	   a	   mixture	   of	   SIV	   gag	   peptides	   covering	   the	   entire	   SIV	   gag	   sequence	   in	   the	  

presence	  or	  absence	  of	  TIM-‐3-‐Fc,	  PD-‐1-‐Fc,	  or	  anti-‐PD-‐1	  monoclonal	  antibody.	  All	  CD4+	  and	  

CD8+	   T	   cells	   proliferated	   when	   incubated	   with	   the	   pool	   of	   SIV	   gag	   peptides	   (data	   not	  

shown).	  TIM-‐3-‐Fc	  by	  itself	  did	  not	  induce	  proliferation	  of	  either	  CD4+	  or	  CD8+	  T	  cells	  in	  the	  

absence	  of	  SIV	  gag	  peptides	  (data	  not	  shown).	  As	  previously	  reported,	  we	  observed	  modest	  

enhancement	  of	  proliferation	  of	  SIV	  gag-‐specific	  CD4+	  and/or	  CD8+	  T	  cells	  using	  PD-‐1-‐Fc	  or	  

anti-‐PD-‐1	   (Fig.	   17),	   perhaps	   due	   to	   the	   timing	   of	   collection	   post	   SIV	   infection.	   For	   two	  

rhesus	  macaques,	  the	  presence	  of	  TIM-‐3-‐Fc	  enhanced	  the	  proliferation	  of	  SIV-‐specific	  CD4+	  

but	  not	  CD8+	  T	  cells	  (Fig.	  17).	  Overall,	   the	   in	  vitro	  restoration	  of	   these	  responses	  seemed	  

limited	  and	  variable	  from	  animal	  to	  animal,	  not	  only	  in	  the	  presence	  of	  TIM-‐3-‐Fc,	  but	  also	  

with	  PD-‐1-‐Fc	  and	  anti-‐PD-‐1,	  which	  may	  be	  secondary	  to	  the	  late	  collection	  time	  point	  post	  

SIV	  infection.	  Testing	  of	  additional	  animals	  and	  time	  points	  are	  ongoing.	  
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Figure	  16.	   Staining	   for	   TIM-‐3	   ligand	   on	   various	   immune	   cell	   populations	   using	  
TIM-‐3-‐Fc/R-‐PE.	  Binding	  of	  TIM-‐3-‐Fc	  to	  TIM-‐3	  ligand	  on	  CD4+	  T	  cells,	  CD8+	  T	  cells,	  CD20+	  B	  
cells,	  monocytes,	  and	  mDCs.	  
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Figure	  17.	   Proliferation	  of	  CD4+	  and	  CD8+	  T	  cells	   in	  response	  to	  in	  vitro	  blockade	  
and	  SIV	  gag	  peptide	  stimulation.	  In	  vitro	  proliferative	  response	  of	  CSFE-‐labeled	  SIV	  gag-‐
specific	   CD4+	   (A)	   or	   CD8+	   (B)	   T	   cells	   to	   a	   pool	   of	   overlapping	   SIV	   gag	   peptides	   in	   the	  
absence	  (Gag)	  or	  presence	  of	  TIM-‐3-‐Fc	  (Gag	  +	  TIM-‐3-‐Fc),	  PD-‐1-‐Fc	  (Gag	  +	  PD-‐1-‐Fc),	  αPD-‐1	  
(Gag	  +	  αPD-‐1),	  as	  well	  as	  combinations	  using	  Fc	  fusions	  only	  (Gag	  +	  TIM-‐3-‐Fc	  +	  PD-‐1-‐Fc)	  or	  
with	  antibody	  (Gag	  +	  TIM-‐3-‐Fc	  +	  αPD-‐1).	  The	  red	  line	  establishes	  the	  baseline	  fold	  increase	  
in	  CSFELow	  T	  cells	  where	  the	  SIV	  gag	  stimulated	  T	  cell	  population	  serves	  as	  the	  control.	  The	  
red	   box	   highlights	   significant	   proliferative	   response	   of	   T	   cells	   in	   the	   presence	   TIM-‐3-‐Fc	  
(Gag	  +	  TIM-‐3-‐Fc).	  
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Discussion	  

