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   Abstract    

 The primary function of a B cell (or lymphocyte) is to produce large quantities of 
secreted immunoglobulin (also known as antibody) to  fi ght against bacteria, viruses 
and other foreign insults to the human body. Each B cell makes only one distinct 
immunoglobulin which recognizes a cognate antigen. It is estimated that B cells in 
the human body can produce as many as 10 11  different antibodies. Thus, each B cell 
must undergo a series of differentiation, selection and maturation processes before 
it is endowed with the ability to produce a functional immunoglobulin to represent 
in the large and diverse antibody repertoire. While insuf fi cient B cells and insuf fi cient 
antibody production can thus lead to infections, uncontrolled growth of B cells can 
lead to leukemia and lymphoma. In this article, our discussion will focus on tran-
scription factors and signaling molecules that involve in normal B cell develop-
ment and differentiation. These molecules, when mutated or not tightly regulated, will 
contribute to the formation of B cell malignancies.  
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   B Cell Development 

 B cell development begins in the bone marrow in an antigen-independent manner. 
In the pro-B cell stage, the rearrangement of the immunoglobulin heavy chain vari-
able gene regions occurs with the initial joining of a D 

H
  gene segment to a J 

H
  gene 

segment, followed by the later rearrangement of a V 
H
  gene segment to the joined 

DJ 
H
 . Such a process is followed by the pre-B cell phase in which the subsequent 

rearrangement of the immunoglobulin light chain gene occurs by joining a V 
L
  and a 

J 
L
  segments. The successfully rearrangement of V, D and J gene segments is the 

major contribution of RAG-1 and RAG-2 enzymes. Once the nascent B cells express  
functional, not overtly self-reactive B cell receptors (BCR), they migrate to the spleen, 
lymph nodes and peritoneal cavity as mature naïve B cells. Further development of 
naïve mature B cells requires an encounter with foreign antigens in an either T cell-
dependent or T cell-independent manner so that they can differentiate into antibody-
secreting plasma cells. Plasma cells can be found in the spleen, lymph nodes, 
infection sites and blood. Some antigen-activated B cells become memory cells 
ready for the next run of antigen challenges. Some plasma cells can colonize the 
long-lived niches in the bone marrow for sustained immunoglobulin production and 
secretion. Of the various stages of B cell differentiation, the generation and mainte-
nance of plasma cells represents a poorly charted territory.  In vivo , terminally dif-
ferentiated plasma cells move to specialized niches at anatomical sites where they 
are dif fi cult to access. They also do not survive well  ex vivo . Protocols for  in vitro  
differentiation all involve the use of cytokines and mitogens, but these only allow 
the yield of antibody-secreting B cells in culture without full differentiation to the 
plasma cell stage. The lack of antigen-induced B cell differentiation protocol  in vitro  
also hinders studies to link BCR-initiated signal transduction to the regulation of 
transcription factor expression in the B cell nucleus. 

 To differentiate into a plasma cell, a mature B cell must reprogram itself by tuning 
the expression levels of a set of transcription factors important for B cell differentiation. 
These include decreased expression of Pax5 (paired box gene 5) and BCL6 (B-cell 
lymphoma 6) and increased expression of IRF4 (interferon regulatory factor 4), 
PRDM1 (positive regulatory domain zinc  fi nger protein 1; or Blimp-1 (B lymphocyte-
induced maturation protein-1) in mouse), and XBP-1 (X-box binding protein 1). 
A plasma cell, eventually, appears to be very different from a mature B cell by 
acquiring a cart-wheel heterochromatin pattern in its eccentric nucleus and expanding 
massively its endoplasmic reticulum (ER) for antibody production. Although a 
plasma cell initially produces only IgM and IgD antibodies, it can switch to express 
other isotypes (IgG, IgE or IgA) by recombining the immunoglobulin heavy chain 
variable regions to different heavy chain constant (C 

H
 ) region genes to acquire different 

effector functions. The activation-induced cytidine deaminase (AID) is responsible 
for isotype switching since AID de fi ciency completely blocks such a process. In addition, 
AID is also important for somatic hypermutation, a process that allows antigen-
exposed B cells or plasma cells to introduce high-rate point mutations to the variable 
regions of the rearranged heavy chain and light chain genes to achieve immunoglobulin 
af fi nity maturation, resulting in an antibody with high af fi nity and ef fi ciency in 
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binding to its antigen. The occurrence of somatic hypermutation also requires proper 
signals from activated T cells. Since constant gene recombination and mutations are 
required for an antigen-exposed B cell to eventually make a functional antibody, it 
is not hard to imagine that any of these processes, when not tightly regulated or not 
con fi ned to restricted regions of chromosomes, can introduce detrimental muta-
tions, deletions, or chromosome translocations, leading to the occurrence of B cell 
malignancies.  

   B Cell Activation via the BCR 

 Plasma cell differentiation begins when a B cell encounters an antigen on its cell-
surface BCR. A functional BCR consists of a membrane-bound IgM molecule and 
a disul fi de-linked Ig a /Ig b  heterodimer. Upon antigen binding, the BCR is recruited 
into lipid rafts, where the GPI-anchored Lyn kinase activates the BCR via phospho-
rylation of the immunoreceptor tyrosine-based activation motifs (ITAM) on the Ig a /
Ig b  heterodimer (Dykstra et al.  2003 ; Pierce  2002  ) . Phosphorylated Ig a /Ig b  then 
recruits Syk (spleen tyrosine kinase) and other kinases, which, after phosphoryla-
tion, transduce signals to multiple downstream molecules, eventually leading to 
differentiation of the antigen-exposed B cell into a plasma cell. The role of the 
Syk kinase is pivotal as it leads to activation of Bruton’s tyrosine kinase (Btk), phos-
phatidylinositol 3 kinase (PI-3K), Akt and NF k B, all of which can promote B cell 
survival (Pogue et al.  2000  ) . 

 The Syk kinase can also connect the BCR signal transduction to the regulation of 
B cell-speci fi c transcription factors during plasma cell differentiation. Syk phospho-
rylation in response to activation of the BCR can activate the extracellular signal-
regulated kinase (ERK) via Ras/Raf-1/MEK (Jiang et al.  1998  ) . Activation of ERK 
induces phosphorylation and degradation of BCL6 (Moriyama et al.  1997 ; Niu et al. 
 1998  ) . BCL6 expression directly inhibits Blimp-1 (Tunyaplin et al.  2004  ) ; thus, its 
degradation would allow the expression of Blimp-1, a transcription factor required 
for plasma cell differentiation. Protocols that can turn B cells into full-blown plasma 
cells  in vitro  have not been established. Terminal differentiation of plasma cell 
 in vivo  requires signals from activation of the Toll-like receptors on the B cell sur-
face as well as helping signals from T cells.  

   BCR Signal Transduction in B Cell Malignancies 

 BCR activation plays an important role in B cell malignancies as constitutive signaling 
through the BCR provides signals of survival and proliferation for B cell leukemia 
and lymphoma. Sequence analysis of immunoglobulin variable heavy chain (IgV 

H
 ) 

genes reveals two distinct types of chronic lymphocytic leukemia (CLL), one with 
somatically unmutated and the other with mutated IgV 

H
  genes. IgV 

H
 -unmutated CLL 
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responds to BCR activation and undergoes high rate of proliferation, while IgV 
H
 -

mutated CLL is less responsive or unresponsive to BCR activation and less prolifera-
tive. These features determine the distinct clinical outcomes for these two types of 
CLL: The IgV 

H
 -mutated CLL patients usually survive signi fi cantly longer than those 

diagnosed with the IgV 
H
 -unmutated CLL. In addition to the BCR signal transduction 

initiated by Ig a , Ig b  and Syk, some CLL cells can express high levels of the ZAP-70 
kinase (zeta-chain-associated protein kinase 70, normally expressed by T cells and 
natural killer cells) to strengthen this survival signal (Chen et al.  2002,   2005  ) . In the 
diffuse large B cell lymphoma (DLBCL), the constitutive activation of the BCR, 
even in the absence of antigen, was also found critical for the survival and prolifera-
tion (Chen et al.  2008 ; Davis et al.  2010 ; Gururajan et al.  2006  ) . Mutations frequently 
occur to the B cell receptor signaling components, Ig a  and Ig b , in the cases of CLL 
and DLBCL. Recently, a mutation of a critical tyrosine residue in the ITAM of Ig b  
was found in 18% of the activated B-cell-like DLBCL cases, and such a mutation 
contributes to increased BCR expression on the B cell surface, accounting for the 
strong BCR signaling required for B cell cancer survival (Davis et al.  2010  ) .   

   B Cell Activation via Toll-Like Receptors (TLRs) 

 Functions of TLRs have been widely explored in dendritic cells and macrophages. 
As a semi-professional antigen-presenting cell, the B cell proliferates and differenti-
ates to secrete antibodies in response to  in vitro  stimulation by lipopolysaccharide 
(LPS) (Coutinho et al.  1974  )  and the unmethylated CpG oligodeoxynucleotides (Krieg 
et al.  1995  ) . LPS and CpG are recognized by cell surface pattern recognition receptors 
TLR4 and TLR9, respectively. Other than LPS and CpG, TLR ligands that can trigger 
B cells to respond include peptidoglycan and Pam 

3
 CSK 

4
  (TLR1/2), bacterial lipopro-

teins and MALP2 (TLR2/6), dsRNA (TLR3), ssRNA and imidazoquinolines (TLR7 
and TLR8), and pro fi lin-like molecule (TLR11). Mouse B cells do not respond to 
 fl agellin, due to their lack of TLR5 expression (Genestier et al.  2007  ) ; and normal 
human B cells do not express TLR4 (Bourke et al.  2003  ) , thus unresponsive to 
LPS. Other than enhancing antibody-mediated defense against infections (Meyer-
Bahlburg et al.  2007  ) , activation of TLRs in B cells also has important physiological 
functions in the immunoglobulin isotype switching (He et al.  2004  )  and the mainte-
nance of memory B cells.  

   TLRs in B Cell Malignancies 

 Because dendritic cells can be activated upon stimulation via TLRs, some TLR 
agonists have been used in clinical trials to improve tumor antigen presentation and 
promote T cell activation (Krieg  2008  ) . Since chronic infections and TLR ligands 
may promote growth of tumor cells, it is important to carefully investigate the 
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 functions of TLRs in malignant as compared to normal cells. For example, TLR9 
has been proposed to be an attractive target for the treatment of CLL (Jahrsdorfer 
et al.  2005  ) . However, while TLR9 activation by CpG leads to apoptosis of the 
IgV 

H
 -mutated CLL cells, it encourages proliferation of the IgV 

H
 -unmutated CLL 

cells (Longo et al.  2007  ) . Thus, TLR9 activation will most likely aggravate the dis-
ease progress in IgV 

H
 -unmutated CLL patients who already have predictably poor 

clinical outcomes. In addition, cancerous B cells can have a different expression 
pro fi le of TLRs. For example, malignant human B cells express TLR4, which can 
be activated by putative endogenous ligands, including  fi bronectin, heparan sul-
fate, and heat shock proteins, which are released during cellular stress and tissue 
damage. Notably, multiple myeloma cells can express all kinds of TLRs and high 
levels of TLRs are correlated with poor disease prognosis.  

   Transcription Factors Required for B Cell Differentiation 
and Their Roles in B Cell Cancer 

 Pax5 and BCL6 are two important transcription factors that guard the naïve B cell 
phenotypes. When a B cell differentiates into a plasma cell, as a result of stimulation 
via its BCR and/or other differentiation-initiating signals, Pax5 and BCL6 decrease 
their expression levels to allow the expression of plasma cell differentiation-requiring 
transcription factors that include IRF4, Blimp1 and XBP-1 (Fig.  1a ). Many of these 
transcription factors also play important roles in the formation of B cell cancer 
(Fig.  1b ). While many other transcription factors are also important for B cell 
development and differentiation, the roles of the above  fi ve transcription factors 
as well as their crosstalk in B cell differentiation and B cell malignancies will be 
primarily discussed in this chapter.  

   Pax5 in B Cell Development 

 Pax5, belonging to the paired box (PAX) family of transcription factors, is important 
for the commitment of early lymphoid progenitors to the B cell lineage and for B 
cell development (Nutt et al.  1999  ) . The Pax5 gene encodes the B-cell lineage 
speci fi c activator protein (BSAP) that is expressed in pro-, pre-, and mature B cells, 
but not in plasma cells. In the early B cell development stages, Pax5 interacts with 
the RAG-1 and RAG-2 enzyme complex to assist the joining of the V 

H
  gene to the 

DJ 
H
  gene (Zhang et al.  2006  ) , and it also regulates the expression of B cell-speci fi c 

genes, which include Ig a , CD19 and CD20. Hence, Pax5 de fi ciency blocks B cell 
development in its early stage. In addition, Pax5 also guards the naïve B cell pheno-
types by binding to the promoters of the Blimp-1 and XBP-1 genes to suppress their 
expression (Mora-Lopez et al.  2007 ; Reimold et al.  1996  ) .  



6 J. Tao and C.-C.A. Hu

   The Roles of Pax5 in B Cell Malignancies 

 Alterations in Pax5 expression contribute to tumor formation. The Pax5 gene is 
located in human chromosome 9p13 region, which is involved in t(9;14)(p13;q32) 
translocations that occur to several types of lymphomas (Busslinger et al.  1996 ; Iida 
et al.  1996  ) . Such translocation brings the potent intronic enhancer of the immuno-
globulin  m  heavy chain gene (E-mu) into close proximity of the Pax5 gene promoter, 
causing the overexpression of Pax5 and contributing to the pathogenesis of lympho-
mas. Pax5 is expressed in pre-B and mature B cell lymphoma and leukemia, but not 
in plasmacytoma or multiple myeloma, although alternatively spliced transcripts 
encoding different Pax5 isoforms are expressed in multiple myeloma (Borson et al. 
 2002  ) . Pax5 is also a frequent target for abnormal somatic hypermutation in B cell 
lymphoma (Gaidano et al.  2003 ; Liso et al.  2006 ; Pasqualucci et al.  2001  ) .  

Transcriptional regulation in normal B lymphocytesa

b

Blimp-1

IRF4

BCL6

Pax5

AID

XBP-1

Transcriptional dysregulation in B cell malignancies

Blimp-1

IRF4

BCL6

Pax5

AID

XBP-1
t(9;14)(p13;q32)

p27kip1, p21, p53
t(6;14)(p25;q32)

MYC

Mature B cell leukemia
and lymphoma

Multiple myeloma

  Fig. 1    ( a ) A model that 
illustrates the crosstalk 
between transcription factors 
in normal B cells. ( b ) A 
model that summarizes the 
contributions of transcription 
factors to the formation 
of mature B cell leukemia 
and lymphoma or multiple 
myeloma (plasma cell 
cancer). Increase expression 
is depicted by the boldface 
type. Please see text for 
details       
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   BCL6 in B Cell Development 

 The transcriptional repressor BCL-6 regulates B cell fate by preventing terminal 
differentiation of B lymphocytes into plasma cells. BCL6 is a Krueppel zinc  fi nger 
transcription repressor that contains a POZ (poxvirus and zinc  fi nger) domain. 
Together with transcriptional corepressors like NCoR (Nuclear receptor corepressor)-1 
and 2, and BCoR (BCL-6-interacting corepressor), BCL6 represses genes necessary 
for the terminal differentiation of B cells. Importantly, BCL6 blocks the transactivation 
ability of IRF-4 (Gupta et al.  1999  )  and inhibits the expression of Blimp-1 (Tunyaplin 
et al.  2004  ) . Both IRF-4 and Blimp-1 are required for plasma cell differentiation. 
In addition, BCL6 also functions with the transcription factor, Myc-interacting zinc 
 fi nger protein 1, to suppress the cell cycle arrest gene and facilitate proliferative 
expansion of B cells in the germinal centers during the immune response (Phan 
et al.  2005  ) . BCL6 also directly suppresses the expression of CD80, a costimulatory 
receptor involved in the B and T cell interaction in the germinal center, critical for 
the development of T cell-mediated antibody responses (Niu et al.  2003  ) . Thus 
indeed BCL6-de fi cient mice do not develop germinal centers in their spleens upon 
immunization (Dent et al.  1997 ; Fukuda et al.  1997 ; Ye et al.  1997  ) .  

   BCL6 in B Cell Malignancies 

 Just like immunoglobulin genes, BCL6 is a frequent target for somatic hypermutation 
when examined in normal germinal center B cells and memory B cells (Pasqualucci 
et al.  1998 ; Shen et al.  1998  ) . Overexpression of BCL6 due to chromosomal trans-
locations and hypermutations can lead to the development of DLBCL. In some 
DLBCL cases, heterologous promoters derived from other chromosomes are juxta-
posed to the BCL6 gene (Ye et al.  1993,   1995  ) , dysregulating the expression of 
BCL6. In addition, mutations mediated by the AID enzyme occur in the promoter 
region or in the negative autoregulatory domain of the BCL6 gene in some DLBCL 
cases, causing the dysregulation of BCL6 (Migliazza et al.  1995 ; Wang et al.  2002  ) . 

 BCL6 is involved in the development of B cell malignancies via its role as a 
transcription repressor. BCL6 represses the expression of cell cycle inhibitors like 
p27kip1 and p21, allowing rapid proliferation of malignant B cells (Phan et al.  2005 ; 
Sanchez-Beato et al.  1997 ; Shaffer et al.  2000  ) . BCL6 also suppresses the expres-
sion of p53 (Phan and Dalla-Favera  2004  ) , a tumor suppressor that can initiate DNA 
repair and cell growth arrest upon DNA damage. By doing so, BCL6 allows prolif-
eration of B cell tumors even when they carry serious gene mutations. In addition, 
upregulated BCL6 expression can repress the expression of chemokines like CCL3 
and CXCL10 by the tumor cells, and so prevents the chemotaxis of macrophages, 
natural killer cells and T cells (Shaffer et al.  2000  ) . Together with its role in sup-
pressing malignant B cells to express CD80 (Niu et al.  2003  ) , a co-stimulatory 
ligand that binds to two T cell surface proteins, CD28 and CTLA4, BCL6 helps 
tumor cells to successfully evade possible interactions with immune surveillance 
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cells that may cause their eradication. In fact, enforced expression of BCL6 driven 
by the immunoglobulin heavy chain promoter in mice recapitulates the pathogene-
sis of human DLBCL (Cattoretti et al.  2005  ) .  

   IRF4 in B Cell Differentiation 

 Expression of IRF4 is restricted to immune cells, including B and T lymphocytes, 
dendritic cells and macrophages. IRF4 belongs to the interferon-regulatory factor 
(IRF) family of transcription factors, all of which share a speci fi c DNA-binding 
domain that can bind to the regulatory elements in the promoter regions of interferon-
inducible genes, for example, the promoter of the class I MHC gene. Different from 
other IRF family members, the expression of IRF4 is not induced by interferon, but by 
activation via the antigen receptor, Toll-like receptor or CD40 receptor (Grumont and 
Gerondakis  2000 ; Gupta et al.  1999 ; Mittrucker et al.  1997  ) . Activation through these 
different pathways eventually leads to the binding of NF k B heterodimers to the IRF4 
promoter. In addition, the transcription of IRF4 can be induced IL-4. In B cells costim-
ulated with CD40 and IL-4, IRF-4 is upregulated and interacts with signal transducer 
and activator of transcription (STAT)-6 to drive the expression of IL-4-inducible genes 
(Gupta et al.  1999  ) , contributing to B cell growth and differentiation. 

 IRF4 has a biphasic function in both pre-B cells and plasma cells. B cell develop-
ment in the IRF-4-de fi cient mouse is blocked from maturing into the naïve follicular 
B cell (Mittrucker et al.  1997  ) , suggesting that IRF4 plays an important part in early 
B cell development in the bone marrow. It turns out that IRF4 is expressed in pre-B 
cells in the bone marrow because it is required for the rearrangements of immuno-
globulin light chain genes (Lu et al.  2003  ) . Since IRF4 is expressed in high levels in 
multiple myeloma (a cancer of plasma cell) and plasma cells (Falini et al.  2000 ; Iida 
et al.  1997  ) , the role of IRF4 in plasma cell differentiation has been implicated. IRF4 
is indeed indispensable for plasma cell differentiation. When IRF4 was conditionally 
deleted from germinal center B cells, such B cells fail to differentiate into plasma 
cells (Klein et al.  2006  ) . To promote plasma cell differentiation, IRF-4 binds to the 
 fi rst intron of BCL6, leading to downregulation of BCL6 (Saito et al.  2007  ) . BCL6’s 
repression on Blimp-1 is thus relieved, and plasma cell differentiation can be 
achieved. IRF4 also binds to the promoter and the fourth intron of Blimp-1 gene and 
directly upregulates the expression of Blimp-1 to promote plasma cell differentiation 
(Shaffer et al.  2008  ) . In addition, IRF4 regulates the expression of AID, thus contrib-
uting to immunoglobulin isotype switching in plasma cells (Klein et al.  2006  ) .  