Immune	   exhaustion	   represents	   a	   common	  phenomenon	   in	  many	   chronic	   diseases	  

and	   cancer	   (43)	   as	   characterized	   by	   the	   loss	   of	   cytokine	   secretion,	   proliferation,	   and	  

cytotoxicity	  in	  T	  cells.	  Immunological	  dialogue	  between	  activation	  and	  inhibitory	  signaling	  

directs	  T	   cell	   activity,	   and	   strong	   inhibitory	   signaling	   facilitates	   functional	   impairment	  of	  

antigen-‐specific	  T	  cells.	  PD-‐1	  was	  among	  the	  first	  inhibitory	  receptors	  to	  be	  associated	  with	  

immune	  exhaustion	  during	  chronic	  viral	   infection	   (8).	   It	  was	  previously	   thought	   immune	  

exhaustion	   was	   irreversible,	   but	   remarkably,	   the	   in	   vivo	   blockade	   of	   PD-‐1	   resulted	   in	  

reduction	  of	  viral	  loads	  and	  recovery	  of	  virus-‐specific	  T	  cell	  activity	  and	  proliferation	  (34,	  

35).	   However,	   targeting	   the	   PD-‐1	   pathway	   alone	   does	   not	   completely	   restore	   T	   cell	  

function,	  suggesting	  additional	  inhibitory	  pathways	  remain	  to	  be	  elucidated.	  

TIM-‐3	  was	  originally	  defined	  as	  a	  receptor	  involved	  in	  peripheral	  tolerance	  (16,	  17),	  

but	   has	   since	   expanded	   to	   include	   negative	   regulator	   of	   immunity	   after	   identifying	  

upregulation	   of	   TIM-‐3	   expression	   on	   dysfunctional	  HIV-‐specific	   T	   cells	   (12).	   Blockade	   of	  

TIM-‐3	  also	  results	  in	  enhanced	  T	  cell	  function	  and	  proliferation.	  However,	  studies	  of	  TIM-‐3	  

focus	   primarily	   on	  T	   cells,	   and	   the	   role	   of	   TIM-‐3	   on	   other	   immune	   cell	   lineages	   remains	  

largely	  unclear.	  

In	   this	   study,	   our	   goals	   were	   two-‐fold	   in	   that	   we	   wanted	   to	   characterize	   TIM-‐3	  

expression	  on	  T	  cells	  and	  on	  innate	  immune	  cell	  populations	  in	  rhesus	  macaques	  as	  well	  as	  

explore	   the	   benefits	   of	   blocking	   the	   TIM-‐3	   pathway.	   First,	   the	   expression	   of	   TIM-‐3	   was	  

found	   to	   markedly	   differ	   on	   primary	   immune	   cell	   lineages	   from	   humans	   and	   rhesus	  

macaques.	  	  Differences	  in	  immune	  cell	  frequencies	  as	  well	  as	  their	  expression	  profiles	  have	  

been	   previously	   reported	   in	   both	   murine	   and	   non-‐human	   primate	   models	   (30,	   44-‐46);	  
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however,	   this	  has	  not	   served	  as	   a	   limitation,	   at	   least	   in	   the	   context	  of	   chronic	   infections,	  

where	  many	  findings	  in	  mice	  and	  rhesus	  macaques	  have	  been	  applicable	  to	  human	  studies	  

(12,	  29,	  34,	  35).	  	  Nevertheless,	  further	  investigations	  of	  TIM-‐3	  will	  be	  required	  to	  make	  any	  

conclusion	  about	  these	  differences,	  especially	  given	  that	  the	  expression	  of	  TIM-‐3	  on	  other	  

lineages	  than	  T	  cells	  has	  comparatively	  been	  understudied.	  

Of	   the	   immune	  cell	  populations	  analyzed,	  mDCs	  represent	   the	  population	  with	  the	  

most	  similar	  levels	  of	  TIM-‐3	  expression	  between	  humans	  and	  rhesus	  macaques.	  Given	  the	  

role	  of	  mDCs	  in	  modulating	  T	  cell	  function	  through	  activation	  and	  inhibitory	  signaling,	  we	  

wanted	  to	  characterize	  this	  population.	  Our	  gating	  strategy	  included	  PD-‐L2,	  a	  ligand	  to	  PD-‐

1	  that	  has	  been	  shown	  to	  inhibit	  T	  cell	  activation	  and	  function	  (37).	  Surprisingly,	  we	  found	  

that	  TIM-‐3	  and	  PD-‐L2	  defined	  two	  distinct	  and	  largely	  non-‐overlapping	  mDC	  populations.	  

Reports	  of	  TIM-‐3	  function	  on	  DCs	  have	  been	  limited	  and	  contradictory,	  whereby	  TIM-‐3	  was	  

proposed	  to	  play	  a	  role	  in	  DC	  activation	  (36).	  In	  contrast,	  another	  report	  implicates	  TIM-‐3	  

in	   DC	   inhibition	   where	   stimulated	   TIM-‐3-‐deficient	   DCs	   have	   a	   more	   robust	   cytokine	  

expression	  profile	  than	  wild-‐type	  DCs	  (47).	  

How	   TIM-‐3	   regulates	   the	   state	   of	   DC	   activation	   needs	   to	   be	   clarified,	   but	   we	  

proceeded	   to	   further	   characterize	   these	   TIM-‐3	   expressing	   mDCs.	   TIM-‐3+PD-‐L2–	   mDCs	  

appeared	   to	   represent	   a	  more	  mature	   and	   activated	  mDC	  population	   than	  TIM-‐3–PD-‐L2+	  

mDCs	  (38,	  39).	  Not	  surprisingly,	   longitudinal	  monitoring	  of	  CD86	  expression	  on	  mDCs	  of	  

SIV-‐infected	  rhesus	  macaques	  revealed	  an	  overall	  increased	  frequency	  of	  CD86	  expressing	  

TIM-‐3+	  mDCs.	  This	   led	  us	   to	   speculate	   that	   the	  presence	  of	  SIV	  antigen	  either	  directly	  or	  

indirectly	   stimulated	   the	   activation	   of	   TIM-‐3+	  mDCs,	   contributing	   to	   the	   overall	   immune	  

inflammation.	  
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Activation	   and	   maturation	   of	   DCs	   require	   danger	   signals	   either	   from	  

proinflammatory	  cytokines	  (indirect)	  secreted	  by	  other	  immune	  cells	  or	  from	  bacterial	  or	  

viral	   components	   (direct)	   recognized	   by	   the	   Toll-‐like	   receptors	   (TLRs)	   (1).	   In	   turn,	   TLR	  

recognition	   on	   DCs	   induces	   proinflammatory	   cytokine	   production	   and	   enhanced	   antigen	  

presentation	   to	  naïve	  T	  cells,	  ultimately	  resulting	   in	  an	  antigen-‐specific	  adaptive	   immune	  

response.	   We	   therefore	   examined	   the	   TLR-‐3-‐dependent	   response	   of	   DCs	   to	   double-‐

stranded	  RNA	   (dsRNA)	   and	   observed	  TIM-‐3	   expressing	  mDCs	   respond	   to	  TLR-‐3	   agonist,	  

not	  TLR-‐4	  agonist,	  with	   the	  production	  of	  TNF-‐α.	  This	  specific	  response	  to	  TLR-‐3	  agonist	  

supports	   the	   idea	   that	   these	   TIM-‐3+	   mDCs	   are	   the	   ones	   that	   are	   triggered	   during	   viral	  

infection.	  Though	  retroviruses	  such	  as	  HIV	  and	  SIV	  represent	   single-‐strand	  RNA	  (ssRNA)	  