   IRF4 in B Cell Malignancies 

 IRF4 by itself    is capable of transforming cells in vitro (Iida et al.  1997  ) . In multiple 
myeloma (plasma cell cancer), IRF4 is expressed at high levels as a result of the 
aberrant chromosomal translocation t(6;14)(p25;q32), in which the immunoglobulin 
heavy chain locus is juxtaposed to the IRF4 gene. IRF4 is also found indispensable 
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for the survival of multiple myeloma since knockdown of IRF4 by RNA interfer-
ence causes drastic cell death in multiple myeloma cell lines (Shaffer et al.  2008  ) . 
Other than multiple myeloma, IRF4 is often expressed at abnormally elevated levels 
in many B cell lymphomas, including lymphoplasmacytoid lymphoma, and DLBCL 
(Falini et al.  2000 ; Rosenwald et al.  2003 ; Savage et al.  2003  ) , and thus IRF4 is used 
as a diagnostic indicator for these lymphomas. Just like the expression of IRF4 is 
controlled by the NF k B pathway, the elevated levels of IRF4 in the malignant type 
activated B cell-like DLBCL was reported to be a result of constitutive activation 
of NF k B (Lam et al.  2005 ; Lenz et al.  2008a ; Ngo et al.  2006  ) . In addition, the 
overexpression of IRF4 can be a response to infections and transformation of B cells 
by the Epstein-Barr virus (EBV) as the EBV-encoded protein LMP1 can activate the 
NF k B pathway to induce the expression of IRF4 (Xu et al.  2008  ) . 

 How does IRF4 function as an oncoprotein? In multiple myeloma, the dysregulated 
IRF4 is shown to directly bind to the promoter region of a strong proto-oncoprotein 
MYC and trigger its expression (Shaffer et al.  2008  ) . Because IRF4 can bind to 
SPIB and induce SPIB’s transactivation activity (Su et al.  1996  ) , the dysregulated 
IRF4 may also function through the oncogenic activity of SPIB in activated B cell-
like DLBCL (Lenz et al.  2007,   2008b  ) .  

   PRDM1 in Plasma Cell Differentiation 

 PRDM1 (or the murine Blimp-1) is a transcription repressor that is absolutely required 
for the formation and prolonged maintenance of plasma cells (Angelin-Duclos et al. 
 2000 ; Shaffer et al.  2002 ; Shapiro-Shelef et al.  2003,   2005 ; Turner et al.  1994  ) . To 
differentiate into plasma cells, Blimp-1 suppresses MYC expression to reduce the 
proliferation capability of B cells (Lin et al.  1997  ) . Blimp-1 can also reduce the BCR 
signaling capability of B cells by repressing transcription factor SPIB (Shaffer et al. 
 2002  ) , whose expression is important for normal BCR signal transduction (Garrett-
Sinha et al.  1999  ) . In addition, Blimp-1 binds to the Pax-5 promoter in vitro and 
in vivo and represses the Pax-5 promoter leading to downregulation of Pax-5 so that 
plasma cell differentiation can be achieved (Lin et al.  2002  ) . Blimp-1 can also regulate 
the expression of XBP-1 (Shaffer et al.  2004  ) , which upregulates the expression of 
endoplasmic reticulum-associated chaperones and phospholipids to prepare for the 
massive production and secretion of immunoglobulin in the endoplasmic reticulum of 
plasma cells (see below). B cells de fi cient of Blimp-1 fail to form immunoglobulin-
secreting plasma cells (Shapiro-Shelef et al.  2003  ) .  

   PRDM1/Blimp-1 and B Cell Malignancies 

 PRDM1/Blimp-1 does not trigger cancer formation; instead, it represses the expression 
of proto-oncoproteins like MYC, causing cell cycle arrest. PRDM1/Blimp-1 is 
expressed in abundant levels in human multiple myeloma and mouse plasmacytoma; 
however, the cell cycle-arresting function of PRDM1/Blimp-1 on MYC is often 
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overcome by gene rearrangements and chromosomal translocations that occur to 
c-myc, leading to the high-level expression of MYC in the face of Blimp-1 (Kuehl 
and Bergsagel  2002 ; Park et al.  2005 ; Potter  2003  ) . With regard to the tumor sup-
pressor function of PRDM1/Blimp-1, it is not surprising that the PRDM1/Blimp-1 
gene can be a target of genetic inactivation as a consequence of mutations, deletions 
or translocations in B cell malignancies. Indeed, the PRDM1 gene has been reported 
to be deleted or mutated in human activated B cell-like DLBCL (Pasqualucci et al. 
 2006 ; Tam et al.  2006 ; Tate et al.  2007  ) .  

   IRE-1-Mediated XBP-1 Activation in B Cell Differentiation 

 XBP-1 is a basic-region leucine zipper type transcription factor belonging to the 
family of CREB/ATF (cyclic AMP response element binding proteins/activating 
transcription factors). The regulation of XBP-1 expression is unique, as the unspliced 
XBP-1 mRNA transcript is constantly translated into an inactive XBP-1 protein. 
XBP-1 activation requires splicing of XBP-1 mRNA in the cytoplasm by inositol-
requiring enzyme-1 (IRE-1), a kinase/RNase protein containing an endoplasmic 
reticulum (ER) stress sensor domain facing the lumen of the ER, a transmembrane 
segment sitting on the ER membrane, and a kinase and an endoribonuclease domain 
in the cytoplasm (Calfon et al.  2002 ; Shen et al.  2001 ; Yoshida et al.  2001  ) . IRE-1 
activation is achieved by initial oligomerization of the sensor domains in the ER 
lumen, resulting in the kinase domains in the cytoplasm to be brought into close 
proximity for autophosphorylation, eventually contributing to the increased RNase 
activity of IRE-1. In mammalian cells, the unconventional XBP-1 mRNA splicing 
by IRE-1 leads to a shift in the reading frame of the XBP-1 mRNA and the synthesis 
of a larger, active XBP-1 protein. To synthesize the functional XBP-1 protein is 
therefore controlled by IRE-1 whose activation should correspond to the homeostatic 
states of the ER. Thus, conditions that can lead to the accumulation of misfolded 
proteins in the ER are believed to trigger IRE-1-mediated XBP-1 activation. Activated 
XBP-1 then translocates into the nucleus and upregulates the synthesis of chaperones 
and other proteins to restore ER function (Lee et al.  2003,   2005  ) . XBP-1 also induces 
increased levels of membrane phospholipids and expansion of the ER via upregulation 
of phosphatidylcholine synthesis (Sriburi et al.  2004,   2007  )  and presumably other 
lipids as well. 

 XBP-1 is found to be important for plasma cell differentiation because XBP-1 
expression is upregulated corresponding to plasma cell differentiation and 
XBP-1-de fi cient B cells fail to be induced to become terminally differentiated 
plasma cells that can sustain antibody secretion (Iwakoshi et al.  2003a,   b ; Reimold 
et al.  2001 ; Hu et al.  2009  ) . Based on the role of XBP-1 in maintaining ER homeosta-
sis, and the observation that increased immunoglobulin synthesis is accompanied by 
activation of XBP-1, it has been suggested that the failure of XBP-1-de fi cient B cells 
to become plasma cells may be due to the incapability of such B cells to deal with 
large amounts of newly synthesized immunoglobulin during B cell differentiation 
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(Calfon et al.  2002 ; Iwakoshi et al.  2003a,   b ; van Anken et al.  2003  ) . Without 
XBP-1, some of this immunoglobulin would fail to fold correctly, thus leading to 
the accumulation of misfolded immunoglobulin in the ER and cell death. However, 
this view is not supported by data showing that XBP-1 is still activated in B cells 
that do not produce massive amounts of immunoglobulin (Hu et al.  2009  ) , and that 
XBP-1-de fi cient B cells do not accumulate any detectable misfolded immunoglobu-
lin, or other misfolded integral membrane or secretory proteins that travel through 
the ER (McGehee et al.  2009  ) . So far, it is still unknown what triggers IRE-1-
mediated XBP-1 activation during plasma cell differentiation. 

 Much research attention is centered on the roles of XBP-1 in plasma cell differen-
tiation. However, it is interesting to note that XBP-1 also expresses in pro-B cells in 
the bone marrow (Brunsing et al.  2008  ) , and naïve mature XBP-1-de fi cient B cells 
already exhibit different expression levels of a chemokine receptor (Hu et al.  2009  ) . 
XBP-1 is also essential for the proper signal transduction through the BCR and the 
chemokine receptor, CXCR4 (Hu et al.  2009  ) , most likely due to its essential function 
in forming a pro fi cient signaling platform (e.g., lipid rafts) on the plasma membrane 
(McGehee et al.  2009  ) . These suggest that XBP-1 may play other important roles in B 
cell biology outside the arena of promoting plasma cell differentiation.  

   Crosstalk Between XBP-1 and Other Transcription Factors 
in B Cell Differentiation 

 The crosstalk between XBP-1 and other transcription factors implicated in B cell 
differentiation has been a matter of debate (Kallies et al.  2007 ; Martins and 
Calame  2008 ; Shaffer et al.  2002  ) . Microarray analyses on Blimp-1-de fi cient B 
cells suggested that XBP-1 expression requires Blimp-1, and thus placed XBP-1 
downstream of Blimp-1 (Shaffer et al.  2002  ) . However, XBP-1 activation is appar-
ently normal in B cells from Blimp-1 GFP/GFP  mice, in which the Blimp-1 functional 
domain was replaced by green  fl uorescence protein (Kallies et al.  2007  ) . XBP-1 
can thus be activated also in the absence of Blimp-1. Using XBP-1-de fi cient B 
cells that are induced to differentiate, it is demonstrated that the de fi ciency of 
XBP-1 leads to an increase in the expression levels of Blimp-1 together with its 
upstream transcription regulator, IRF4, establishing an XBP-1-initiated transcrip-
tion factor feedback loop (Hu et al.  2009  ) . Thus normally, XBP-1 helps to attenu-
ate the expression levels of IRF4 and Blimp-1. Since Blimp-1 expression is 
regulated by IRF4 (Sciammas et al.  2006 ; Shaffer et al.  2008  ) , XBP-1 may modu-
late the Blimp-1 expression by regulating IRF4. Because XBP-1-de fi cent B cells 
still express IRF4 and Blimp-1, this would place XBP-1 downstream of IRF4 and 
Blimp-1. Given that XBP-1 activation still occurs in Blimp-1-de fi cient B cells 
(Kallies et al.  2007  ) , perhaps XBP-1 and Blimp-1 act in parallel to regulate plasma 
cell differentiation, while XBP-1 can additionally inhibit the expression of Blimp-
1. Although IRF4 and Blimp-1 are upregulated in XBP-1-de fi cient B cells, these 
B cells still fail to differentiate into plasma cells (Hu et al.  2009  ) . In addition, the 
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ability of IRF4 in regulating the expression of AID is also blocked when XBP-1 
is absent. These  fi ndings suggest that the regulation of plasma cell differentiation 
by IRF4 and Blimp-1 requires XBP-1. The lack of XBP-1 does not affect the 
expression of Pax5 and BCL6.  

   IRE-1 and XBP-1 in B Cell Malignancies 

 The IRE-1/XBP-1 pathway has been implicated in cancer formation because IRE-1 
mutations have been found in large scale cancer genome screens (Greenman et al. 
 2007  ) . It is not known whether these are gain-of-function or loss-of-function muta-
tions. However, enforced expression of XBP-1 in mouse B cell is suf fi cient to cause 
the syndrome of monoclonal gammopathy of undetermined signi fi cance (Carrasco 
et al.  2007  ) , a predictor condition for multiple myeloma. Recently, multiple myeloma 
patients with low XBP-1 expression were also found to respond better to thalidomide 
treatments and these patients have a much better survival rate (Bagratuni et al. 
 2010  ) , suggesting a similar role of XBP-1 in malignant progression of multiple 
myeloma. More recently, a novel small-molecule chemical inhibitor, STF-083010, 
that targets IRE-1 and downregulates the expression of XBP-1 has been shown 
effective in eliminating human multiple myeloma xenografts in mice with no apparent 
cytotoxicity to other non-plasma cell types (Papandreou et al.  2011  ) . Inhibition of 
the IRE-1/XBP-1 pathway in CLL cells also leads to apoptosis (Kriss et al.  2012 ).  

   Crucial Cell Survival and Growth Pathways That Contributes 
to B Cell Malignancies—The NF k B and mTOR Pathways 

 The NF k B pathway is activated upon antigen stimulation of the BCR and provides 
a survival signal to mature B cells (Siebenlist et al.  2005  ) . Engagement of a cognate 
antigen by the BCR in normal B cells leads to the assembly of the CBD protein 
complex which consists of CARD11, BCL10 and MALT1, and such a complex is 
known to activate the I k B kinase (IKK) which is responsible for phosphorylation of 
the inhibitory protein, I k B. The inhibitory I k B normally sequesters NF k B in the 
cytoplasm. The phosphorylation of I k B causes its degradation via proteasomal 
proteolysis, thus allowing translocation of NF k B into the nucleus to activate its 
target genes (Vallabhapurapu and Karin  2009  ) . In multiple myeloma, NF k B is often 
found constitutively active, in part due to mutations occurring to the NF k B gene 
(Annunziata et al.  2007 ; Keats et al.  2007  ) . Similarly in activated B cell-like DLBCL, 
constitutive activation of NF k B is observed and linked to chronic BCR activation 
via a spontaneous formation of BCR clusters on the cancer cell surface, mimicking 
antigen-stimulated B cells (Davis et al.  2010  ) . Many target genes of NF k B are cell 
survival and proliferation factors (Vallabhapurapu and Karin  2009  ) . Constitutive 
activation of NF k B in B cell malignancies has indeed been shown to cause the 
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upregulated expression levels of cell cycle regulators (e.g., cyclin D1, cyclin D2 and 
MYC), anti-apoptotic proteins (e.g., BCL2 and BCL-XL) and proliferation-promot-
ing cytokines (IL-6 and IL-10) (Davis et al.  2001 ; Lam et al.  2008  ) . The expression 
of all these NF k B-regulated factors contributes to continuous proliferation of can-
cerous B cells. 

 The mTOR (mammalian target of rapamycin) was identi fi ed as a rapamycin-
binding protein, based on the initial observation that rapamycin can inhibit progres-
sion through the G1 phase of the cell cycle in yeast and mammalian cells (Brown 
et al.  1994 ; Sabatini et al.  1994  ) . Because mTOR contains a carboxyl terminal 
domain that is homologous to the catalytic domain of phosphatidylinositol 3-kinase 
(PI3K), it belongs to the family of the PI3K-related protein kinases (Gingras et al. 
 2001 ; Schmelzle and Hall  2000  ) . The activation of mTOR leads to the increased 
biogenesis of the ribosomes, initiation of protein translation, expression of metabolism-
related genes, and uptake of nutrients and amino acids; and inhibition of apoptosis 
and autophagy (Asnaghi et al.  2004 ; Wullschleger et al.  2006 ; Zeng and Kinsella 
 2008  ) . Thus, mTOR contributes to cell growth and survival, and maintains a nutri-
tional and bioenergenic state for the cell to enter the cell cycle. In light of these 
many crucial functions regulated by the mTOR protein, it is not hard to under-
stand that the constitutive expression of mTOR can contribute to the growth and 
survival of B cell malignancies. Although rapamycin and its structural analogs have 
been used to target CLL (Decker et al.  2009 ; Ringshausen et al.  2005 ; Zanesi et al. 
 2006  ) , multiple myeloma (Pene et al.  2002 ; Shi et al.  2002  )  and mantle cell lym-
phoma (Hipp et al.  2005 ; Peponi et al.  2006 ; Younes  2008  ) , clinical bene fi ts derived 
from using these mTOR inhibitors are not immediately clear. Targeting the mTOR 
pathway in B cell malignancies will bene fi t from studies focusing on the identi fi cation 
of the mechanisms that contribute to constitutive activation of the mTOR pathway 
in each different type of B cell malignancies.      
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      Introduction 

 Follicular lymphoma (FL) is a B-cell lymphoma that recapitulates the germinal center 
(GC)B-cell stage of differentiation and in most cases form neoplastic follicles that 
resemble the normal GC. Normal GCB-cells do not express the anti-apoptotic 
protein B-cell leukemia/lymphoma 2 (BCL2) and they readily undergo apoptosis if 
they do not have a high af fi nity antigen receptor that will transmit survival signals 
on recognition of the antigen. The vast majority of FL has a translocation that leads 
to an inappropriate constitutive expression of the BCL2 protein that protects the 
cell from apoptosis. This cell can survive for long periods in the GC environment 
and undergoes further genetic alterations that eventually establish the neoplastic 
clonal population as a FL. These critical secondary changes are of great interest in 
understanding the evolution of a pre-neoplastic clone with  BCL2  translocation to a 
malignant lymphoma. 
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 FL is generally an indolent tumor and it undergoes further genetic changes during 
its clinical course. In around 30% of the patients, the tumor undergoes transformation 
to a diffuse large B-cell lymphoma (DLBCL) or uncommonly a Burkitt-like lymphoma 
with marked worsening of prognosis.   This subset of cases with more aggressive 
clinical behavior should be managed differently and prognostic biomarkers would 
be valuable. The treatment of FL has undergone substantial changes in recent years 
with an improvement of overall survival (OS). This chapter will discuss the biology 
and pathology of FL and recent clinical advances will also be brie fl y reviewed.  

   Pathobiology of Follicular Lymphoma 

 The tumor cell in FL arises from a GCB-cell that, in 85–90% of cases, has acquired 
a t(14;18) translocation; however, in about 10–15% of the cases, the t(14;18) is 
absent and the initiating event(s) in these FLs is unclear (Hoglund et al.  2004  ) . This 
translocation is believed to be acquired during B-cell development since, in the vast 
majority of cases, the break at the  IgH  gene occurs at the J

h
 region. The  BCL2  gene 

is brought to the vicinity of the  IgH  enhancers leading to inappropriate expression 
of the anti-apoptotic protein BCL2. If this cell differentiates into a GCB-cell, it is 
protected from apoptosis in the germinal center reaction resulting in its clonal 
expansion and the accumulation of additional genetic abnormalities with time. 
Although crucial in the initiation of the malignant process, the t(14;18) translocation 
alone is not suf fi cient for the establishment of FL. In fact, the classical t(14;18)
(q32;q21) translocation has been demonstrated in apparently healthy individuals 
and follow-up of these individuals failed to detect clinical FL (Limpens et al.  1995  ) . 
Clearly, additional genetic alterations are necessary to establish a FL and, once 
established, a FL will continue to acquire additional genetic abnormalities with con-
sequent changes in biologic and clinical behavior of the tumor. 

 In a cytogenetic model proposed by Hoglund et al.  (  2004  ) , four cytogenetic 
abnormalities (del(6q), +add(1q), +der(18)t(14;18), and +7) have been identi fi ed as 
early events in the clonal evolution of t(14;18)-positive FL. These then lead to further 
downstream events of clonal progression in a temporal sequence of chromosomal 
aberrations that frequently overlap. Genomic gains are more frequent early in the 
course of the disease, while later stages are characterized more by genomic losses. 
Our observations con fi rm that +der(18)t(14;18) is an early and relatively unique 
event (d’Amore et al.  2008  ) . Aside from that, there is a group of abnormalities that 
seems to provide multiple entry points in the further evolution of the t(14;18)-positive 
clone, dominated by −6q/i(6p) and +7 but also include +X, +12, 10q-, 1p- and +18. 
Unlike +der(18)t(14;18), the −6q/i(6p), +7, +X, +12 and 1p- anomalies are commonly 
paired with each other and with +5, +8,+11, and dup6p, suggesting these events 
may cooperate to establish the FL. It should be noted that, though infrequent, events 
other than the common ones mentioned above could also occur as early events or 
even as the sole cytogenetic abnormalities with t(14;18)(q32;q21). These observa-
tions suggest that functional alterations important in the establishment of FL may be 



23Follicular Lymphoma: Recent Advances

accomplished by multiple genetic alterations; some of these alterations are preferred 
and they are represented as the frequent early abnormalities. 