viruses,	   the	   HIV	   genome	   contains	   domains	   with	   secondary	   structures	   that	   facilitate	   the	  

formation	   of	   a	   duplex	   that	   can	   interact	   with	   dsRNA-‐binding	   proteins	   (48,	   49),	   which	  

suggests	   binding	   to	   TLR-‐3.	   The	  maturation	   of	  DCs	   plays	   an	   important	   role	   in	   generating	  

acquired	  immunity	  and	  dsRNA,	  a	  molecular	  signature	  of	  viral	  infection,	  interacts	  with	  TLR-‐

3	  to	  induce	  a	  DC-‐dependent	  cytotoxic	  T	  cell	  response	  and	  overall	  antiviral	  protection	  (50,	  

51),	   yet	   the	   poor	   induction	   of	   IL-‐12	   also	   suggest	   that	   the	   T/NK	   effector	   cell	   response	  

elicited	  by	  such	  mDCs	  will	  be	  less	  effective	  in	  containing	  the	  virus	  not	  to	  mention	  that	  the	  

production	  of	  TNF-‐α	  is	  likely	  to	  fuel	  the	  viral	  replication	  in	  vivo.	  	  

It	  was	  previously	  shown	  that	  the	  TIM-‐3	  ligand,	  galectin-‐9,	  positively	  correlates	  with	  

plasma	   HIV	   RNA	   levels	   and	   remains	   elevated	   in	   HIV-‐1	   infected	   individuals	   despite	  

antiretroviral	  treatment	  or	  elite	  controller	  status	  (52).	  We	  explored	  the	  possibility	  that	  the	  

increase	  in	  frequency	  of	  TIM-‐3+CD86+	  mDCs	  over	  the	  duration	  of	  infection	  may	  derive	  from	  

an	  increase	  in	  galectin-‐9	  as	  well.	  Examination	  of	  galectin-‐9	   levels	   in	  plasma	  revealed	  SIV-‐
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infected	  non-‐controllers	  had	   the	  highest	   levels,	   followed	  by	  SIV-‐infected	  elite-‐controllers,	  

and	   then	   naïve	   rhesus	  macaques.	   Longitudinal	   analyses	   of	   chronically	   SIV-‐infected	   non-‐

controllers	   revealed	   a	   significant	   surge	   in	   galectin-‐9	   levels	   that	   remained	   constant	  

throughout	  the	  study.	  The	  same	  can	  be	  observed	  for	  SIV-‐infected	  elite-‐controllers	  though	  

galectin-‐9	   was	   at	   significantly	   lower	   levels.	   Altogether,	   these	   conditions	   may	   result	   in	  

galectin-‐9	  mediated	   activation	  of	  TIM-‐3	   expressing	  mDCs.	   Previous	   studies	   supports	   this	  

idea	   by	   showing	   galectin-‐9	   promotes	   DC	   maturation	   (53),	   which	   expands	   a	   TIM-‐3+	   DC	  

population	   that	   interacts	   with	   galectin-‐9	   to	   promote	   the	   activation	   and	   proliferation	   of	  

CD8+	  T	  cells,	  enhancing	  anti-‐tumor	  activity	  (36).	  Involvement	  of	  TIM-‐3	  expressing	  mDCs	  in	  

early	   viral	   infection	   and	   subsequent	   exposure	   to	   galectin-‐9	   may	   lead	   to	   activating	   an	  

antigen-‐specific	  T	  cell	  response.	  