 Cytogenetic studies, though useful, are of rather low resolution and it can be 
quite dif fi cult to determine the origin of the aberrant genetic material. Innovative 
techniques have been developed to address these problems. Spectral karyotyping 
(Nanjangud et al.  2007  )  hybridizes labeled probes to individual chromosomes so 
that each chromosome can be recognized by its unique  fl uorescence spectrum. This 
is very helpful in identifying translocation partners and the origin of abnormally 
acquired genetic material in chromosomes. Comparative genomic hybridization 
(CGH) (Kallioniemi et al.  1992  )  was developed to study copy number abnormalities 
(CNAs) using DNA from tumor and normal tissues labeled with different 
 fl uorophores and hybridized to normal metaphases. While CGH is useful, the reso-
lution is still very low and recently array CGH (aCGH) techniques (Ylstra et al. 
 2006 ; Coe et al.  2007  )  have been developed to markedly improve the resolution. 

 Several studies using the high resolution technique of  aCGH have been reported 
and have helped to con fi rm known alterations detected by conventional CGH and 
karyotype analysis, but also have identi fi ed novel alterations undetectable by less 
sensitive techniques. An aCGH study of 25 FL cases by Cheung et al. was able to 
identify aberrant regions affecting single genes, and four genes ( CDKN2A, FHIT, 
KIT, and PTPRD ) occurred in more than one sample (Cheung et al.  2010a  ) . The 
increased resolution of aCGH makes it useful for narrowing down the minimal 
common region of recurrent abnormalities, thus providing a better guide for teasing 
out which genes are important for FL. Furthermore, a related technique using SNP 
arrays makes analysis of copy neutral loss of heterozygosity (LOH) possible. Copy 
neutral LOH or copy number loss was found at 1p36 in half of the FL cases studied, 
suggesting multiple mechanisms of inactivating genes within the locus (Ross et al. 
 2007 ; Cheung et al.  2010a  )  (Fig.  1 ). Deletion at 1p36.22-p36.33 correlated with 
increased risk for transformation and poor survival (Cheung et al.  2009  ) . This region 
contains the  TP53  family member  TP73 , though no mutations were found (Ross et al. 
 2007  ) . LOH that was copy neutral (uniparental disomy (UPD)) or had copy loss was 
also found at high frequency on 6p, 9p, 10q, 12q, and 16p, (Fitzgibbon et al.  2007 ; 
Ross et al.  2007 ; Cheung et al.  2010a  ) . UPD at 16p has been suggested to predict 
transformation (O’Shea et al.  2009  ) . Homozygous deletions were found occasionally 
at 9p21 and genes deleted included important cell cycle regulators  CDKN2A/2B  
(Ross et al.  2007 ; Cheung et al.  2010a  ) . 15% of FL cases had 10q LOH or copy loss 
that included the  PTEN  locus (Ross et al.  2007  ) . Deletions in 6q have been associated 
with poor prognosis, and two separate regions of deletion were identi fi ed on chromo-
some 6 at q13-15 and q23.3-24.1 (Ross et al.  2007  ) . The genes encoding the NF- k B 
regulator TNFAIP3/A20 and apoptotic protein PERP are possible important genes 
in the 6q23.3-24.1 region (Ross et al.  2007 ; Cheung et al.  2009  ) . Gains and 
ampli fi cation were found at 1q, 2p15-16, 6p, 7, 12, and X (Ross et al.  2007 ; Cheung 
et al.  2010a  ) . Ampli fi cation was also frequently found on 8q, but interestingly the 
minimal region of ampli fi cation was 8q24.22-24.23 and did not include the  MYC  
gene, but included genes  NIBP, KCNK9, PTK2/FAK, and PTP4A3  (Ross et al.  2007 ; 
Cheung et al.  2009  )  .  Thus aCGH studies, by characterizing common CNAs, will be 
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especially useful in identifying genes that contribute to FL initiation, progression and 
tumor transformation.  

 The B-cell receptor (BCR) continues to be expressed in the vast majority of FLs 
indicating that BCR signaling may still be important in tumor cell survival. Attempts 
to measure BCR signaling in FL cells by phospho protein speci fi c- fl ow cytometry 
found that the BCR signaling cascade differs in FL cells compared to normal B cells 
(Irish et al.  2006  ) . Another interesting  fi nding is the detection of mutations in the 
surface immunoglobulin frequently resulting in sequence motifs for N-glycan addi-
tion. The added glycans terminate at high mannose that may interact with mannose 
receptors on stromal cellular components with resultant BCR signaling (Coelho 
et al.  2010  ) . 

 Recently, a number of frequent mutations involving  CREBBP/EP300, MLL2, 
EZH2, and TNFRSF14  have been demonstrated (Cheung et al.  2010b ; Morin et al. 

  Fig. 1    Composite frequency ideogram plot of genome-wide copy number alterations in 106 diagnostic 
FL cases based on intersection analysis. ( a ) The frequencies of aberrations, represented by green 
signals for losses and red signals for gains, in the autosomes were derived from intersection analysis, 
where the union was taken between calls made visually by a cytogenetic pathologist and those 
determined by CNA-HMMer version 0.1. ( b ) Genetic losses or gains are represented by  green  and 
 red  signals, respectively. The  horizontal bar  below each ideogram represents gain and loss frequencies 
of +0.25 and −0.25, respectively (Reproduced with permission Cheung et al.  (  2009  ) )       
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 2010a,   b ; Bodor et al.  2011 ; Pasqualucci et al.  2011  ) .  CREBBP  and the closely 
related  EP300  encode acetyltransferases for both histone and non-histone proteins. 
Mutations affecting  CREBBP  are much more common, affecting over 30% of cases 
in one report (Pasqualucci et al.  2011  ) . The mutations are inactivating and in most 
of the cases, it seems that haploinsuf fi ciency is suf fi cient for the functional conse-
quences. Monoallelic deletions are observed more commonly in DLBCL than in FL 
and appear to be mutually exclusive to mutations (Pasqualucci et al.  2011  ) . The 
epigenetic modi fi cation of Histone 3 by trimethylation of lysine 27 (H3K27me3) 
represses gene expression, and EZH2, a subunit of the polycomb repressive complex 2 
(PRC2) catalyzes the mono, di, and tri-methylation of H3K27. EZH2 and PRC2 can 
also recruit DNA methyltransferases to promote CpG methylation (Vire et al.  2006  ) . 
Mutation affecting the Y641 codon in the SET domain of  EZH2  occurs in over 20% 
of GCB-DLBCL but at lower frequency in FL (about 7–10%) (Morin et al.  2010a ; 
Bodor et al.  2011  ) . This was initially considered an inactivating mutation but subse-
quent studies demonstrated that the mutated form is less ef fi cient in catalyzing 
mono- and di-methylation, but much more ef fi cient in catalyzing the addition of the 
third methyl group (Sneeringer et al.  2010  ) . Thus, this mutation facilitates the syn-
thesis of H3K9me3 and also explains why the wildtype  EZH2  is maintained.  EZH2  
is expressed in normal GCB-cells and found by ChIP-on-CHIP experiments to associ-
ate with many genes in GCB-cells aside from its known embryonic stem cell targets 
(Velichutina et al.  2010  ) . These genes include several key cell cycle-related tumor 
suppressor genes. Knocking down  EZH2  by siRNA induces acute cell cycle arrest 
at the G1/S transition. Changes in the activity of EZH2 due to the Y641 mutation prob-
ably alter the H3K9me3 pro fi le of a number of key genes that promotes lymphom-
agenesis. No prognostic signi fi cance of this mutation was observed in FL patients 
carrying  EZH2  mutation (Bodor et al.  2011  ) . MLL (mixed lineage leukemia)2 is a 
member of a family of DNA binding proteins that methylate H3K4 through the SET 
domain (Ansari and Mandal  2010  ) . Loss of function mutation with resultant 
haploinsuf fi ciency causes a rare syndrome (Kabuki Syndrome) characterized by 
multiple malformations and moderate intellectual impairment (Hannibal et al. 
 2011  ) . Translocations involving  MLL  genes have been well recognized in the patho-
genesis of acute leukemias (Krivtsov and Armstrong  2007  ) , but recently loss of 
function mutations affecting  MLL2  have been described as a very frequent event in 
FL (Morin et al.  2010b  ) . Presumably, reduced expression of a set of MLL2 targets in 
GCB-cells may promote their transformation into FL cells. The nonsynonymous 
 TNFRSF14  mutation (Cheung et al.  2010b  )  was observed in 18.3% FL patients and 
inferior OS and disease speci fi c survival (DSS) were most pronounced in patients 
whose lymphomas contained  TNFRSF14  mutations and 1p36 deletions. 

 Promoter hypermethylation is a well known mechanism of gene inactivation in 
cancers, and studies of FLs have identi fi ed frequent promoter hypermethylation 
in genes such as the androgen receptor (Yang et al.  2003  ) ,  SHP1  (Koyama et al. 
 2003 ; Chim et al.  2004  ) ,  DBC1  (Gronbaek et al.  2008  )  and  ID4  (Hagiwara et al. 
 2007  ) . Additionally, methylation of cell cycle regulators  CDKN2A     ,  CDKN2B     , and 
 RB1  have been detected in some FLs (Chim et al.  2007  )  and may play a role in the 
transformation of FL into a more aggressive disease (Hayslip and Montero  2006  ) . 
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 Parallel clonal evolution is a common phenomenon in FL with multiple subclones 
emerging from a parental clone and even a single tumor site may be populated by 
one or more of these clones. As noted in other studies (Hoglund et al.  2004 ; Eide 
et al.  2010  )  and our study (d’Amore et al.  2008  ) , clones from sequential biopsies 
were frequently different from that of the original biopsy. Molecular analyses examin-
ing the pattern of Ig gene mutation also con fi rm the cytogenetics observation 
(Carlotti et al.  2009 ; Eide et al.  2010  ) . Evolution of one of the subclones may give 
rise to more refractory disease or a large cell lymphoma and this subclone may have 
a similar, but not matching, pro fi le of genetic changes as the subclone detected 
from a previous biopsy. 

 Dave and co-workers have determined the gene expression pro fi les of 191 cases 
of FL (Dave et al.  2004  ) . Interestingly, the major determinant of prognosis appears 
to be related to two gene expression signatures derived from the microenvironment 
(Fig.  2 ). These two signatures (immune response -1 (IR-1) and immune response -2 
(IR-2)) can be combined to form a molecular predictor of survival for FL. The IR-1 
signature contains a number of genes that are known T-cell transcripts, but the 
signature does not just re fl ect the presence of tumor in fi ltrating T-cells, and high 
expression of this signature is associated with better outcome. The IR-2 signature 
contains many transcripts expressed by myeloid and monocytic cells and high 
expression of this signature is associated with poor prognosis. When patients were 
grouped into quartiles on the basis of survival-predictor scores, patients in the top 
quartile had a median survival of 13.6 years, whereas those in the bottom quartile 
had a median survival of only 3.9 years. Thus, using this molecular prognosticator, a 
group of patients with a poor prognosis, and requiring special attention in manage-
ment, can be identi fi ed. This study highlights the importance of the tumor microenvi-
ronment in in fl uencing the prognosis of patients with FL and provides additional 
impetus in designing therapy that may alter the microenvironment in addition to 
targeting tumor cells. However, it should be pointed out that the failure to detect 
tumor associated predictors of survival in FL does not indicate that the tumor 
component has little or no in fl uence on survival. This may be due to the reactive elements 
in many FLs that might have diluted the signal from the tumor. Furthermore, there 
are frequently multiple related subclones of follicular lymphoma in the same patient 
(d’Amore et al.  2008  )  and gene expression pro fi ling (GEP) of a tumor from a certain 
site may not be predictive of survival if another clone at a site that is not biopsied is 
the determinant of survival in that patient. Tumor/host interaction, on the other 
hand, may be a more consistent characteristic and is therefore delineated as an 
important prognosticator in this study (Dave et al.  2004 ).  

 A comparison of the GEP of t(14;18) negative and positive cases shows that the 
former appears to be at a later stage of GCB-cell maturation with an enrichment of 
the activated B-cell-like and NF-kB signatures (Leich et al.  2009  ) . This postulate is 
supported by the lower frequency of CD10 positivity and higher IRF4 positivity in 
the t(14;18) negative cases. The proliferation signature is also enriched in the 
t(14;18) negative group which agrees with the  fi nding of higher Ki-67 positivity in 
this group. Differences in copy number abnormalities were also observed but no 
alterations are restricted to the t(14;18) negative group. On the other hand, several 
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gains and losses are only observed in the t(14;18) positive group, but only 10 t(14;18) 
negative cases were studied. However, gain or ampli fi cation of 18q21 was present 
in 32% of t(14;18) positive but not seen in any t(14;18) negative cases suggesting 
that this abnormality may indeed be restricted to the t(14;18) positive group (Leich 
et al.  2009  ) . 

 Transformation occurs in about 30% of FLs, resulting in a DLBCL or uncom-
monly a Burkitt lymphoma-like tumor, with a rapidly progressive clinical course 
and short survival time. A variety of genetic changes have been implicated (Nagy 
et al.  2000  )  such as  MYC  overexpression (Lossos et al.  2002  ) ,  TP53  mutation 
(Sander et al.  1993  )  or deletion of 17p13 (Martinez-Climent et al.  2003  ) , mutations 
in the 5 ¢  untranslated region of  BCL6  (Szereday et al.  2000  ) , mutations of the trans-
located  BCL2  (Matolcsy et al.  1996  )  or  CDKN2A  or  CDKN2B  deletions, mutations 
or hypermethylation (Pinyol et al.  1998  )  or gains/ampli fi cation of loci encompass-
ing  REL/BCL11A  (2p16),  BCL6  (3q27-q29), and/or  BCL2  (18q21), deletion of 
6q22-q24 (Martinez-Climent et al.  2003  )  and, uncommonly,  MYC  rearrangement 
(Yano et al.  1992  ) . In an aCGH study (Martinez-Climent et al.  2003  ) , a number of 
imbalances not previously described in FL transformation including gains of 9p23-
p24, which is common in primary mediastinal B-cell lymphoma and classical 
Hodgkin lymphoma, gains of 6p12-p21, a site including oncogenes  PIM1  and 
 CCDN3  and frequently targeted by translocation and copy number increase in 
B-cell non-Hodgkin lymphoma (NHL) and multiple myeloma, and gains of 
17q21.33 were described. None    of the transformed cases had elevated copy 
 numbers of the  MYC  gene locus on 8q24 (   Martinez-Climent et al.  2003 ). Thus, 
over expression of MYC cannot be accounted for by gene ampli fi cation. The 
authors suggested that one of the possible mechanisms could be related to changes 
in promoter methylation. The combination of aCGH and GEP studies on the same 
patients may help to elucidate the functional consequences of the genetic altera-
tions as well as identi fi cation of target genes in the abnormal loci. The genetic 
aberrations described have also been observed in FL without transformation, 
 indicating that they may also represent changes during the course of FL and not 
necessarily a direct transformation event. Whether a genetic event leads to trans-
formation may also depend on alterations already present, as they may cooperate 
with the event to effect a transformation. 

 Lossos and co-workers found that transformed FL (t-FL) has different GEPs 
from  de novo  DLBCL, and only a subset of t-FL show increased expression of MYC 
and its target genes (Lossos et al.  2002  ) . Another study showed that t-FL is gener-
ally a GCB-cell-like malignancy, and transformation involves two pathways, one 
that is similar in proliferation rate to the precursor FL and the other that is character-
ized by higher proliferation and the presence of recognized oncogenic abnormalities 
including high expression of MYC and its target genes,  TP53  mutation,  CDNK2A  
loss and  REL  ampli fi cation (Davies et al.  2007  ) . In another study of FL transforma-
tion, 12 matched pairs of FL and DLBCL were examined and all the DLBCLs 
exhibited a GCB-cell-like pro fi le (Elenitoba-Johnson et al.  2003  ) . Several members 
of the  RAS  family, growth factors and cytokine receptors with known growth promot-
ing activity (   C-MET, FGFR3, LT b R  and  PDGFR b  ) and  p38MAPK  were found to 
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have high expression levels in the DLBCL. A three-gene predictor ( PLA2, PDGFRb    
and  Rab-6 ) for transformation was proposed. The authors also showed that inhibition 
of p38MAPK blocked the growth of t(14;18)+ cell lines, and inhibited growth of 
transplanted tumors in NOD-SCID mice, thereby suggesting that p38MAPK may 
be a promising target for transformed FL.  

   Pathology of Follicular Lymphoma 

 FL is a malignant neoplasm of the GCB-cells that is composed of cleaved (cen-
trocytes) and non-cleaved (centroblasts) cells and shows, at least, a focal nodular 
pattern (Swerdlow et al.  2008  ) . Diagnosis of FL requires appropriate morpho-
logical and immunohistochemical  fi ndings with or without molecular studies. FL 
commonly involves the lymph nodes, bone marrow, and spleen. Less common 
sites of involvement are the gastro intestinal tract, skin, and ocular adenexa, but 
in some cases could be the primary site of involvement. On microscopic exami-
nation, the key architectural and cytological  fi ndings in the lymph node includes 
(i) total or extensive loss of nodal architecture, (ii) even distribution of malignant 
lymphoid nodules throughout the node, (iii) back-to-back arrangement of nod-
ules with little interposed tissue, (iv) overall uniformity in size and shape of 
nodules, (v) paucity or absence of reactive lymphoid cells (plasma cells and 
immunoblasts) in the inter-follicular areas, and (vi) absence of polarization and 
tingible body macrophages in the nodules (Fig.  3 ). These features are helpful in 
differentiating FL from reactive follicular hyperplasia of the lymph node as sum-
marized in Table  1 .   

 The t(14;18)(q32;q21) occurs in up to 90% of low grade FL and to a lesser 
percentage in high grade FL. Occasionally,  BCL2  translocation involves immuno-
globulin light chains kappa or lambda (Tomita  2011  ) . In the approximately 10% 
of FL cases which are t(14;18) negative, other mechanisms play a role in 
 lymphomagenesis. One of the mechanisms could be rearrangement involving 
chromosome band 3q27 leading to deregulation of  BCL6 , a proto-oncogene (Gu 
et al.  2009  ) . Grade 3b FL has the highest incidence of  BCL6  translocation (44%) 
compared to the lower frequency (13%) in low grade FL (Ott et al.  2002  ) . 
Interestingly, t(14;18) negative FL also have a higher frequency (22%) of  BCL6  
translocation. Two common breakpoint regions of  BCL6  have been described in 
lymphoma: (i) the major breakpoint region (MBR) involving the noncoding  fi rst 
exon and part of the  fi rst intron (Ye et al.  1993  )  and (ii) the alternative breakpoint 
region (ABR) located at 245–285 kb 5 ¢  to BCL6. For FLs with t(14;18),  BCL6  
translocation mainly occurs at the MBR (Butler et al.  2002  ) . However, FL without 
t(14;18) show a higher frequency of ABR involvement (Gu et al.  2009  ) . Both 
immunoglobulin heavy and light chains in FL show ongoing somatic mutations 
(Stamatopoulos et al.  1997 ; Matolcsy et al.  1999  ) . These mutations may interfere 
with primer binding, and monoclonality by PCR assay can be negative in a higher 
proportion of cases of FL compared with tumors with few mutations such as CLL. 
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Other frequent genetic abnormalities that can be seen in FL have been discussed 
in the section on pathobiology. 

 The neoplastic cells typically express B-cell markers (CD19, CD20, CD22, 
CD79a), BCL6, BCL2, CD10, and are negative for CD5, CD43 and CyclinD1 
(Swerdlow et al.  2008  ) . The percent positivity and intensity of staining of CD10, 
BCL6 and BCL2 varies depending on the grade and location of neoplastic cells such 
as follicular versus interfollicular. The intensity of staining is higher in the neoplastic 

  Fig. 3    ( a ) Follicular lymphoma (20×). The malignant follicles are closely packed, focally back to 
back with absence of mantle zone. ( b ) Follicular lymphoma, grade 1 showing mainly centrocytes 
with occasional centroblasts (400×). ( c ) Follicular lymphoma, grade 3, mainly consists of centro-
blasts with occasional centrocytes (400×). ( d ) Diffuse large cell lymphoma arising from a case of 
follicular lymphoma (400×)       

   Table 1    Differentiating features of follicular lymphoma from reactive follicular hyperplasia   

 Characteristics  Follicular lymphoma  Reactive follicular hyperplasia 

 Effacement of architecture  Present  Absent 
 Nodules outside of cortex  Present  Mainly in the cortex 
 Uniformity of nodules  Present  More variation in size and shape 
 Interposed tissue between nodules  Inconspicuous  More prominent 
 Tingible body macrophages  Absent/few  Present 
 Polarization of nodules  Absent  Present 
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nodules compared to inter-nodular areas. CD10 and BCL2 are positive in the vast 
majority of FL (Fig.  4 ). It should be noted that BCL2 may be falsely negative due to 
mutations that eliminate the epitope that the primary antibody binds to (Schraders 
et al.  2005  ) . BCL2 staining is positive in a slightly higher percentage of low grade 
FL (90%) compared to high grade (80%) FL (Swerdlow et al.  2008  ) . The follicular 
dendritic cell (FDC) meshwork is identi fi ed by CD21, CD23 or CD35 immunos-
taining and helps in determining the extent of follicular areas. Forty-two percent of 
grade 3B FL are MUM1 positive (Horn et al.  2011  ) . FLs without t(14;18) tend to 
have higher grade histology, lower percentage of CD10 positivity and much lower 
incidence of BCL2 positivity (Leich et al.  2009  ) . The proliferation index, deter-
mined by Ki-67 immunohistochemical staining is usually low (<20%) in low grade 
FL in comparison to higher grade FL (>20%). However, a minority of cases of low 
grade FL have a high Ki-67 index and a worse prognosis (Wang et al.  2005  ) . Hence, 
Ki-67 may be used as an adjunct prognostic marker in low grade lymphoma.   

   Speci fi c Variants of FL 

  Pediatric follicular lymphoma:  FLs are extremely rare in the pediatric age group and 
comprise less that 6% of pediatric lymphomas (Frizzera and Murphy  1979 ; Lu et al. 
 2001  ) . Unlike adult lymphomas which express BCL2 protein and possess t(14;18), 
pediatric FL generally do not have t(14;18) nor express BCL2 protein. The common 
sites of pediatric FL include tonsils, cervical and other lymph nodes, and the testis. 
Tonsils and lymph nodes are often associated with reactive hyperplasia, which is 
also negative for BCL2 protein expression and t(14;18). Therefore, careful examination 
of morphology is critical for differentiating pediatric FL from reactive hyperplasia. 

  Fig. 4    Typical immunophenotype of follicular lymphoma. A case of follicular lymphoma showing 
CD20+ ( a ), CD3- ( b ), CD10+ ( c ), BCL6+ ( d ), and BCL2+ ( e ) staining and low number of Ki-67 
positive cells ( f ) (100×)       
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The majority of pediatric FL presents with lower stage disease, but high grade features 
with large follicles and show excellent overall and disease free survival (Rosenberg 
 1977 ; Pinto et al.  1990 ; Montes-Moreno et al.  2010  ) . There is suggestion that BCL2 
expression may be associated with worse prognosis in pediatric FL. 

  Primary gastrointestinal lymphoma:  The gastrointestinal tract (GIT) is the most com-
mon extranodal site of involvement by FL. Within the GIT, the second part of the 
duodenum is most commonly involved. The FL presents as multiple polyps and is 
often diagnosed incidentally during endoscopy. The majority of them show similar 
morphological, immunohistochemical and genetic features typical of nodal FL. It gen-
erally has an excellent prognosis. The GIT FL presents at an earlier stage, with 68% of 
cases presenting at stage I-II, compared to nodal FL in which 83% present at stage 
III-IV. Additionally, GIT FL has a better prognosis than nodal FL (Tari et al.  2011  ) . 

  Primary cutaneous follicular center lymphoma : The diagnosis is based on the cell 
of origin rather than growth pattern and patients with primary cutaneous follicular 
center lymphoma have good prognosis irrespective of the cytology. Most of the cases 
are BCL2 negative and lack the t(14;18) and CD10 tends to be negative in cases 
with a diffuse growth pattern (Cerroni and Kerl  2001  ) . 

  In situ follicular lymphoma :  In situ  FL is characterized by preservation of lymph 
node architecture and presence of occasional germinal centers which show strong 
BCL2 protein expression in part or all of the GCB-cells (CD10+, BCL6+). The rest 
of the lymph node shows reactive hyperplasia and absence of inter-follicular 
in fi ltration. The exact clinical signi fi cance of  in situ  FL is yet to be determined. In 
a series of 13 cases of  in situ  FL, only four developed subsequent FL after a median 
follow-up of 12 months (Montes-Moreno et al.  2010  ) . Interestingly,  fi ve cases in 
this series showed association with other lymphoproliferative disorders like DLBCL, 
classic Hodgkin lymphoma, and splenic marginal zone lymphoma. In patients who 
develop subsequent FL elsewhere or found to have concurrent FL, the  in situ  FL may 
represent follicular colonization by overt FL. However, patients who do not progress 
soon into frank FLs require close clinical surveillance for the development of FL.  

   Prognostic Factors in FL 

 The majority of FLs are indolent but present with advanced stages, and are character-
ized by multiple relapses with shortening remissions. Transformation to aggressive 
lymphoma, mostly DLBCL, occurs in about 30% of cases and shows clinical hetero-
geneity with relation to OS. Based on the clinical, biochemical, and pathological 
 fi ndings, the Follicular Lymphoma International Prognostic Index (FLIPI) was devel-
oped for risk strati fi cation of FL (Federico et al.  2009  ) . With the advent of radioim-
munotherapy and additional clinical and biochemical parameters, FLIPI has been 
revised to FLIPI2 (Federico et al.  2009  ) . Based on the presence or absence of the 
number of risk factors in FLIPI, FL can be strati fi ed into three risk groups, low (0–1 
factors), intermediate (2 factors) and high ( ³ 3 factors), with different OS (Table     2 ).  
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 The role of cytogenetic and molecular  fi ndings in the prognostication of FL is 
not yet clear. Rambaldi et al.  (  2005  )  have reported the pretreatment quantitative 
evaluation of marrow involvement by t(14;18) positive cells by RT-PCR to predict 
outcome after chemotherapy. Their study showed that a low level positivity of 
BCL2/IgH cells in bone marrow at the time of diagnosis is associated with higher 
clinical and molecular response and event free survival. However, the above  fi nding 
has not yet been validated in clinical trials. 

 Torlakovic et al.  (  2006  )  have reported the expression of PU.1 but not CD10 and 
BCL6, is associated with favorable outcome in FL. PU.1 is a transcription factor 
essential for myeloid and B lymphoid development. Mutations in  TP53  in various 
lymphomas are generally associated with inferior survival and resistance to chemo-
therapy. Heterozygous  TP53  mutations have been reported at diagnosis in FL (6%) 
and are associated with inferior survival (O’Shea et al.  2008  ) . These mutations are 
mainly missense with an occasional splice site mutation (O’Shea et al.  2008  ) .  TP53  
mutations are associated with older age, higher IPI score, lower immune expression 
signature 1, and shorter progression free and overall survival (O’Shea et al.  2008  ) . 
Sander et al.  (  1993  )  have studied serial biopsies of 34 patients with FL who eventually 
transformed into higher grade lymphoma for TP53 by immunohistochemistry, sin-
gle strand conformation polymorphism (SSCP) analysis and sequencing. Their 
study showed that  TP53  mutations are associated in histological transformation in 
25–30% of FL. They also showed that  TP53  mutation positive cells can be identi fi ed 
(by SSCP) in pre-transformed FL; however, these cells constituted a small percent-
age of tumor cells. It has been shown by aCGH that deletion of 6q25-27, 1p36.22-
p36.33, 6q21-q24.3, 9p21 ( CDKN2A/B ), 6q25 and 6q26 are associated with inferior 
survival (Cheung et al.  2009 ; Schwaenen et al.  2009  ) . It has also been reported that 
the acquired uniparental disomy (aUPD) of 1p36 is associated with inferior OS and 
aUPD of chromosome 16 is predictive of transformation (Schwaenen et al.  2009  ) . 
Many of these  fi ndings have not been con fi rmed by large independent studies. 
Furthermore, the heterogeneity in treatment also complicates data interpretation. 

 The microenvironment plays an important role in FL. There is an active cross-talk 
between FL cells and its microenvironment that determines the clinical behavior, 
prognosis and response to speci fi c therapy. Non-neoplastic cells such as T-cells, 
macrophages, and FDCs are associated with FL. It has been shown by GEP that the 
microenvironment plays a pivotal role in patient outcome in FL (Dave et al.  2004  )  
as discussed earlier in the section on pathobiology. 

   Table 2    Components of Follicular Lymphoma International Prognostic Index (FLIPI) 1 and 2   

 FLIPI  FLIPI2 

 Age ( £ 60 vs. >60 years)  Age ( £ 60 vs. >60 years) 
 Hemoglobin ( £ 120 vs. >120 g/L)  Hemoglobin ( £ 120 vs. >120 g/L) 
 Advanced stage disease (Grade I–II vs. III–IV)  Bone marrow involvement (uninvolved 

vs. involved) 
 Number of nodal areas ( £ 4 vs. >4)  Longest tumor diameter ( £ 6 vs. >6 cm) 
 Serum LDH levels (normal vs. elevated)  Serum beta 2-microglobulin (normal 

vs. elevated) 
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 Immunohistochemistry (IHC) and  fl ow cytometry (FC) are routinely used techniques 
in the clinical laboratory for diagnostic and prognostic purpose. Several studies 
have been performed to discover prognostic biomarkers using these techniques. 
Studies evaluating tumor associated immune regulatory cells have shown variable 
results. Lee et al.  (  2006  )  have studied 59 patients with FL (34 lived less than 5 years 
vs. 25 lived more than 15 years) for various IHC markers- CD4, CD7, CD8, CD25, 
CD68, forkhead box protein P3 (FOXP3), T-cell intracellular antigen 1 (TIA-1) and 
Granzyme B. Their study showed that patients who lived more than 15 years had 
higher CD4+ and FOXP3+ cells in the perifollicular location. Wahlin et al.  (  2010  )  
have studied 70 patients (poor vs. good outcome) with FL using IHC markers CD4, 
CD8, PD-1, and CD68. They reported that CD4+ cells were associated with poor 
prognosis in comparison with FL with higher CD8+ and CD68+ cells. In a different 
study, Wahlin et al.  (  2007  )  used FC to quantitate CD8+ cells in 139 patients with FL 
and showed that higher number of CD8+ lymphocytes predict better survival. Kelly 
et al.  (  2007  )  used CD68 and FOXP3 to assess lymphoma associated macrophages 
(CD68+) and regulatory T-cells (FOXP3+) in 69 patients with FL. They reported 
that increased extrafollicular macrophages (CD68+) and intrafollicular regulatory 
T cells (FOXP3+) were associated with shorter OS. Farina et al.  (  2005  )  assessed 
CD68+ lymphoma-associated macrophages (LAM) in 99 patients with FL and 
correlated their number with OS. In their study, 87 patients had less than 15 (median, 
7; range, 1–14) LAM/high power  fi eld (hpf) and 12 patients had more than 15 
(median, 20; range, 16–25) LAM/hpf. Patients with less than 15 LAM/hpf had a 
median OS of 16.3 years compared with an OS of 5 years in patients with more than 
15 LAM/hpf. Butsch et al.  (  2011  )  evaluated plasmacytoid dendritic cells (pDC) in 
FL employing immunohistochemical stain for CD123. They have shown that 
increased number of pDC is associated with better OS and acts as an independent 
prognostic marker. Camacho et al.  (  2011  )  have studied expression of 28 immuno-
histochemical markers in 186 nodal FL cases to delineate speci fi c markers associ-
ated with OS. In this study, higher expression of Cyclin E, MDM2, P21, IgD, 
BCL-xL, CD30, and E2F6 by lymphoma cells was associated with signi fi cantly 
shorter OS whereas expression of CD10 was associated with better OS. Furthermore, 
the number and impact of FDCs on OS in patients with FL was reported by Jin 
et al.  (  2011  ) . They studied 102 FL cases and evaluated FDCs semi-quantitatively 
by immunohistochemistry (CD23, CD35 and CD54) and digital image analysis and 
found that the abundance of FDCs in FL do not act as a prognostic factor.  

   Clinical Presentation and Diagnosis 

 The standard Ann Arbor staging scheme with Cotswold modi fi cation (Table  3 ) is used 
to stage FL (Rosenberg  1977 ; Moormeier et al.  1990  ) . The majority of the patients 
(70%) present with advanced (clinical stage III/IV) disease (Table  2 ). Most patients 
present with painless peripheral cervical, axillary, inguinal, or femoral lymphadenopathy, 



35Follicular Lymphoma: Recent Advances

typically long-standing, which can be waxing and waning. Hilar and mediastinal 
adenopathy may be present, yet bulky mediastinal disease is unusual.  

 Some patients present with asymptomatic large abdominal masses with or without 
evidence of gastrointestinal or urinary obstruction. Involvement of liver, spleen, and 
bone marrow is usual in patients with advanced disease, but involvement of other 
organs is rare. Despite widespread disease at diagnosis, most patients are asymp-
tomatic except for nodal masses. Involvement of the central nervous system is rare 
yet compression of a peripheral nerve, or the spinal cord, by epidural masses is 
not unusual. Fever, drenching night sweats, and unintentional loss of weight are 
present in only 20% of patients. Children and adolescents with FL typically present 
with asymptomatic cervical lymphadenopathy and low stage disease (stage I/II). 
Diagnosis requires an excisional lymph node biopsy. Whole body CT scans and 
bone marrow core biopsies are required for accurate staging (Freedman and Aster 
 2010  ) . The usefulness of positron emission tomography (PET) scans in imaging 
indolent lymphomas, like FL, remains unclear (Juweid et al.  2007  ) .  

   Current Treatment Strategy 

 Treatment is usually tailored to the clinical circumstances; the major variables 
in fl uencing treatment are patient age, performance status, associated co-morbidities, 
stage, histologic subtype, presence of symptoms, evidence of organ dysfunction 
related to the lymphoma, prognostic factors (using the FLIPI score), and patient 
preference. It is key to understand that most patients with FL will have an excellent 
prognosis with expected median survival of 10 years. Hence, it is of paramount 
importance not to cause unjusti fi ed harm to these patients with excessively toxic 

   Table 3    Ann Arbor System, with Cotswold modi fi cation, for staging of NHL (Rosenberg  1977 ; 
Moormeier et al.  1990 )   

 Stage I  Involvement of a single lymph node region or of a single extralymphatic 
organ or site (IE) 

 Stage II  Involvement of two or more lymph node regions or lymphatic structures on 
the same side of the diaphragm alone or with involvement of limited, 
contiguous extralymphatic organ or tissue (IIE) 

 Stage III  Involvement of lymph node regions on both sides of the diaphragm, which 
may include the spleen (IIIS) or limited, contiguous extralymphatic organ 
or site (IIIE) or both (IIIES) 

 Stage IV  Diffuse or disseminated foci of involvement of one or more extralymphatic 
organs or tissues, with or without associated lymphatic involvement. 

 E-designation  Extranodal contiguous extension (ie, proximal or contiguous extranodal 
disease) that can be encompassed within an irradiation  fi eld appropriate 
for nodal disease of the same anatomic extent. 

 B-status  (“B”) symptoms or signi fi cant unexplained fever (>38°C), night sweats, or 
unexplained weight loss exceeding 10% of body weight during the 
6 months prior to diagnosis. 
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treatment regimens, unless a clear survival, or quality of life advantage could be 
demonstrated in randomized controlled trials (Wilson and Armitage  2008  ) . 

 Ritxuimab, an anti-CD20 monoclonal antibody, is the most important advance 
in the treatment of follicular lymphomas in the past 20 years and has remarkably 
changed treatment paradigms for this disease (Fig.  5 ). Radiotherapy is considered 
the standard of care for patients with early stage disease (stage I/II) and remains 
the most popular (Mac Manus and Hoppe  1996  ) . There is data that early therapy 
is bene fi cial and may improve cure rate in these patients, but these studies were 
done in the pre-Rituximab era. Treatment is indicated in patients with advanced 
(stage III/IV) symptomatic disease or with evidence of organ/system dysfunction 

  Fig. 5    Rituximab prolonged time to treatment failure (TTF) and duration of response when added 
to CHOP chemotherapy. ( a ) TTF after start of therapy with CHOP or R-CHOP. In the R-CHOP 
arm, only 28 of 223 patients experienced treatment failure versus 61 of 205 patients in the CHOP 
arm (P < .001). ( b ) Duration of response after CHOP and R-CHOP. In patients achieving CR or PR 
after initial therapy, a signi fi cantly lower relapse rate was observed after R-CHOP versus CHOP 
(P = .001) (Reproduced with permission Hiddemann et al.  (  2005  ) )       
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secondary to the lymphoma. Numerous single agents and combinations are available 
for treatment of patients with advanced FL. Popular regimens include CVP and 
CHOP (cyclophosphamide, vincristine, and prednisone +/− doxorubicin), nucleoside 
analogue based regimens ( fl udarabine-based regimens being most popular). 
The choice of regimen is individualized to the aggressiveness of the disease and 
the severity of organ compromise (Wilson and Armitage  2008  ) . Rituximab may be 
used as a single agent, with overall response rate of 73% (Hainsworth et al.  2000, 
  2002  ) , or added to combination chemotherapy. Rituximab added to CHOP 
(R-CHOP) resulted in 60% reduction in the rate of treatment failure and signi fi cant 
improvement in OS (Hiddemann et al.  2005  )  (Fig.  6 ) The recently completed large 
PRIMA trial reported that maintenance Rituximab, given for 2 years to patients who 
initially responded to chemotherapy, resulted in doubling of the rate of progression-
free survival (PFS) (Salles et al.  2010  ) . Relapsed patients can be treated with the 
same agents used initially or with novel agents.   

 Autologous stem cell transplantation may be used as a salvage therapy in younger, 
and more  fi t, patients (Wilson and Armitage  2008  ) . Radioimmunotherapy with anti-
CD20 monoclonal antibodies coupled to radioisotopes like iodine-131 and yttrium-90 
have superior activity and are approved for the treatment of relapsed patients with 
FL and there is emerging data that they can be used in the front line in selected 
patients or for “consolidation” after initial response to chemotherapy (William 
and Bierman  2010  ) . Other available strategies include  a -interferon, anti-idiotype 
vaccines, and allogeneic stem cell transplantation. The discussion of the details of 
all of these treatment options is beyond the scope of this chapter. 

  Fig. 6    OS after start of therapy for CHOP or R-CHOP. Median OS has not been reached in either 
group at the conclusion of the study. After 3 years, 6 patients in the R-CHOP arm have died versus 
17 patients in the CHOP arm (P = .016) (Reproduced with permission Hiddemann et al.  (  2005  ) )       
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 Patients with asymptomatic advanced disease, with no evidence of organ 
dysfunction associated with the FL, can be usually managed by watchful waiting 
based on no demonstrable advantage of early vs. delayed treatment in clinical trials 
(Young et al.  1988 ; Ardeshna et al.  2003  ) . There is very recent data suggesting that 
early treatment with Rituximab in asymptomatic patients improves PFS and time to 
new treatment (Ardeshna et al.  2010  ) . These data are encouraging, yet an OS bene fi t 
needs to be demonstrated before being considered practice-changing. Patients with 
grade 3 (especially grade 3b) FL are considered, for all practical purposes, to behave 
like aggressive NHL and should be treated with the same regimens employed for 
aggressive NHL (Ganti et al.  2006  ) . Response to therapy is usually monitored by 
serial clinical assessments (decrease in size of palpable lymph nodes), CT scans, 
serum lactate dehydrogenase levels, and bone marrow biopsies (in certain occa-
sions). Molecular remission can be assessed by PCR that detect the  BCL2 / IGH  
translocation or the speci fi c  IGH  rearrangement present in the clone in blood or 
bone marrow, though clinical reports had been con fl icting if achievement of molec-
ular remission is related to improved clinical outcomes (van Oers et al.  2010  ) .      
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  Abstract   Chronic lymphocytic leukemia (CLL) is a heterogeneous type of malignant 
B cell cancer that occurs in older adults. CLL patients may stay free of cancer symptoms 
for a long period of time and require no treatment. However, malignant progression 
of CLL strikes inde fi nitely in some patients, and such CLL responds poorly to con-
ventional chemotherapies and will eventually acquire chemoresistance. Currently, 
no ef fi cient therapeutic options are available to prevent or stop CLL from progressing 
into an uncontrollable chemoresistant stage. CLL thus remains to be a challenging 
disease that requires research explorations for ef fi cient therapeutic methods. CLL 
cells harbor gene deletions and mutations that continue to accumulate in the course 
of disease progression and chemotherapy. While it is dif fi cult to directly correct 
genetic defects in CLL, we reviewed recent research advancements focusing 
on several crucial molecular pathways that support the proliferative potential of 
CLL. Since molecules in these pathways can contribute to proliferation, survival 
and chemoresistance of CLL, they are potentially useful therapeutic targets. 
We discussed promising methods that have been developed to target functions of 
these molecules. Encouraging results emerged from these continuing research 
efforts have provided a new hope for more ef fi cient treatments and increased survival 
rates for CLL patients.      
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   Introduction 

 Chronic lymphocytic leukemia (CLL) is the most common leukemia in the Western 
world accounting for 30% of adult leukemias. Typically present in older individuals, 
CLL is the result of accumulations of functionally incompetent mature B lymphocytes 
in the blood, bone marrow, and lymph nodes. Cell surface markers (e.g., CD5, CD19, 
CD23 and CD38) together with serum markers (e.g., thymidine kinase and  b 2-
microglobulin) allow unambiguous clinical distinction of CLL from other B cell 
leukemia. Although many genetic aberrations of CLL have been described, it is 
unclear why these defects occur. In fact, there is no single chromosomal aberration 
that can account for all types of human CLL. Different CLL patient samples can 
harbor distinct genetic defects. While genetic defects might directly cause CLL, 
the progress of CLL also drives the occurrence of more genetic defects. Thus, 
the genetic defects in CLL are accumulating during disease progression and 
treatments. 