Although	  the	  precise	  mechanism	  involving	  TIM-‐3	  and	  its	  ligand(s)	  remain	  to	  be	  fully	  

elucidated	  especially	  among	  the	  various	  cells	  of	  the	  immune	  system,	  we	  tested	  a	  novel	  TIM-‐

3	  blocking	  strategy,	  noting	  that	  antibody	  and	  soluble	  TIM-‐3	  blockade	  of	  the	  TIM-‐3	  pathway	  

as	  well	  as	  PD-‐1	  blockade	  has	  been	  shown	  to	  enhance	  function	  of	  exhausted	  virus-‐specific	  T	  

cells	  (12,	  29,	  34,	  35).	  However,	  commensurate	  with	  the	  low	  levels	  of	  TIM-‐3	  expression	  on	  

rhesus	  macaque	  T	  cells,	  restoration	  of	  antigen-‐specific	  T	  cell	   function	  was	  minimal	   in	  our	  

pilot	  experiment,	   though	  the	  role	  of	  such	  blockade	  will	  need	  to	  be	  expanded	  to	  other	  cell	  

lineages.	  	  

However,	   the	  TIM-‐3	  Fc	   fusion	  protein	  generated	  provides	  a	  number	  of	  advantages	  

for	  downstream	  applications	   including	   in	  vivo	  studies.	  TIM-‐3-‐Fc	  represents	  a	  homodimer	  

with	   large	  molecular	  weight	  deriving	   from	   the	  disulfide	  bridging	  between	   the	  Fc	   regions	  

fused	  to	  each	  TIM-‐3	  molecule.	  As	  a	  result,	  this	  large	  TIM-‐3-‐Fc	  will	  not	  be	  rapidly	  cleared	  by	  
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the	  kidney,	  and	  thus	  have	  a	  longer	  half-‐life	  that	  is	  comparable	  to	  antibodies	  (55,	  56).	  The	  Fc	  

region	   also	  mediates	   recycling	   via	   the	   FcRn	   salvage	  pathway,	   further	   increasing	  half-‐life.	  

Much	   like	   antibody	   purification,	   Fc	   fusion	   purification	   can	   take	   advantage	   of	   Protein	   G	  

Sepharose	  affinity	  chromatography	  to	  achieve	  ultra-‐pure	  product	  (57).	  Upon	  purification	  of	  

TIM-‐3-‐Fc,	  we	  tested	  protein	  activity	  using	  galectin-‐9.	  Though	  TIM-‐3	  has	  been	  described	  as	  

a	  receptor	  for	  galectin-‐9,	  this	  notion	  has	  been	  challenged	  in	  a	  controversial	  study	  (40).	  In	  

addition	  to	  producing	  TIM-‐3-‐Fc,	  we	  expressed	  the	  individual	  extracellular	  domains	  as	  IgV-‐

Fc	  and	  mucin-‐Fc.	  The	  combined	  use	  of	  these	  Fc	  fusion	  proteins	  revealed	  galectin-‐9	  binds	  to	  

the	  TIM-‐3	  IgV	  domain	  but	  not	  the	  mucin	  domain.	  

The	  R-‐phycoerythrin	  (R-‐PE)	   labeled	  TIM-‐3-‐Fc	  (TIM-‐3-‐Fc/R-‐PE),	  also	  represents	  an	  

interesting	   probe	   to	   determine	   the	   expression	   of	   ligands	   on	   the	   surface	   and	   in	   cells.	  

Staining	  revealed	  binding	  to	  various	  primary	  immune	  cells,	  amongst	  most	  prominent	  were	  

monocytes	  and	  B	  cells.	  Our	  data	  also	  supports	  other	  ligands	  aside	  from	  galectin-‐9	  binding	  

to	   the	  TIM-‐3-‐Fc/R-‐PE,	   supporting	  previous	   studies	   that	  have	  noted	  various	  other	   ligands	  

for	  TIM-‐3	  besides	  galectin-‐9	   (47,	  58,	  59).	  Though	  we	  and	  others	  provide	  evidence	  TIM-‐3	  

signaling	   contributes	   to	   DC	   maturation	   and	   activation	   (36),	   additional	   studies	   have	  

suggested	  the	  existence	  of	  other	  unidentified	  TIM-‐3	  ligands	  that	  bind	  to	  other	  domains	  of	  

TIM-‐3	  and	  exert	  other	  regulatory	  functions.	   	  Crystallography	  studies	  of	  the	  IgV	  domain	  of	  

murine	  TIM-‐3	  revealed	  a	  galectin-‐9	  independent	  binding	  site	  (60),	  suggesting	  other	  ligands	  

aside	  from	  galectin-‐9.	  