 While B cells in a healthy person can manufacture a polyclonal repertoire of 
antibodies that contribute to a functional immune system, a CLL patient accumulates 
a monoclonal population of B cells. CLL cells from different patients can be categorized 
into a limited number of clones by their expression of stereotyped B cell receptors 
(membrane-bound IgM/IgD). These B cell receptors are encoded from the same 
immunoglobulin heavy and light chain gene loci. For example, CLL cells have a 
higher frequency of using two heavy chain genes, IGHV3-21 and IGHV1-69, to 
encode their B cell receptors. The use of IGHV3-21 gene also suggests the poor 
clinical outcome of CLL. In addition, the more frequent use of some immunoglobulin 
genes in CLL cells than that in healthy B cells suggest that CLL cells develop from 
antigen-experienced B cells and the development of CLL might be driven by exposure 
to certain antigens. According to this hypothesis, repeated stimulation by some antigens 
may drive B cells to accumulate genetic alterations and to proliferate abnormally. 
These processes eventually contribute to the transformation of normal B cells into CLL. 
However, such a hypothesis requires support by more experimental evidence. 

 Genetic mutations in the B cell genome can lead to the development of CLL. The 
primary function of B cells is to make immunoglobulin against infection and against 
other pathological insults to our body. To produce a repertoire of over 10 11  different 
B cells producing distinctive immunoglobulins, B cells employ gene rearrangement 
mechanisms such as chromosomal translocations to recombine different regions 
of the immunoglobulin genes. In the pro-B cell stage, rearrangement of the 
immunoglobulin heavy chain variable regions occurs with the initial joining of a D 

H
  

gene segment to a J 
H
  gene segment, followed by the later rearrangement of a V 

H
  gene 

segment to the joined DJ 
H
 . Such a process is followed by the pre-B cell phase 

in which subsequent rearrangements of the immunoglobulin light chain occur by 
joining a V 

L
  and a J 

L
 . These gene rearrangement mechanisms, when not properly 

regulated, can cause cancerous transformation of B cells. In many B cell malignancies, genes 
that regulate the cell cycle are reported to be joined mistakenly to the immunoglobulin 
promoter region, leading to their overexpression and increased cell proliferation. 
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CLL cells rarely harbors such aberrant chromosomal rearrangements that are 
responsible for many other types of B cell leukemia and lymphoma; instead, CLL 
cells harbor more complicated genetic alterations that make CLL a very challenging 
type of B cell malignancy to manage clinically (Cotter and Auer  2007 ; Dohner et al. 
 2000 ; Karhu et al.  2003  ) . 

 In addition to chromosomal rearrangements, B cells employ a gene-mutating 
mechanism assisted by an enzyme called activation-induced cytidine deaminase 
(AID). AID performs somatic hypermutation in the immunoglobulin genes allowing 
B cells to produce immunoglobulins of higher af fi nity to bind to antigens. Somatic 
hypermutation, if not con fi ned to immunoglobulin genes, can activate oncogenes 
or inactivate tumor suppressors, and contribute to the transformation of B cells into 
B cell leukemia and lymphoma. In fact, elevated levels of AID are often observed in 
advanced CLL cases (Albesiano et al.  2003 ; Hancer et al.  2011  ) . 

 CLL is still incurable and conventional therapies focus on the management of 
disease symptoms in CLL patients. Although CLL may respond to chemotherapy or 
chemo-immunotherapy regimens initially, CLL develops resistance to treatments 
within a short period of time. Relapsed CLL responds to treatments poorly, and 
allogenic stem cell transplantation is the only alternative for a small group of patients. 
Because CLL cells carry gene defects, it justi fi es research efforts in identifying 
new ways to correct their genetic alterations. To correct genetic alterations in CLL 
is a challenging task. Alternatively, the information of genetic alterations carried 
by CLL cells can be used to carefully categorize CLL into subgroups. A thorough 
research on CLL cells harboring similar genetic alterations will help to devise 
the most suitable treatment plan for each distinctive CLL subgroup. To expand the 
treatment options, it also becomes important to identify and investigate common 
molecular pathways shared by all types of CLL cells to support their survival 
and confer their chemoresistance. In this article, we will discuss about some of 
these pathways as well as the methods that can be used to target these pathways.  

   Chromosomal and Epigenetic Changes 

 Although chromosomal rearrangements are rare in CLL, gene aberrations are found 
in more than 80% CLL patients (Dohner et al.  2000  ) , and these at least include tri-
somy 12 and chromosomal deletions in 13q, 11q and 17p, among other genetic 
defects. Trisomy 12 and 13q deletion are associated with early-stage CLL, and little 
is known about the contribution of trisomy 12 to the pathogenesis of CLL. 
Chromosomal analysis of the deletion at 13q leads to the discovery of two microRNA 
genes, miR-15a and miR-16-1. The loss of miR-15a and miR-16-1 expression leads 
to upregulation of an anti-apoptotic protein BCL2, accounting for the contribution 
of 13q deletion in CLL pathogenesis. Deletions in 11q and 17p (and TP53 mutations) 
are often found in more advanced CLL cases. Deletions in chromosome 11q result 
in the loss of a tumor suppressor gene, ataxia-telangiectasia-mutated (ATM), which 
encodes a protein kinase that can activate apoptosis in the cells that contain DNA 
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double-strand breaks, and directly maintain DNA ends during the repair of double-
strand breaks. On chromosome 17p encodes the p53 tumor suppressor, which has 
important roles in DNA repair, cell cycle arrest upon DNA damage, and induction 
of apoptosis. CLL cells that resist to chemotherapeutic treatments are often found to 
acquire mutations in their p53 gene (TP53). 

 TCL1 (T cell lymphoma 1) was  fi rst discovered as an oncoprotein contributing to 
the occurrence of T cell pro-lymphocytic leukemia. Overexpression of TCL-1 is a 
result of chromosomal translocations and inversions at 14q31.2 (Virgilio et al.  1994  ) . 
Although such a chromosomal defect has not been found in B cell leukemia or lym-
phoma, TCL-1 expression is found in most human CLL patients (Herling et al.  2006 ; 
Kriss et al.   2012 ). TCL-1 overexpression in CLL cells has been shown to associate 
with unmutated IGHV (see below), higher expression levels of ZAP70 (zata-associ-
ated protein 70) and strong BCR activation, all of which are poor prognostic markers 
for CLL (Herling et al.  2006,   2009 ; Pekarsky et al.  2006  ) . Abnormal epigenetic regu-
lations (miRNA and DNA methylation) in CLL cells have been shown to account for 
the overexpression of TCL1 and ZAP70. Strikingly, forced expression of TCL-1 
alone in mouse B cells can drive the development of CLL, providing an invaluable 
mouse model for investigating the disease (Bichi et al.  2002  ) .  

   Microenvironment 

 CLL cells can create microenvironments in the lymphoid organs to support their 
growth and survival. By the recruitments of T cells, stromal cells and survival fac-
tors into the lymph nodes, CLL cells can create proliferation centers, called pseudo-
follicles. Surrounding these CLL pseudofollicles one often identi fi es the CD3+/
CD40L+/CD4+ T cells, which can stimulate the proliferation of CLL cells as a 
result of CD40-CD40L interaction (Ghia et al.  2005 ; Granziero et al.  2001  ) . CD40-
CD40L interactions also cause CLL cells to express and secrete survivin at high 
levels in the pseudofollicles to inhibit apoptosis (Granziero et al.  2001  ) . CLL cells 
after contacting with CD4+ T cells begin to produce CD38 (Patten et al.  2008  ) . 
These CD38+ CLL cells become hyperproliferative and anti-apoptotic by interact-
ing with blood-derived nurse-like cells which can produce the stromal cell-derived 
factor 1 (a.k.a. CXCL12) and TNF-like ligands (APRIL and BAFF) to stimulate the 
growth of CLL cells (Kern et al.  2004 ; Novak et al.  2002 ; Tsukada et al.  2002  ) . 
Thus, the presence of CD38+ CLL cells often predicts poor clinical outcomes 
(Damle et al.  1999,   2007 ; Krober et al.  2002  ) .  

   Targeting Microenvironments Created by CLL Cells 

 Thalidomide and lenalidomide are immunomodulatory agents that exert numerous 
cellular functions. In addition to countering the T cell function in forming growth-
stimulating immunological synapses with CLL cells (Ramsay et al.  2008  ) , they can 
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stimulate the expansion of natural killer cells leading to tumor lysis. In addition, 
lenalidomide also upregulates surface expression of CD154 (CD40L) on CLL cells 
and normal B cells, but only sensitizes CLL cells to tumor necrosis factor-related 
apoptosis-inducing ligand (TRAIL)-mediated apoptosis (Lapalombella et al.  2010  ) . 
Since the expression of CD154 in normal B cells enhances their functions in 
antibody production, thalidomide and lenalidomide can thus be applied to CLL 
patients to add on bene fi cial clinical outcomes.  

   Aggressive CLL Is a Consequence of Constant B 
Cell Receptor Activation 

 Sequence analysis of immunoglobulin variable heavy chain genes (IGHV) reveals 
two distinct types of CLL: IGHV-unmutated CLL versus IGHV-mutated CLL (Fais 
et al.  1998  ) . IGHV-unmutated CLL is de fi ned when the nucleotide variation at 
the immunoglobulin gene loci of the patient’s CLL cells is not exceeding 2% 
when compared to the germline sequence in the same patient. The 2% variation 
rate is an empirical cutting point. A gray zone ( fi ckle clinical outcomes) exists for 
patients whose CLL cells contain a sequence variation between 2 and 3% (Hamblin 
et al.  2008  ) . Nevertheless, sequencing CLL patient’s immunoglobulin genes 
has allowed medical doctors to predict distinct disease outcomes for CLL patients. 
The IGHV-mutated CLL patients indeed survive signi fi cantly longer than those 
diagnosed with the IGHV-unmutated CLL (Damle et al.  1999 ; Hamblin et al.  1999 ; 
Krober et al.  2002  ) . 

 Aggressive IGHV-unmutated CLL cells are responsive to B cell receptor (BCR) 
activation, and such constitutive BCR signal transduction allows CLL cells to sustain 
their highly proliferative capability. IGHV-mutated CLL cells are less responsive to 
BCR activation and are thus less proliferative (Chen et al.  2005 ; Guarini et al.  2008 ; 
Lanham et al.  2003 ; Mockridge et al.  2007 ; Muzio et al.  2008  ) . Since the aggres-
siveness of IGHV-unmutated CLL cells are associated with their capability to 
respond to BCR activation, it is reasonable to target molecular components in the 
BCR signal transduction pathway as ef fi cient measures of therapeutic intervention. 
In normal B cells, BCR signal transduction is induced when the membrane-bound 
immunoglobulin IgM encounters its cognate antigen on the cell surface. Membrane-
bound IgM has a short cytoplasmic domain, and so a functional BCR must contain 
an IgM and its associated disul fi de-linked Ig a /Ig b  heterodimer. Both Ig a  and Ig b  
contain the immunoreceptor tyrosine-based activation motifs (ITAM) that can be 
phosphorylated by the GPI-anchored Lyn kinase. Phosphorylated Ig a /Ig b  then 
recruits the Syk kinase. The phosphorylation of the Syk kinase is followed by phos-
phorylation of a number of kinases that include Btk and PI3K. Activation of these 
kinases ensures the initiation of a series of distinct downstream signal transduction 
cascades, leading to B cell proliferation and differentiation. Similar BCR signal 
transduction pathways are believed to occur in CLL cells upon stimulation. Different 
from activation in normal B cells, ZAP70 (zeta-associated protein 70), an essential 
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tyrosine kinase in T-cell signaling is frequently found overexpressed and activated 
in CLL cells. Although ZAP70 is not expressed by normal B cells, it has been 
shown to contribute to strong BCR response in malignant CLL cells.  

   Targeting B Cell Receptor Signaling for the Treatment of CLL 

 Selective small-molecule chemical inhibitors of kinases in the BCR signal transduc-
tion pathway have been developed and are currently being tested in early phase 
clinical trial in patients with relapsed or refractory CLL, opening a new pharmaco-
peia for CLL where for decades nucleoside analogs, alkylating agents and monoclo-
nal antibodies have remained the mainstay of therapy. CAL-101 is an isoform-selective 
inhibitor of PI3K d  that has been reported to exert therapeutic activity in refractory 
CLL with an overall response of 30% of the patients (Herman et al.  2010  ) . Small-
molecule inhibitors for the Syk kinase (Fostamatinib) and for the Btk kinase (PCI-
32765) are also being tested in CLL patients with encouraging results and overall 
responses of 55–60% in the patients (Friedberg et al.  2010 ; Gandhi  2010  ) .  

   Expression of Toll-Like Receptors in Normal B 
Cells and CLL Cells 

 In addition to their cognate antigens, B cells can also be activated by ligands for 
Toll-like receptors (TLRs). It has been established in cell culture system that 
lipopolysaccharide (LPS) or the unmethylated CpG oligodeoxynucleotides alone 
can stimulate mouse B cells to proliferate and differentiate into antibody-producing 
plasmablasts (Coutinho et al.  1974 ; Krieg et al.  1995  ) . LPS and CpG are recognized 
by pattern recognition receptors TLR4 on cell surface and TLR9 in the endosomes, 
respectively. In addition to LPS and CpG, other TLR ligands that can trigger B cells 
to proliferate include peptidoglycan and Pam 

3
 CSK 

4
  (TLR1/2), bacterial lipoproteins 

and MALP2 (TLR2/6), dsRNA (TLR3), ssRNA and imidazoquinolines (TLR7 and 
TLR8), and pro fi lin-like molecules (TLR11). Mouse B cells do not respond to 
 fl agellin, due to the lack of TLR5 expression (Genestier et al.  2007  ) . Normal human 
B cells do not express TLR4 (Bourke et al.  2003  ) , and thus are unresponsive to LPS. 
Other than enhancing antibody-mediated defense against infections (Meyer-
Bahlburg et al.  2007  ) , activation of TLRs in B cells also has important physiological 
functions in the immunoglobulin isotype switching (He et al.  2004  )  and maintenance 
of memory B cells. Human CLL cells have been shown to express TLR7 and TLR9. 
Because human CLL cells are heterogeneous, TLR expression patterns in different 
types of human CLL cells have not been systematically examined.  



49Chronic Lymphocytic Leukemia: From Pathobiology to Targeted Therapy

   Targeting TLRs for the Treatment of CLL 

 Because dendritic cells are activated upon stimulations that engage their TLRs, 
some TLR agonists have been used in clinical trials to improve tumor antigen 
presentation by dendritic cells to promote T cell-mediated eradication of cancer 
(Krieg  2008  ) , which includes CLL. However, before TLR agonists can be used as 
therapeutics, expression patterns of TLRs and consequences of administration 
should be carefully evaluated since different types of CLL cells may respond dif-
ferently to activation of TLRs. An example posits that even when the same TLR 
agonist is administered, strikingly opposite results can be observed in different 
types of human CLL cells. CpG-mediated activation of TLR9 causes the IGHV-
mutated CLL cells to undergo apoptosis, but it promotes the IGHV-unmutated 
CLL cells to proliferate (Jahrsdorfer et al.  2005 ; Longo et al.  2007  ) . Such results 
highlight the potential use of TLR agonists in some CLL patients, but a thorough 
investigation on the clinical consequences brought by TLR activation in each type 
of human CLL cells is required.  

   Roles of Chaperone Proteins in the Development 
and Treatment of CLL 

 Because CLL cells harbor genetic heterogeneities, it has been proposed that treat-
ments should target respective genetic defects in patients. However, it might be 
possible to  fi nd a survival pathway that all CLL cells share, and target such a 
pathway for treatment. For example, tumor cells often upregulate chaperones to 
sustain their survival and to confer chemoresistance. GRP78/BiP and GRP94 have 
been targeted by a select group of inhibitors, leading to encouraging clinical out-
comes in CLL treatments. For example, geldanamycin and herbimycin A were 
used as inhibitors for GRP94. Both inhibitors can induce apoptosis in CLL and 
can synergize with chlorambucil and  fl udarabine in killing a subset of CLL cells 
(Jones et al.  2004  ) . GRP78/BiP downregulation by siRNA has also been shown to 
induce apoptosis in CLL (Rosati et al.  2010  ) . Other than BiP siRNA, subtilase 
cytotoxin which speci fi cally cleaves and inactivates GRP78/BiP has been used to 
disrupt the cytoprotective effect of GRP78/BiP in fenretinide- or bortezomib-
treated melanoma (Martin et al.  2010  ) . Because subtilase cytotoxin also blocks 
antibody secretion from normal B cells (Hu et al.  2009  ) , a concern arises that such 
a treatment regimen may hinder B cell help in the elimination of tumors. CLL is 
a result of the abnormal expansion of a monoclonal B cell population, thus 
 subtilase cytotoxin might serve as an attractive agent to be tested in the treatment 
of CLL.      
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  Abstract   Multiple myeloma is an incurable hematopoietic malignancy linked to 
more than 10,000 deaths annually. This dyscrasia is associated with signi fi cant 
co-morbidities as a result of the clonal expansion of bone marrow resident, immuno-
globulin secreting, plasma cells. As will most cancers, myeloma tumorigenesis is a 
de fi ned by both genetic transforming events and the growth and survival factors 
provided by the bone marrow microenvironment. The earliest genetic aspects of 
myeloma tumorigenesis have been shown to result from non-random translocations 
of genes that normally function as determinants of cell proliferation or cell survival 
to regions juxtaposed to active immunoglobulin heavy chain (IgH) enhancer elements, 
Secondary somatic mutations are then acquired that affect oncogenic signaling via 
Ras, Raf, NF- k B, FGFR3, or myc. Further, the loss of tumor suppressor function 
with deletion of the short of arm of chromosome 17 as later events. These events have 
been characterized over the last several decades and provide a model for the progres-
sion from the premalignant MGUS (monoclonal gammopathy of undetermined 
signi fi cance), to smoldering myeloma, to active myeloma, to extramedually plasma 
cell leukemia, and cells lines. Even in the setting of a genetic disease, it has long been 
appreciated that the bone marrow microenvironment also promotes multiple myeloma 
cell pathogenesis and has become an important target for therapeutic intervention. 
With increased understanding of the both the genetics of myeloma and the bone 
marrow niche numerous novel therapies are underdevelopment that will be discussed 
within this book chapter with the anticipation of improved clinical outcomes.      

    K.  H.   Shain ,  M.D., Ph.D.  
     Experimental Therapeutics Program ,  H. Lee Mof fi tt Cancer Center and Research Institute ,
  Tampa ,  FL ,  USA    

    W.  S.   Dalton ,  Ph.D., M.D.   (*)
     Experimental Therapeutics Program, Departments of Experimental Therapeutics 
and Oncologic Sciences ,  H. Lee Mof fi tt Cancer Center and Research Institute, 
University of South Florida ,   12902 Magnolia Drive ,  Tampa   33612 ,  FL ,  USA    
e-mail:  william.dalton@mof fi tt.org   

      Genetic and Environmental Determinants 
in Multiple Myeloma: Implications for Therapy       

      Kenneth   H.   Shain        and    William   S.   Dalton           



54 K.H. Shain and W.S. Dalton

   Introduction 

 Multiple Myeloma is a mortal hematologic malignancy of bone marrow resident 
plasma cells. Myeloma tumorigensis is a de fi ned by both genetic transforming 
events and the growth and survival factors provided by the bone marrow microenvi-
ronment. Despite an incredible amount of research, myeloma remains incurable due 
to both genetic and environmental factors. This plasma cell disorder was diagnosed 
in 20,180 individuals in 2010 and linked to 10,650 deaths representing 2% of all 
cancers and 15% of hematopoietic malignancies (Rajkumar  2011  ) . The a median 
age of diagnosis remains 69–71, with less than 2% of diagnoses in individuals 
younger than 40. The incidence is slighter higher in men than woman, in African 
American individuals than white, and in  fi rst-degree relatives of individuals with B 
cell malignancies. Risk for myeloma has been linked to a number of potential 
environmental sources including radiation exposure, agent orange exposure, pesti-
cides, organic solvents, cosmetic hair dyes, viral hepatitides and most recently with 
exposure in younger “ fi rst responders” at Ground Zero following the World Trade 
Center tragedies (Moline et al.  2009  ) . However, de fi nitive links between the inciting 
etiology and myeloma remain enigmatic and controversial. 

 This plasma cell dyscrasia is associated with signi fi cant co-morbidities as a result 
of the clonal expansion of bone marrow resident, immunoglobulin secreting, plasma 
cells. Myeloma is associated with de fi ned systemic manifestations leading to end 
organ damage. The presence of myeloma-induced hyper c alcemia,  r enal insuf fi ciency, 
 a nemia, and/or  b oney lytic lesions is a prerequisite for diagnosis and treatment of 
this plasma cell dyscrasia. An increased rate of serious  i nfections is a frequently 
included as a  fi fth; thereby de fi ning the CRAB-I criteria (Fig.  1 ). The presence of 

  Fig. 1     Multiple myeloma.  Multiple myeloma is an incurable malignancy of bone marrow resident 
plasma cells ( a ) that secrete a monoclonal immunoglobulin or “M-spike” on protein electrophoresis 
( b ). Myeloma is characterized by classic stigmata of end organ damage including hyper c alcemia 
( f ),  r enal insuf fi ciency due to light chain deposition ( e ),  a nemia ( d ), and  b oney lytic lesions ( c ) or 
the CRAB criteria. A  fi fth criteria, increased  i nfections, is frequently considered (CRAB-I) (Kyle 
and Rajkumar  2009  )        
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one or more of these  fi ve criteria necessitates a need for treatment. As one can imagine, 
from this list of CRAB-I criteria the presentation of myeloma varies widely; from 
asymptomatic, to fatigue (anemia), to altered mental status (hypercalcemia), to 
renal failure requiring hemodialysis, to skeletal fractures (lytic disease), and to life 
threatening infections (immune suppression). Together with mortal nature of multiple 
myeloma, the potential of these co-morbidities provides a signi fi cant impetus to devine 
new and better therapies to overcome this disease. To do so, decades of clinical and 
preclinical research has been carried to better understand the biology of myeloma as 
well as the bone marrow niche in which it resides.   

   Progression of Multiple Myeloma 

 Myeloma has been long understood to follow a model for the progression from the 
premalignant MGUS (monoclonal gammopathy of undetermined signi fi cance), 
smoldering multiple myeloma (SMM), active multiple myeloma (AMM), and to 
extramedullary plasma cell leukemia (PCL) (Fig.  2 ). Although individuals may 
present at any stage of disease, it is widely anticipated that myeloma progresses 
from the premalignant MGUS (Weiss et al.  2009  ) . MGUS is a clonal plasma cell 
disorder categorized by a relatively low burden of clonal plasma cells (less then 3 g/dL 
and less than 10% bone marrow plasma cells (BMPC)) and the absence of end 
organ dysfunction (no CRAB-I). The incidence of MGUS increases with age from 
<5% in individuals less than 50 to nearly 8–9% in patients greater that 80 years old 
(Weiss et al.  2009 ; Bida et al.  2009  ) . MGUS is a relatively benign  stage  with a rate 
of progression to AMM of approximately 1% per annum (Kyle et al.  2010 ). However, 
based on speci fi c criteria individuals may be at greater risk than other for progres-
sion. The risk factors include (1) Monoclonal paraprotein (>1.5 g/dL), (2) abnormal 
serum free light chain ratio (SFLC: >1.62 or <0.26), and (3) non-IgG immuno-
globulin. Utilization of these parameters patients can be subdivided into low, low-
intermediate, high-intermediate, and high risk strata with 5, 21, 37, and 58% 20-year 
progression rates, respectively. More recently, analysis of (Dispenzieri et al.  2008 ) 
MGUS patient with multi-parameter  fl ow cytometry revealed that a threshold of 
>95% aberrant plasma cells/BMPC, aneuploidy, and immunoparesis also provided 
prognostic progression rate data. MGUS patients should be monitored semi- 
annually, but treatment is not indicated. SMM is de fi ned by an increase burden of 
disease with  ³ 3 g/dL of paraprotein or  ³ 10% BMPC, and the absence of end organ 
damage (no CRAB-I). Like MGUS, SMM can follow a relatively benign course. 
However, the rate of progression is approximately 10% per annum for the  fi rst 
3–5 years (Blade et al.  2010 ). The risk then tapers to that of MGUS within 5–10 years. 
Risk factors have been identi fi ed that subdivide SMM patient in low, intermediate, 
and high risk groups based on the percent BMPC (>10%), M-spike (>3 g/dL), and 
abnormal SFLC ratio (>8 or <0.125) (Blade et al.  2010 ). The median time to 
progression to AMM is 10, 5.1, and 1.9 years with 1, 2, or 3 risk factors, respec-
tively. Monitoring at 2–4 month intervals is recommended (Blade et al.  2010 ). 
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For individuals with high or intermediate risk SMM (as de fi ned above), prevention 
trials should be recommended if available. Lastly, arguments can be made to initiate 
treatment on SMM patients with greater than 60% BMPC even in the absence of 
CRAB-I because of the extremely short time to progression (Rajkumar  2011  ) . 
Active multiple myeloma generally refers to individuals with evidence of end organ 
damage as de fi ned by the CRAB-I criteria.  

 PCL (secondary or primary) represents that most aggressive variant in the myeloma 
spectrum. PCL is de fi ned as secondary (with an antecedent medullary myeloma 
{40%}) or primary (no antecedent medullary disease {60%}). In either case, PCL 
is diagnosed with the identi fi cation of a population of clonal plasma cells representing 
greater then 20% of the total peripheral blood mononuclear cells or a an absolute 

  Fig. 2     A multi-step progression of MM.  Myeloma follows a continuum from pre-malignant 
MGUS, to smoldering/indolent MM, to an active intramedullary stage, and  fi nally to extramedul-
lary disease (secondary Plasma Cell Leukemia ( PCL )). Importantly, progression through this 
model parallels an accumulation of karyotypic abnormalities. Identi fi cation of a number of these 
karyotypic alterations have revealed a multi-step pathogenesis of MM. Examination of patient 
DNA has demonstrated a progression from primary Ig-translocations (cyclin D1 t(11q13), cyclin 
D3 (6p21), FGFR3 (4p16.3), and c-maf (16q23), chromosome 13 deletions, activating somatic 
mutations (Ras and FGFR mutations), and secondary Ig-translocations or insertions (c-myc). 
Importantly, these are the most prevalent mutations observed. This progression also parallels the 
changes in the requirement of prosurvival and proliferative effectors of the bone marrow niche as 
well as the onset of end organ damage CRAB-I)       
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plasma cell count of greater then 2000. Typically patients will present with a signs 
and symptoms of both AMM (CRAB-I) and leukemia (neutropenia, thrombocytopenia, 
and hepatosplenomegaly). This plasma cell dyscrasia has the worst prognosis with 
historical median overall survivals less than a year (Sher et al.  2010 ).  

   Genetic Contributions to Multiple Myeloma 

 Multiple myeloma lies along a continuum from the normal plasmablast to premalignant 
MGUS, to SMM, AMM, and to PCL in its most advanced form (Fig.  2 ). As with all 
cancers, multiple myeloma results from a sequence of genetic alterations within a 
malignant clone that facilitates an escape from the programmed constraints governing 
proliferation and death. It has been proposed that these initial requirements are at 
least partially ful fi lled by the non-random translocation of a gene(s) that normally 
function as determinants of cell proliferation or cell survival to regions juxtaposed 
to active IgH enhancer elements located on the long arm of chromosome 14 (less 
frequently light chain enhancers; chromosome 2 and 22) that occur secondary to 
errors IgH switch recombination. These genetic alterations, in turn, facilitate the 
over-expression and activity of an oncogene (primarily MMSET, FGFR3, CCDN3, 
CCDN1, c-MAF, and MAFB) driving transformation and are observed in the 
premalignant condition MGUS (Table  1 ). Alternately, there exist a group of patients 
(approximately 50%) that do not present with these predictable translocations. 
Instead these patient’s myeloma cells are characterized by increased genetic material 

   Table 1    Genetic anomalies de fi ning High Risk Multiple Myeloma      

 High risk  Proposed gene target  Rate myeloma patients (%) 

 Deletion 13 or Aneuploidy by metaphase 
analysis* 

 Rb  50 a  

 t(4;14) by FISH  MMSET/FGFR3  15 
 t(14;16) by FISH  c-maf  6 
 t(14;20) by FISH  MAFB  1–2 
 Deletion 17p by FISH  p53  8 
 Hypodiploidy 
 Plasma cell labeling index >3.0 
 Standard risk 

 Hyperdiploidy by FISH  50–60 
 t(11;14)  Cyclin D1  20 
 t(6;14)  Cyclin D3  1 

  Patients with t(4;14),  b 2M<4 mg/l and Hb ³ 10g/dl may have  intermediate risk  disease 
 Patients with addition of chromosome 1q21 or deletion of 1p32 may have High Risk disease, 
occurring in 35 and 30% of patients, respectively 
 Treatment with Bortezomib and Dexamethasone containing regimens may overcome the High risk 
features of del 13 or t(4;14) having an  intermediate risk  disease 
  a 50% of myeloma patients have monosomy or deletions of chromosome 13, not all are quanti fi able 
by metaphase cytogenetic 
  * Deletion 13 by FISH only does not constitute High Risk  
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or hyperdiploidy (>2N DNA content). Thereby, facilitating a general dichotomous 
de fi nition of myeloma patients in to groups of non-hyperdiploid multiple myeloma 
(NH-MM) or hyperdiploid multiple myeloma (H-MM- see below). It has been postulated 
that these two major divisions NH-MM (with associated translocations) and H-MM 
represent early transforming events in myeloma (Sawyer  2011  ) .  

   Translocation (4;14)(p16;q32) –MMSET/FGFR3 

 Although not the  fi rst translocation identi fi ed t(4;14)(p16;q32) has been one of the 
most studied. It is identi fi ed in approximately 13–15% of patients and is associated 
with more aggressive disease and shorter disease free intervals (Rajkumar  2011  ) . 
Like most of the translocations discussed it was initially identi fi ed in MM cell lines, 
but not by conventional karyotyping (Kyle and Rajkumar  2008 ), t(4;14) is cryptic 
in nature requiring FISH (or Polymerase chain reaction (PCR)) for identi fi cation. 
This translocation involves the juxtaposition of two genes of the telomeric side of 
4p16, MMSET and FGFR3, with Ig enhancer elements. The translocation facili-
tates the increased production of Fibroblast Growth Factor Receptor 3 in myeloma 
cells and transformation. Interestingly, reports demonstrate that between 25 and 30% 
of patients harboring this translocation did not expression FGFR3. This observation 
lead to the identi fi cation of MMSET (multiple myeloma SET domain gene) as 
another gene product involved in the translocation. Although the true function of the 
MMSET-Igh chimeric protein has yet to be determined outright, it is present in all 
t(4;14) anomalies. To this end, it has been proposed to be the primary oncogenic 
event in this translocation. This translocation has been hypothesized to facilitate 
the transformation of plasma cells to MGUS, t(4;14) tends to be slightly underrep-
resented in MGUS relative to AMM; thereby may be a later or secondary transform-
ing event hailing progression from MGUS to SMM or AMM. To this end, may not 
truly represent an initiating genomic event.  

   Translocation (6;14) and t(11;14)(q13;q32)-Cyclin D3 
and Cyclin D1 

 These translocations involve cyclin D3 (t(6;14)) and cyclin D1 (t(11:14)(q13;q32)) 
to important determinants of cell cycle progression. Little is known about the clinical 
signi fi cance of the cyclin D3 translocation, but it has been identi fi ed in ~4% of 
myeloma patients. The translocation involving cyclin D1 was the  fi rst translocation 
identi fi ed in association with myeloma and is identical to that characterized in 
Mantle Cell Lymphoma (MCL). It is observed in approximately 15–20% of myeloma 
patients making it the most common translocation in myeloma. Throughout its 
history t(11;14) has been linked to both poorer and improved risk. Today, it is generally 
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considered neutral and patients harboring this translocation are deemed standard 
risk. However, it is apparent that even within this subgroup of myeloma patients 
there is a large degree of heterogeneity in terms of risk. This is especially true when 
considering the high rate of t(11;14) observed in PCL.  

   Translocation (14;16)(q32; q23) and t(14;20)(q32;q11) –c-MAF 
and MAFB 

 These translocations are unique to myeloma. The t(14;16)(q32;q32) juxtaposes the 
v-maf muscolaponeuronic  fi brosarcoma oncogene (MAF) to the IgH elements facili-
tating its overexpression. The MAF transcription factor has been demonstrated to 
regulate the expression of cyclin D2 (CCDN2) and beta 7 integrin (INTB7). This trans-
location is observed in approximately 6% of myeloma patients and is associated 
with a more aggressive clinical course and shorter disease free interval. The t(14;20)
(q32;q11) is more rare representing less than 2% of myeloma patients and is also 
presumed to be associated with poorer prognosis. Interestingly, MAF is also overexpressed 
in a number of myeloma patients in the absence of translocation providing further 
evidence of the importance of this transcription factor in the pathogenesis of myeloma.  

   Hyperdiploidy and Trisomy 

 The most frequent abnormality in myeloma remains hyperdiploidy, observed in the 
majority of patients. As with the above listed predictable translocations, H-MM 
has been proposed to represent an early transforming event in myeloma. These 
patients contain myeloma cells with greater than 2N DNA content and is character-
ized by the trisomy in odd numbered chromosomes most frequently 9, 11, and 15. 
Trisomies of 3, 5, 7, 19, and 21 are also observed at lower frequencies. The manner 
in which trisomies contribute to myeloma remains unde fi ned. However, has been 
hypothesized that trisomies contribute to myeloma cell proliferation and survival 
via a genome dosage effect. 

 Hyperdiploidy has generally been associated with better prognosis. However, as 
can be imagined in a group that makes up at least 50% of myeloma patients there 
is a signi fi cant degree of heterogeneity. A number of studies have looked into this 
population of patients (Chng et al.  2006 ). Most recently, gene expression pro fi ling 
of H-MM revealed four separate subgroups. Chng et al. demonstrated that “cluster 
1” was associated with poorer prognosis relative to the other three clusters and 
increased proliferative rate (Chng et al.  2006 ). Interestingly, this cluster was also 
characterized by a large number of genes localizing to chromosome 1. There are 
additional lesions that have been associated with poorer prognosis in H-MM 
patients including, but is not limited to IgH translocations with unknown partners 
and deletion 13 (Chng et al.  2006  ) .   
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   Loss of Tumor Suppressor Genes 

 Loss of tumor suppressors are also observed in patients with MGUS. These include 
loss of chromosome 13 (or long arm 13q) or deletion of the short arm of chromo-
some 17 (del17p). However, unlike losses of chromosome 13 (del13p), deletions of 
17p are generally considered a later event with increasing rates with progression to 
AMM and PCL (Kyle and Rajkumar  2009  ) . 

   Deletion of Chromosome 13 

 Loss of chromosome 13 was the  fi rst genetic event associated with myeloma by 
molecular pro fi ling with metaphase cytogenetics. Deletion of chromosome 13 has 
been linked with more aggressive disease and a shorter progression free survival relative 
to patients without this anomaly (Tricot et al.  1995  ) . However, there has been a subtle 
shift toward the hypothesis that the unfavorable prognostic relevance of monosomy 
13 may be attributable to the associated molecular anomalies ( e.g.  t(4;14)). 
Chromosome 13 losses are observed in approximately 50% of myeloma patients. 
Monosomies are seen in at least 85% of these cases with deletions representing the 
other 15% (Sawyer  2011  ) . As we have presumed in this chapter, the contribution of 
chromosome 13 losses to myeloma are related to the loss of the  RB1  (retinoblastoma 
1) tumor suppressor. However, this has yet to be de fi nitively elucidated and other 
candidate genes have been identi fi ed. For instance, the tripartite motif containing 13 
(TRIM13) tumor suppressor may also be involved (Elnenaei et al.  2003  ) . More 
recently, analysis of plasma cell dyscrasia patients with novel array comparative 
genomic hybridization (aCGH) strategy de fi ned the 13q14 and 13q13 regions that 
affected the  RB1  and  NBEA  genes in patients with chromosome 13 deletions (each in 
40% of the 20 myeloma and MGUS patients examined) (O’Neal et al.  2009 ). The 
gene product of  NBEA  has been implicated in membrane traf fi cking in neurons and 
PKA binding. Currently, no speci fi c role for NBEA has been identi fi ed in cancer.  

   Deletion of Chromosome 17p 

 Loss of the short arm of chromosome 17 (17p13) represents the most clinically 
signi fi cant anomaly associated with multiple myeloma. Patients harboring dele-
tion of 17p have short disease free survival, signi fi cantly foreshortened overall 
survival, more aggressive disease, and propensity for extramedullary disease 
(Kyle and Rajkumar  2008 ). Del17p is observed in 10% of myeloma patients. This 
event is linked to the loss of the tumor suppressor p53 (TP53) and presumed loss 
of heterogeneity. However, identi fi cation of TP53 mutations are rare in myeloma 
and remain almost exclusive to myeloma cell lines. As with loss of chromosome 13, 
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additional genes may be important in the poor outcomes associated with del17p. 
Regardless of the gene(s) target, this chromosomal anomaly remains the most 
clinically signi fi cant issues and represents are group of patients that have a very 
limited life span.  

   Chromosome 1 Aberrations 

 Chromosome 1 anomalies represent the most common structural aberrations in 
myeloma. Changes in chromosome 1 primarily involve deletions of the short arm 
of chromosome 1 (1p) and ampli fi cation of the long arm (1q) (Sawyer  2011  ) . Of 
primary importance is the unfavorable prognosis in individuals carrying deletion 
of 1p21 (Sawyer  2011 ). This anomaly is reported in approximately 30% of 
myeloma patients and is de fi ned by varying interstitial deletions spanning the 
region from 1p13 to 1p31 (primarily 1p21). Of note, in the short arm of chromo-
some 1, a rare recurring reciprocal translocation has been reported involving  MYC  
(Sawyer  2011  ) . This t(1;8)(p12;q24) juxtaposes  MYC  to 1p12 representing a sec-
ondary aberration. 

 The long arm of chromosome 1 is also involved, characterized by the ampli fi cation 
of the 1q21 region in MM. This anomaly is has been demonstrated in between 35 
and 40% of newly diagnosed myeloma patients by FISH. Consistent with the highly 
signi fi cant chromosome instability, ampli fi cations in this region are seen in 70% of 
patients with relapsed disease (Hanamura et al.  2011 ).    There remain a large num-
ber of potential gene targets within this region of 1q in myeloma, including MUC1, 
MCL1, PDZK1, IL6R, BCL9, CKS1B, PSMD4, UBAP2L, UBE2Q1, and ANP32E 
(Sawyer  2011  ) . It is important to note that although chromosome 1 anomalies are 
hypothesized to correlate with unfavorable prognosis, there remains some contro-
versy in using these abnormalities to de fi ne risk.   

   Secondary Mutations 

 Further progression form MGUS to AMM has been shown to correlate with activat-
ing mutations in RAS (NRAS & KRAS), FGFR3, and TRAF3 correlate with pro-
gression or relapse (Fig.  2 ) (Lonial  2010 ; Chapman  2011 ; Sawyer  2011 ). KRAS and 
NRAS mutations are seen in less than 5% of MGUS patients, but activating muta-
tions targeting codons 12, 13, or 61 are seen in 40% of myeloma patients (60% 
NRAS and 40% KRAS) (Sawyer  2011  ) . Activating mutations in FGFR3 are also 
observed in approximately 10% of patients with t(4;14). Importantly, the presence 
of a RAS or an FGFR3 mutation is mutually exclusive suggesting that they serve 
redundant pathways in the transformation from MGUS to AMM. More recently, 
activating mutations in BRAF have been identi fi ed via genome sequencing of 
myeloma patients (Chapman et al.  2011 ). These too may participate in late 
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 progression events, but this has yet to be demonstrated. The oncogene c-myc has 
long been understood to play a role in myeloma progression typi fi ed by secondary 
IgH-translocations with c-myc and is frequently associated with advanced disease. 
Myc anomalies are almost never seen MGUS or SMM and only 15% of AMM, 
unless associated with advanced disease- with ~50% of patients with advanced 
 disease harboring c-myc anomalies (Sawyer  2011  ) . Non-IgH myc translocations 
have also been noted including with chromosome 1 resulting in t(1;8)(p12;q24) 
(Sawyer  2011  ) . These represent the most common known recurrent genetic abnor-
malities. But the question remains: Are there other mutations to be found that may 
help us better understand the complex biology of myeloma? The use of genome 
sequencing and gene expression pro fi ling (GEP) have provided novel tools to 
answer these questions. 