Our	   findings	   from	   staining	   with	   TIM-‐3-‐Fc/R-‐PE	   present	   two	   possibilities:	   (1)	   the	  

identification	  of	  a	  new	  TIM-‐3	  ligand	  expressing	  cell	  population;	  or	  even	  more	  exciting	  (2)	  



	   45	  

elucidation	  of	  a	  novel	  TIM-‐3	  ligand.	  Future	  work	  will	  involve	  TIM-‐3-‐Fc	  pulldown	  assays	  to	  

elucidate	  the	  identity	  of	  the	  ligand(s).	  

	  

Future	  Directions	  

Before	  we	  proceed	  with	  using	  TIM-‐3-‐Fc	   as	   an	   immunotherapeutic	   in	   vivo,	   further	  

assessment	   of	   TIM-‐3	   blockade	   at	   various	   time-‐points	   as	   well	   as	   understanding	   of	   the	  

mechanisms	  of	  inhibiting	  TIM-‐3	  signaling	  will	  be	  required.	  Differences	  have	  been	  observed	  

between	   acute	   and	   chronic	   infection	   with	   HIV,	   especially	   with	   T	   cell	   exhaustion	   (67).	  

Though	   the	   exact	  mechanism	   underlying	   these	   differences	   are	   not	  well	   understood,	   it	   is	  

clear	  we	  need	  to	  expand	  our	  focus	  from	  T	  cells	  to	  incorporate	  other	  immune	  cells,	  including	  

mDCs,	  B	  cells,	  and	  NK	  cells,	  to	  fully	  grasp	  how	  TIM-‐3	  influences	  overall	  immune	  exhaustion.	  

One	  not	  reported	  finding	  is	  the	  fact	  that	  TIM-‐3	  is	  rapidly	  downregulated	  on	  the	  surface	  of	  

mDCs	  suggesting	  that	  functional	  evaluation	  will	  most	  likely	  require	  in	  vivo	  testing.	   	  Given	  

the	  complexity	  of	  the	  TIM-‐3	  pathway,	  future	  studies	  will	  focus	  on	  elucidating	  TIM-‐3	  ligands	  

to	  explore	  how	  TIM-‐3/TIM-‐3	  ligand	  interactions	  mediate	  immune	  function.	  
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Conclusion	  

In	   this	   study,	   we	   determined	   the	   expression	   of	   TIM-‐3	   and	   TIM-‐3	   ligand	   in	   SIV-‐

infected	  rhesus	  macaques,	  finding	  that	  both	  molecules	  are	  expressed	  on	  a	  greater	  number	  

of	   immune	   cell	   populations	   than	   previously	   thought.	   We	   focused	   on	   a	   newly	   defined	  

population	  of	  TIM-‐3	   expressing	  mDCs,	   observing	   expression	   and	   secretion	   of	  TNF-‐α	   in	   a	  

TLR-‐3-‐dependent	   manner	   to	   dsRNA.	   Our	   findings	   from	   this	   study	   will	   be	   important	   to	  

understanding	   the	   dualistic	   nature	   of	   TIM-‐3	   as	   both	   an	   activation	   marker	   for	   innate	  

immunity	  while	  also	  an	   inhibitory	  marker	   for	  adaptive	   immunity.	  Our	  ultimate	  goal	   is	   to	  

determine	  whether	  TIM-‐3-‐Fc	  may	  be	  of	  clinical	  benefit	  and	   in	  what	  situations.	   In	  spite	  of	  

the	  reported	  differences	  in	  expression	  on	  various	  lineages,	  the	  macaque	  model	  will	  greatly	  

facilitate	  these	  studies	  to	  test	  whether	  a	  clinical	  translation	  may	  be	  justified.	  
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