   Genome Sequencing 

 As discussed, genetic events are paramount in myeloma development and 
 progression. With the high through-put genome sequencing, Chapman and 
 colleagues utilized whole genome and exome sequencing of 38 myeloma genomes 
and compared them to normal plasma cell DNA (Chapman et al.  2011 ). The authors 
con fi rmed the existence of KRAS, NRAS, as well as mutations in TP53. Additionally, 
Chapman et al. identi fi ed mutations in previously unknown genes encompassing 
de fi ned and unde fi ned cancer related pathways in myeloma. These included RNA 
processing and protein homeostasis ( DIS3, FAM46C, XBP1, and LRRK2 ), histone 
modi fi cation enzymes ( MLL, MLL2, MLL3, UTX, WHSC1, and WHSCH1L1 ), 
NF- k B pathway ( BRTC, CARD11, CYCL:, IKBIP, IKBKB, MAP3K1, MAP3K14, 
RIPK4, TLR4, TNFRSF1A, and TRAF3 ), cyclin D1, and BRAF mutations. The 
BRAF G469A activating mutation was identi fi ed in only 1 of the 38 patients 
sequenced. The authors subsequently genotyped an 161 additional myeloma speci-
mens for activating mutations in BRAF. These results demonstrated activating 
mutations in 4% of myeloma patients (Chapman et al.  2011 ).   

   Gene Expression Pro fi ling (GEP) 

 We have thus far discussed speci fi c alterations in the myeloma genome. However, 
these known and unknown genomic aberrations translate to large-scale alterations 
in the transcriptome. Using microarray technology a number of groups have charac-
terized myeloma patients by GEP using CD138 selected bone marrow myeloma 
cells (Zhan et al.  2007 ). Using a training set of 351 patients and a test set of 200 
unsupervised hierarchical clustering identi fi ed seven reproducible classes 
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(Zhan et al.  2007  ) . These molecular pro fi les were strongly in fl uenced by GEP 
associated with known genetic lesions: Hyperdiploid (HY), MAF/MAFB (MF), 
MMSET (MS), cyclin D1/D3 (CD-1), Cyclin D1/D3/CD20 (CD-2), Low Bone 
disease(LB), and proliferation (PR). These GEP classes were also associated with 
different risk strati fi cation. More recently, a 70 gene expression pro fi le has been 
developed to assess risk independently of the know risk factors. Interestingly, this 
pro fi le is enriched for gene form the short and long arm of chromosome 1, providing 
further evidence of the importance of this chromosome in myeloma.3 The 70 gene 
risk score GEP pro fi les was initially validated in patients receiving total therapy 
regimens and has since been validated in additional regimens including Bortezomib 
and high-dose Dexamethasone regimens (Shaughnessy et al.  2007 ). To this end, the 
70 gene risk group has now been made available commercially as MyPRS™ 
(Myeloma personalized risks score; SignalGenetics) to assist in assessing risk in 
newly  diagnosed and relapsed patients.  

   Therapeutic Implications 

 Currently, the utilization of the genetic information outlined above has been  limited 
to prognosis. Therefore, the genetic aspects of myeloma are linked to  clinical deci-
sion making. Risk assessment remains integral in choosing a patient-centric thera-
peutic regimens. Currently, risk is de fi ned by metaphase cytogenetics and FISH 
studies with the potential of GEP in the near future. Based on these  measures of the 
predicted myeloma genetic abnormalities patients have traditionally been divided 
in the Standard Risk and High Risk categories (Table  1 ) (Kyle and Rajkumar  2009  ) . 
Standard risk is de fi ned by the presence of hyperdiploidy, t(6;14), t(11:14), del13 
by FISH, and the absence of high risk features. Standard risk patients are generally 
characterized by increased median overall survival and depending on competing 
factors including Durie-Salmon Stage, ISS, and age may expect to live a decade. 
High risk is de fi ned by the presence of hypodiploidy, t(4:14), del13 by metaphase 
cytogenetics, t(14;16), del17, or t(14;20) (also include proliferative index >3). 
Chromosome 1 abnormalities have also been linked to high risk (addition of 1q21 
and loss of 1p32) (Sawyer  2011  ) . The integration of Lenalidomide and Bortezomib 
in myeloma therapy has made risk strati fi cation a  moving target  to a degree. Studies 
looking at these agents have suggested that they may overcome the certain high 
risk genetic features including del13 and t(4;14) (Avet-Loiseau et al.  2010 ). The 
evidence is strongest for Bortezomib containing regimens and less so for 
Lenalidomide containing regimens.3 Patients with deletion 17p, however, remain 
a truly high risk population regardless of the therapeutic intervention. The poten-
tial of MyPRS in everyday clinical decision making remains in its infancy, but will 
be quite intriguing. However, questions remain as to the cost: bene fi t ratio and util-
ity in the context of FISH and other hallmarks of cancer  outside the setting of clini-
cal trial patients.  
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   Risk Adapted Therapy 

 Treatment of myeloma has evolved signi fi cantly in the nearly two centuries since the 
initial characterization of this plasma cell disease (Kyle and Rajkumar  2008  ) . Over the 
last decade, equipped with traditional chemotherapeutics, novel agents (Lenalidomide 
and Bortezomib), and high-dose therapy and autologous stem cell transplant (HDT-
ASCT), we have observed signi fi cant success in impacting overall survival (Kyle and 
Rajkumar  2009  ) . So how does our increased comprehension of the genetic anomalies 
impact clinical decision making? One of the goals of myeloma therapy (and all of 
cancers) is that we can tailor our therapies to individuals. With the information out-
lined we are making strides in the personalizing myeloma therapy. Although more 
than risk strati fi cation goes into clinical decision making, it should contribute to the 
foundation of induction therapy. Treatment plans are based on a number of factors 
including International Staging System (ISS), Durie-Salmon staging, age,  performance 
status, co-morbidities and presenting end organ damage. Together, we can provide 
patients a “risk adapted therapeutic plan.” We have made great strides in overall sur-
vival in myeloma in part do to the discovery and utilization of the novel agents 
Lenalidomide, Thalidomide, and Bortezomib, as well as high-dose therapy (HDT) 
and autologous stem cell transplant (ASCT) (Kyle and Rajkumar  2008  ) . Risk adapted 
therapy is an attempt to utilize all of the available data to make reasonable treatment 
decisions for patients based risk strati fi cation (Table  1 ) and transplant eligibility 
(Fig.  3 ) (Rajkumar  2011  ) . In part, risk adapted therapy is also beholden to the hypoth-
esis that better overcomes for high risk patients correlate with achieving complete 
responses (CR); whereas, standard risk patients are not fettered by the same criterion 
(Rajkumar  2011  ) . As such, the schema outlined in Fig.  3  provides a guideline for 
therapy in newly diagnosed patients. Patients should initially be divided in to two 
groups based on their transplant eligibility (I generally err on the side of transplant if 
you believe that therapy may improve the patient’s performance status).  

 In transplant eligible patients, risk strati fi cation dictates therapy. In patients with 
high risk disease three drug regimens are recommended (VRd: Bortezomib, 
Lenalidomide, and Dex or CyBorD: Cyclophosphamide, Bortezomib, and Dex). 
Three agent combination therapies tend to have higher side effect rates, but also 
have higher rates of CR and VGPR relative to two agent combinations (Rajkumar 
 2011  ) . Bortezomib backbones are preferred in high risk individuals do to data sug-
gesting that proteosome inhibition at least partially overcome the high risk genetic 
lesions t(4;14) and del13.3 Furthermore, consider VRD for all patients with del17 
and CyBorD for patients with other high risk features. Generally, 4–6 cycles of 
three agent therapy is recommended prior to stem cell harvest and HDT-ASCT. 
Maintenance therapy with either Bortezomib or Lenalidomide should be considered 
following a discussion about the potential risks and bene fi ts of maintenance therapy. 
On the other hand, standard risk patients may be treated with a two agent combina-
tion (either Rd: Lenalidomide and low-dose Dex or Bortezomib and Dex). If Rd is 
used, 4 cycles is the optimal number of cycles to utilize prior to transplant to maxi-
mize stem cells yield. Standard risk patients may consider continuing with therapy 
until relapsed prior to HDT-ASCT or proceed to greater than 4 cycles (best response). 
Maintenance therapy with lenalidomide can also be considered in these patients. 
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 In transplant ineligible patients risk also dictates therapy. However, in these cases 
transplant it is not an option. To this end, one may consider three agent therapies 
containing melphalan. Bortezomib containing regimens should still be considered 
for high risk patients. These may include VRd, VTD (Bortezomib, Thalidomide, 
and Dex), VMP (Bortezomib, Melphalan, and Prednisone) or CyBorD. Dose 
 reductions should be utilized as appropriate based on pre-existing co-morbidities 
(Palumbo and Gay  2010  ) . In standard risk transplant ineligible patients two agent 
combinations are recommended (either Rd: Lenalidomide and low-dose Dex or 
Bortezomib and Dex). Maintenance or continued therapy is recommended for 
patients tolerating therapy well.  

   Novel Therapies in Myeloma Targeting the Genome 

 We have made great strides over the last one to two decades in modifying disease. 
However, myeloma remains a mortal disease. Are there therapeutic targets myeloma 
equivalent to the BCR-Abl translocation in Chronic myelogenous leukemia (CML)? 
Although we have discussed an number of possible targets including RAS, FGFR3, 

  Fig. 3     Risk adapted therapy for newly diagnosed multiple myeloma.  This schematic outlines 
a general approach towards patients with newly diagnosed myeloma based on (1) transplant eligi-
bility and (2) risk strati fi cation (Modi fi ed from Rajkumar  (  2011  ) . VRd: Bortezomib, Lenalidomide, 
and Dexamethasone; VMP: Bortezomib, Melphalan, and Prednisone; CyBorD: Cyclophosphamide, 
Bortezomib, Dex; Rd: Lenalidomide and low-dose Dex; ASCT: autologous cell transplant (with 
high-dose therapy). Risk per Table  1 )       
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TRAF3, and BRAF, no known compounds have the same impact as the tyrosine kinase 
inhibitors in CML. However, there are a notable few that have clinical potential.  

   Targeting  FGFR3  

 Fibroblast Growth Factor Receptor 3 (FGFR3) is believed to be an important effector 
of myeloma progression as (1) initiating translocation and (2) progression via 
secondary activating mutations. Therefore, the identi fi cation of and utilization of 
speci fi c inhibitors of FGFR3 kinase activity would be predicted to have excellent 
anti-myeloma activity. To this end, a number of preclinical studies have characterized 
small molecule inhibitors of FGFR3 including NF449, AZD1480 and TKI1258.3 
The FGFR3 inhibitor TKI258 has been demonstrated to have signi fi cant impact on 
FGFR3 expressing myeloma cells  in vitro  and in xenograft murine models. TKI258 
is currently being evaluated in phase I and phase II clinical trials in myeloma and 
other disease states.3  

   Targeting  RAS  

 Although this group of drugs has not been as bene fi cial as we had hoped, farnesyl-
transferases inhibitors (FTIs) are group of compounds that were initially designed to 
inhibit the functional localization of Ras to the plasma membrane by altering the 
C-terminal prenylation of Ras and other GTPases. To this end, the use of FTIs would 
be able to preferentially treat patients with KRAS or NRAS mutations. However, 
although preclinical work was intriguing, the clinical translation was less then desired 
(Yanamandra et al. 2006; David et al.  2010 ; Armand et al.  2007 ; Alsina  2004 ). Tipifarnib 
remains a agent of interest in phase II trials with Bortezomib (NCT00972712).  

   Targeting  MYC  

 As a master regulator cell proliferation, MYC plays an important role in develop-
ment of many cancers. For years, MYC has been postulated to contribute as a late 
event in the progression of myeloma to advanced disease (Sawyer  2011  ) . This is 
hypothesis is supported by the fact that MYC anomalies are rare in MGUS and 
SMM. Moreover, MYC aberrations are observed in only 15% of active myeloma 
patients. However, in advanced disease MYC anomalies can be seen in as many as 
50% of patients. Furthermore, almost 90% of myeloma cells carry MYC mutations, 
suggesting that this is late event associated with aggressive disease. In addition to 
the known genetic alterations in MYC, additional GEP studies have identi fi ed MYC 
associated pathway activation can be observed in 60% of patient derived myeloma 
cells (Chng et al.  2011 ). These and other studies suggest that MYC represents a 
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potential unifying mediated of myeloma disease progression (Chesi et al.  2008 ; 
Chng et al.  2011 ). Yet until recently a mechanism to target MYC related pathways 
had remained elusive. A relationship between MYC transcriptional pathways, 
 histone acetylation templates, and the recruitment of transcriptional activators by 
the bromodomain and extraterminal (BET) family of proteins, speci fi cally BRD4 
has been demonstrated (Rahman et al.  2011 ; Dhalluin et al.  1999  ) . Importantly, the 
small molecule inhibitor of BET bromodomains (BRD), JQ1, was recently charac-
terized and demonstrated to pharmacologically modulate c-Myc transcriptional 
activity in multiple myeloma via an inhibition of chromatin dependent signaling by 
BRD proteins (Delmore et al.  2011 ). Delmore and colleagues went on to demon-
strate that the global downregulation of c-Myc transcription was associated with 
cell cycle arrest and cellular senescence in  in vitro  and in  in vivo  models of myeloma 
(Delmore et al.  2011 ). Although the clinical bene fi ts of this mode of therapy have 
not been established, these data provide important rationale for JQ1 or similar 
agents to target master regulators of myeloma oncogenesis.  

   Non-genetic Contributions to Myeloma 

 It is also important to recognize that although myeloma is a genetically based disease 
the bone marrow microenvironment plays a signi fi cant role in progression and 
therapeutic success. Recent clinical trials incorporating the novel compounds 
thalidomide, lenalidomide and bortezomib have provided a rationale for overcoming 
drug resistance (Gertz  2007 ; Mitsiades et al.  2007 ). The clinical success of these 
agents is attributable to both direct cytotoxicity and to negative regulation of pro-
myeloma determinants of the microenvironment. Unfortunately, even with the clinical 
gains made from these agents, resistance to these compounds remains inevitable; as 
although highly effective, disease relapse remains unavoidable. This aspect of 
myeloma has fostered a great deal of research into delineating the mechanisms by 
which MM cells initially evade regimens of chemotherapy.  

   Microenvironmental Contributions to Multiple Myeloma 

 Within the backdrop of a genetic disease, it is appreciated that  both  genetic altera-
tions and the microenvironmental effectors contribute to the deregulation of life 
and death of MM cells (Shain and Dalton  2009 ). The bone marrow niche provides 
a sanctuary to resident MM cells via both soluble and physical components (inter-
actions between MM cells and speci fi c extracellular matrix (ECM) components or 
other cellular components  e.g.  bone marrow stromal cells (BMSCs)). Soluble and 
physical determinants of the bone marrow are central in homing to and survival 
within the bone marrow microenvironment (Shain et al.  2009 ). Although dis-
cussed and examined as separate entities, resistance to therapy likely involves the 
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“collaboration” between dynamic,  de novo  resistance modulated by the bone 
 marrow microenvironment and heritable, acquired mechanisms of drug resistance 
selected by drug exposure. The former providing and initial protective effects and 
contributing to MRD and the later selected under chronic exposure to therapy 
ultimately resulting in the expansion of a MDR population (relapse). Based on 
this hypothesis elucidation of the environmental determinants that afford a protec-
tive advantage to resident myeloma cells, we may be able to overcome  de novo  
and acquired MDR. 

   The Bone Marrow Niche 

 Normal plasma cell development culminates in homing of post-germinal centre 
(GC), long-lived, plasma cells to survival niches within the bone marrow microenvi-
ronment (Shapiro-Shelef et al  2005 ; Klein and Dalla-Favera  2008 ). Plasma cells are 
terminally differentiated, antibody producing, B lymphocytes that have undergone 
class-switch recombination, somatic hypermutation. Maturation of these cells has 
involved migration from the bone marrow, to secondary lymphoid organs (spleen or 
lymph nodes), and back to the bone marrow (arguments can be made that the bone 
marrow is also a secondary lymphoid organ and some plasma may not leave the 
marrow). Post-GC bone marrow homing correlates with the expression of BLIMP 
(B cell lymphocyte-induced maturation protein)-1 in secondary lymphoid organs 
modulating the repression of CXCR5 (CXC-chemokine receptor5) and the expres-
sion of CXCR4 and  a 4-integrins (Shapiro-Shelef et al.  2004 ; Shaffer et al.  2004 , 
Sciammas et al.  2004 ). CXCR4 modulates migration to CXCL12 (CXC-ligand-12/
stromal cell derived factor (SDF)-1)- rich regions of bone marrow niche rich and 
expression  a 4 integrins (Shapiro-Shelef et al.  2005 ; Azab et al.  2009 ; Azab et al. 
 2009 ). In turn,  a 4-containing integrin heterodimers facilitate adhesion to VCAM 
( vascular cell adhesion molecule)-1 as well as other homo- and hetero-typic adhesion 
molecules. Within the bone marrow plasma cell adherence to bone marrow stromal 
cells (BMSCs) and likely other juxtaposed cells leads to the production of IL 
( interleukin)-6, BAFF (B cell activating factor), bFGF (basic- fi broblast growth 
factor), and other soluble factors that provide crucial survival factors to these long-
lived antibody producing cells concordant with bone marrow homeostasis. 

 It is not dif fi cult to see how the pro-survival and proliferative effectors within the 
bone marrow microenvironment would also bene fi t the progression of a malignancy, 
if not its evolution. Multiple myeloma is a malignancy of clonal antibody producing 
plasma cells facilitated by errors in class-switch recombination and/or somatic 
hypermutation (Kyle and Rajkumar  2008  ) . Like their normal counterparts, these 
mature B cells have migrated to the bone marrow via various chemo-attractants and 
adhesion molecules (Azab et al. 2009b). Unlike their normal counterparts, myeloma 
cells not only bene fi t from the normal effectors within the bone marrow niche, 
but also  hijack  and  contribute  to the environment in a manner to that promotes 
tumorigenesis, altered bone metabolism, neovascularisation, and drug resistance 
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(Kline et al.  2007 ; Pilarski et al.  2010 ). Myeloma cell adhesion induces bone 
marrow stroma cell secretion of chemokines, cytokines, and growth factors (Shain 
and Dalton  2009 ). IL-6 remains one of the most prominent myeloma growth factors; 
however, a growing list of soluble effectors are also induced by myeloma cell-stromal 
cell interactions. These factors include cytokines: IL-1 b , IL-3, IL-15, IL-21, TNF- a , 
OSM, LIF; chemokines: IL-8, CXCL12, MIP1- a ; growth factors: VEGF (vascular 
endothelial growth factor), FGF (family), IGF-1 (insulin-like GF-1), HGF (hepato-
cyte GF); and other pro-myeloma factors: Dkk-1 (Dickkopf-1), RANKL (Receptor 
activator of nuclear factor kappaB (NF- k B) ligand), BAFF (B cell activation growth 
factor), Wnt (family), and TGF- b  (transforming GF) among others (Shain and 
Dalton  2009 ). In addition to direct proliferative and survival effects soluble factors 
also impart the adhesion of myeloma cells to adjacent cellular components (stromal 
cells, dendritic cells, mesenchymal stem cells (MSC), macrophages, and osteo-
clasts) and extracellular matrices ( fi bronectin, collagens, vitronectin, glucose-amin-
oglycans (GAG), hyaluronan, and laminins) via a host of adhesion molecules. The 
most prominent being VLA-4 ( a 4/ b 1/CD49d/CD29), VLA-5 ( a 5/ b 1/CD49e/CD29), 
CD44, VCAM-1, ICAM (CD54), NCAM (CD56), CD74, and CS-1 (CD2-subset-1) 
among others (Shain and Dalton  2009 ). Extracellular stimulation by soluble factors or 
direct adhesion facilitates networks of intracellular cascades. For most of the solu-
ble and physical determinants listed above a number of signalling cascades have 
been delineated that translated these extracellular stimuli to biology function. 
Importantly, these pathways are typically investigated and discussed in a vacuum; 
however, it is evident that collaborative signalling alters that biologic outcome 
(Shain et al.  2009 ; Ishikawa  2006 ; McMillin  2010 ). To this end, it is important to 
account the network of effectors within the myeloma microenvironment when 
attempting to identify the most relevant targetable pathways. 

 It is important to remark that these myeloma cells have bearing on bone metabo-
lism and angiogenesis within the bone marrow niche. Osteolytic disease is one of the 
more signi fi cant hallmarks of multiple myeloma occurring through alterations in 
osteoclast to osteoblast ratios and subsequent increase in focal bone catabolism 
(Yaccoby  2010  ) . This is too mediated by the altered signalling between soluble 
and adherent stimuli between myeloma cells and osteoclasts, dendritic cells, activated 
T cells, and bone marrow stromal cells (Yaccoby  2010  ) . Myeloma cell production 
of RANKL, TGF- b , HGF, IL-3, and Dkk-1 inhibit the growth of osteoblasts. 
Simultaneously, RANKL, SDF-1, MIP1- a , and TNF- a  stimulate bone resorption 
through the positive regulation of osteoclasts (Yaccoby  2010  ; Roodman  2010 ) . 
Together these effects result in the net resorption of bone in focal regions- lytic bone 
lesions. Focal lesions are sites of a number of heterotypic adhesive, paracrine, auto-
crine signalling between myeloma cells and adjacent cellularity. These lesions are 
likely relevant in drug resistance as these focal regions are potential sites for MRD. 
Evidence of this is suggested in studies demonstrating decreased EFS and OS in 
patients in CR with identi fi able focal lesions on whole body-MRI or PET-CTs relative 
to patients with negative imaging (Bartel et al.  2009 , Walker  2007 ). 

 A number of studies have implicated that increased microvessel density (MVD) 
correlates with disease state, suggesting that increased bone marrow angiogenesis 
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is important to myeloma progression. This theorem originates from observations 
of the increased expression of proangiogenic factors including, VEGF, bFGF, 
angiopoietin (ang)-1, and ang-2 myeloma patients (Du et al.  2004 ). The most 
compelling evidence stems the examination of bone marrow MVD that revealed a 
greater density in patients with active disease relative to patients with MGUS (Du 
et al.  2004 ). Du et al. demonstrated that MVD increased with from normal bone 
marrow samples (normal stem cell donors) to MGUS to active disease (Du et al. 
 2004 ). The authors further demonstrated that treatment with thalidomide reduced 
MVD in 3 of 7 patients. Other evidence demonstrated that elevated MVD was a 
univariant predicted poorer overall survival in myeloma patients (Markovic et al. 
 2008 ). Studies characterizing the  multiple myeloma cancer stem cell  have sug-
gested that two lineages are populated by these progenitor cells, (1) the prototypi-
cal  myeloma plasma cell  and (2) a  myeloma monocytoid cell  (Pilarski et al.  2010  ) . 
With the use of patient speci fi c FISH, further investigation demonstrated that the 
monocytoid lineage populated a  myeloma vascular endothelial cell  lineage 
(Pilarski et al.  2010  ) . The authors suggest that not only do myeloma cells pro-
duced factors that promote angiogenesis, but may, in fact, directly contribute to 
increased MVD, nutrient delivery, and plasma cell homing to the marrow. Together, 
these data demonstrate that incredible in fl uence the bone marrow microenviron-
ment may have on myeloma pathobiology.  

   The Bone Marrow Niche and Drug Resistance 

 The unique dependence of myeloma on its niche has made this neoplasm a model 
for de fi ning the in fl uence of the tumor microenvironment network on disease. 
The cytokines, chemokines, growth factors, and adhesive matrices of the BM 
microenvironment facilitate MM cell homing and expansion (Shain and Dalton 
 2009 ). The biological mechanisms regulating MM cell homing to the BM involves 
a the regulation of soluble and physical determinants of the microenvironment. 
In turn, resident myeloma cells are afforded sanctuary from host immune surveil-
lance as well as therapeutic agents. Therefore, elucidation of the mechanisms 
modulating homing of MM to the BM and  de novo  drug resistance will facilitate 
the rational development of novel pharmacological agents and/or regimens in 
MM by targeting MRD. Appreciation of this concept has spawned an arm of 
preclinical and clinical studies with the sole target of the bone marrow 
microenvironment.  

   Soluble Factors 

 Early observations of increased levels of cytokines and chemokines within the BM 
microenvironment of MM patients has long suggested a contribution of IL-6 and 
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other soluble factors in MM pathogenesis. A number of these soluble factors, including 
interleukin (IL)-6, insulin-like growth factor (IGF)-1, interferon (IFN)- a , and 
 fi broblast growth factor (FGF)-3 have subsequently been shown to confer resistance 
to cytotoxic insult (Pollet et al.  2002 ; Hideshima et al.  2007 ; Yasui et al.  2006 ). 
Other soluble factors are paramount in the homing to and maintenance of adherent 
myeloma cells within the BM. The chemokine SDF-1/CXCL12 is a critical regula-
tor of myeloma-bone marrow niche via binding to CXC chemokine receptor (CXCR) 
-4/CD184 and the more recently identi fi ed CXCR7 (Alsayed et al.  2007 ; Burger and 
Kipps  2006 ; Burns et al.  2006 ). Signaling following CXCR4 (or CXCR7) ligation 
has been shown to activate JAK/STAT signalling, but primarily involves heterotri-
meric G-proteins (G a /G b /G g ) (Teicher and Fricker  2010  ) . Ligand-receptor binding 
facilitates the release of the trimeric protein and activation of PI3-kinase, Rac, Rho, 
Ras/Raf, and phospholipase C (PLC) (Azab et al. 2009a; Teicher and Fricker  2010 ). 
The SDF-1/CXCL12 and CXCR4 axis modulates adhesion and chemotaxis interac-
tions with VCAM-1 and  fi bronectin (Sanz-Rodriguez et al.  2001 ). SDF-1 has addi-
tionally been demonstrated to promote cell survival (Lu et al.  2009  ) . 

 Of the soluble determinants of the BM microenvironment, IL-6 remains the 
prototypical growth and survival factor in myeloma. Moreover, numerous additional 
factors contribute to myeloma by either directly or indirectly promoting the production/
secretion of IL-6 by BM stromal cells (BMSCs), mesenchymal stem cells, osteoclasts, 
and malignant cells. TNF- a , IL-1 b , FGF-3 TGF- b , and VEGF have been shown to 
modulated IL-6 expression in the context of the bone marrow niche (Mitsiades et al. 
 2007 ). These results highlight the prominent role of IL-6 in MM and propagated 
research characterizing the biology of IL-6 signaling. As such, IL-6 will be used an 
example of soluble factor signaling. Signal transduction follows binding of IL-6 to 
gp80/IL-6Ralpha and recruitment of gp130/CD130 (Heinrich et al.  2003 ; Li  2008 ). 
The induced dimerization of gp130 results in receptor phosphorylation by constitu-
tively bound Janus kinase (JAK) family tyrosine kinases (JAK1, JAK2, and Tyk2) 
(Li  2008  ) . IL-6 binding and receptor multimerization facilitates the phosphorylation 
of gp130 and initiation of three major signaling pathways in MM cells: (1) the Ras/
Raf–mitogen-activated protein kinase kinase–extracellular signal-related kinase 
(ERK)1/2 pathway; (2) the phosphatidylinositol (PI) 3-kinase pathway; (3) the 
Janus kinase (JAK)/signal transducer and activator of transcription pathway. 
 Src-family tyrosine kinases (SFKs) have also been identi fi ed as mediators of IL-6 
 signaling events (Zoubeidi et al.  2009 ). Whether these kinases (SFKs) act to enhance 
STAT3, PI3-kinase, and Ras signaling, or represent an independent pathway has yet 
to be completely determined. SFKs-dependent enhancement of STAT3 activation 
and proliferative signaling following IL-6 cross-linking has been observed (Zoubeidi 
et al.  2009  ) . Each of these signal transduction pathways has been implicated in IL-6-
mediated resistance to both physiological and chemotherapy-mediated apoptosis. 
The variety of downstream targets demonstrates that a single soluble factor has 
the potential to regulate drug sensitivity through multiple mechanisms. However, 
simultaneous targeting complementary signaling pathways will likely be necessary 
for improved clinical ef fi cacy.  
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   Direct Cell Contact 

 The physical components of the bone marrow niche have been demonstrated to 
play a prominent role in MM pathogenesis and MDR. Moreover, data suggests 
that the physical elements of the microenvironment evolve with progression. 
Alterations in expression of the ECM components  fi bronectin, collagen I and 
collagen IV have been shown to correlate with disease state (normal, MGUS vs. 
MM); (Tancred et al.  2009  )  thereby, providing further evidence that MM and the 
bone marrow microenvironment are intimately linked. Interactions between cells 
and their physical environment are mediated by the cell adhesion molecule 
(CAM) super-family. CAMs promote communication between the physical envi-
ronment, cellular architecture, and intracellular signaling cascades. These cell 
surface molecules include: the Ig (immunoglobulin) family, cadherins, selectins, 
hyaluronate receptors, receptor tyrosine phosphatases, and integrins. These 
transmembrane receptors coordinate homing, lodging, and differentiation of MM 
cells in the marrow niche through speci fi c homotypic and heterotypic interac-
tions with environmental ligands (Shain and Dalton  2009 ). As with soluble 
 factors associated with MM, interactions between MM cells and extracellular 
matrix (ECM) components or adjacent cells of the BM also confer  de novo  MDR 
(Shain and Dalton, McMillin et al.  2010 ). Although integrins will be primarily 
discussed below, a numerous other adhesion molecules involved in cell adhesion 
mediated drug resistance (CAM DR) including hyaluronan, LFA (lymphocyte 
associated function antigen −1), Notch-1/Jagged, Wnt/RhoA and MMSET gene 
products (Lauring et al.  2008 ; Ohwada et al.  2009 ; Nefedova et al.  2008 ). 
Moreover, these interactions are not limited to cell: ECM interactions. BMSCs, 
osteoclasts, bone marrow dendritic cells, vascular endothelial cells, and likely 
immune effectors also support myeloma drug resistance through direct contact 
(Shain and Dalton  2009 ; Nefedova et al.  2008 ). 

 When speaking about myeloma cell adhesion to ECM or adjacent cellular 
 marrow components it is important to note that at least two levels of response can 
be separated temporally and by mechanism of activation. An  early phase , charac-
terized rapid dynamic biologic changes and a  delayed phase , characterized by 
 secondary signaling and transcriptional events (Meads et al.  2009 ). Within the 
early phase post-translational events result intracellular redistribution, degrada-
tion, and increased stability of critical proteins. What is unique about these early 
events is that they are reversible; within minutes of disassociating from the adher-
ent matrix myeloma cells return to a drug sensitive phenotype. The rapid reversal 
of these events is important when considering adhesion as a target for therapy. As 
such, only transient alterations in the adhesive phenomenon may be necessary to 
sensitize myeloma cells to therapy. The delayed events are characterized by 
 transcriptional activity and the production and secretion of soluble effectors such 
as IL-6, MIP-1 a , VEGF, and others . In turn, these effectors participate in apparent 
feed-forward paracrine signaling between MM cells and the surrounding cellular 
milieu facilitating indirect EM-DR.  
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   A Complex Network of Survival Signals 

 Soluble and physical determinants of the bone marrow microenvironment 
 independently confer the EM-DR phenotype. However, logic dictates that these 
soluble and physical environmental effectors function in concert. This network is 
involves autocrine/paracrine signaling as well as regulatory events mediated by 
adhesion of myeloma cells to BMSCs, osteoclasts, osteoblasts, mesenchymal stem 
cells, immune effectors, and endothelial cells (Fig.  4 ) (Shain and Dalton  2009 ). 
These cellular interactions are important catalysts for the production of the numerous 
soluble factors (Shain and Dalton  2009 ). However, it is apparent that the maximal 
effect of EM-DR is not mediated by soluble or physical effectors alone. Instead, 
these factors cooperate in conferring EM-DR. Evidence for this has been provided 
in studies examining the anti-apoptotic nature of speci fi c co-culturing conditions 
between myeloma cell and BMSCs (Nefedova et al.  2004 ). In these studies, the 
degree of chemotherapy-resistance was dependent upon the co-culture condition 
examined. Myeloma cells co-cultured in contact with BMSCs were protected to 
greater degree than cells co-cultured without contact. These results demonstrate 
the existence of at least two environmental networks elicited by interactions between 

  Fig. 4     The bone marrow niche is composed of a network of extracellular determinants.  The 
BM microenvironment plays a key role in the disease pathology of MM. It is rich in cytokines, 
chemokines, growth factors, and adhesive matrices that facilitate MM cell homing, proliferation 
and survival. The protective determinants of the BM consist of both soluble factors and physical 
factors. These factors include cytokines: IL-1 b , IL-3, IL-15, IL-21, TNF- a , OSM, LIF; chemok-
ines: IL-8, CXCL12, MIP1- a ; growth factors: VEGF (vascular endothelial growth factor), FGF 
(family), IGF-1 (insulin-like GF-1), HGF (hepatocyte GF); and other pro-myeloma factors: Dkk-1 
(Dickkopf-1), RANKL (Receptor activator of nuclear factor kappaB (NF- k B) ligand), BAFF (B 
cell activation growth factor), Wnt (family), and TGF- b  (transforming GF) among others.3 In 
addition to direct proliferative and survival effects soluble factors also impart the adhesion of 
myeloma cells to adjacent cellular components (stromal cells, dendritic cells, mesenchymal stem 
cells (MSC), macrophages, and osteoclasts) and extracellular matrices ( fi bronectin, collagens, vit-
ronectin, glucose-aminoglycans (GAG), and laminins) via a host of adhesion molecules. The most 
prominent being VLA-4 ( a 4/ b 1/CD49d/CD29), VLA-5 ( a 5/ b 1/CD49e/CD29), CD44, VCAM-1, 
ICAM (CD54), NCAM (CD56), CD74, and CS-1 (CD2-subset-1) among others.3 Extracellular 
stimulation by soluble factors or direct adhesion facilitates networks of intracellular cascades       
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MM cells and BMSCs: a network involving anti-apoptotic paracrine signaling and 
a network involving the conjunction of soluble and physical effectors, with the com-
bination providing a more pronounced survival advantage.  

 An explanation of these  fi ndings may be suggested by studies examining the 
intracellular consequences of co-stimulation (Shain et al.  2009 ). These data demon-
strate that signaling events are speci fi cally enhance relative to those elicited by a 
single effector. A report examining the intracellular signaling following stimulation 
with IL-6 alone, FN adhesion alone, or their combination demonstrated the com-
plexity of converging extracellular determinants. The collaboration between IL-6 
and FN adhesion resulted in a selective enhancement of JAK/STAT3 phosphoryla-
tion and activity, but not Akt or ERK1/2 phosphorylation. Co-stimulated cells were 
afforded a both a proliferative and MDR advantage. Further, this collaboration par-
alleled increased gp130 complex phosphorylation via a novel IL-6 independent pre-
association of STAT3 (unphosphorylated) with gp130 when cells are adhered to FN. 
Together, these results suggest that examination of crosstalk between of intracellu-
lar signaling networks may identify speci fi c components may contribute more (or 
less) signi fi cantly to MM therapy resistance and proliferation ( i.e.  more  in vivo -like 
conditions; where cells are not modulated by a single determinant). To this end, 
identi fi cation of prominent signaling molecules under co-stimulatory conditions may 
direct us towards more appropriate drug targets.   

   Therapeutic Implications 

 As discussed above, EM-DR and MRD are prominent hurdles in the treatment fail-
ure. To this end, successful treatment may involve correctly identifying modalities 
that target the myeloma microenvironment and/or attendant signaling cascades. The 
novel agents bortezomib, thalidomide, and lenalidomide have had a signi fi cant 
impact on the treatment of this disease (Richardson et al.  2007  ) . These therapeutic 
compounds have been demonstrated to function, at least in part, via a modulation of 
the microenvironment. Bortezomib is a direct inhibitor of the 26S proteosome and 
has number of  indirect  effects on the microenvironment through the down regula-
tion of key paracrine effectors. Proteosome inhibition has been shown to overcome 
EM-DR in preclinical studies with cell lines and patient samples (Richardson et al. 
 2007  ) . Bortezomib regulates the expression of numerous cytokines and growth fac-
tors. Bortezomib has been shown to inhibit angiogenesis via a modulation of VEGF 
and bFGF, as well as inhibit cellular adhesion via deregulation of vascular CAM 
(VCAM) and intracellular CAM (ICAM) (Richardson et al.  2007  ) . Gene expression 
pro fi ling of myeloma cells treated with bortezomib demonstrated decreased produc-
tion of  a 4 integrin/CD49d consistent with a role in targeting EM-DR (Mitsiades 
et al.  2002 ). Thalidomide and the immune modulatory compound lenalidomide also 
have anti-EM-DR properties. The proposed action of thalidomide primarily involves 
the down regulation of VEGF and associated angiogenic factors (Richardson et al. 
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 2007  ) . Recent phase II studies using the VEGFR inhibitor pazopanib suggests that 
VEGF antagonism may not be suf fi cient as single agent therapy (Prince et al.  2009 ). 
Additionally, lenalidomide also has signi fi cant clinical bene fi t when coupled with 
dexamethasone (Richardson et al.  2007  ) , likely secondary to its proposed activity of 
fortifying anti-tumor immune system. However, as with bortezomib and thalido-
mide, lenalidomide also demonstrates multi-targeted effects on the BM microenvi-
ronment (cytokine and growth factor expression, inhibition of angiogenesis and 
inhibition of cellular adhesion). Unfortunately, even with the wide spread utilization 
of these therapeutics myeloma remains incurable. As such, continued investigation 
into therapies to compliment their activity is required. 

 With our greater appreciation for the role of EM-DR, a large number of agents 
have been designed to targeting determinants of the bone marrow niche. Small 
molecule inhibitors of IL-6 and IL-6-dependent signaling have been identi fi ed. 
Early studies with Sant7 demonstrated positive preclinical results. More recently, 
monoclonal antibody therapy with the chimeric monoclonal antibody (CNTO 328) 
speci fi c to IL-6 has shown preclinical success in myeloma cell lines and patient 
samples. A phase II study in previously treated patients demonstrated a 57% overall 
response rate following therapy with the combination of CNTO 328 and bortezomib 
suggesting that this anti-IL-6 chimeric immunoglobulin may have anti-myeloma 
activity (Rossi et al.  2008  ) . 

 Drugs targeting other extracellular determinants are also being evaluated. 
Initially examined in the setting of HIV then stem cell harvesting, the CXCR4 
inhibitor AMD3100/Plerixafor has been shown to attenuate myeloma-BMSC 
communication. These affects translated to enhance cytotoxicity of bortezomib 
(Devine et al.  2004 ; Alsayed et al.  2007 ; Azab et al. 2009b). AMD3100 acts to 
interfere with homing of cells to the bone marrow, but more importantly its 
effects may be to facilitate a deadhesion phenomenon; thereby attenuating the 
resistance conferred to resident myeloma cells by the physical microenviron-
ment. AMD3100 has also been examined in other hematologic and non-hemato-
logic malignancies (Wong and Korz  2008 ). A humanized monoclonal antibody to 
CXCR4 is also being evaluated in clinical and preclinical studies (BMS983564). 
The FGFR and VEGFR  speci fi c  receptor tyrosine kinase inhibitor (BIBF100) 
was examined in MM cell lines and patient samples (Bisping et al.  2009  ) . The 
cytotoxicity of bortezomib and dexamethasone was enhanced when combined 
with BIBF100 in poor risk patient samples (and cell lines) carrying t(4:14) 
(FGFR3/MMSET; IgH translocations) and t(14:16) (c-maf; IgH translocations- 
associated with c-maf -mediated VEGF signaling) (Bisping et al.  2009  ) . 
Sorafenib, a putative VEGFR tyrosine kinase inhibitor has shown preclinical 
promise in myeloma (Ramakrishnan et al.  2010 ). 

 The physical microenvironment is also being targeted with novel therapeutics. 
The design of compounds to target  b 1 integrins or other mediators of adhesion 
between tumor cells and the physical environment may provide therapeutic bene fi t. 
In AML VLA-4 ( a 4 b 1) speci fi c antibodies were shown to potentiate the anti-tumor 
effects of cytarabine  in vivo  by reducing MRD (Matsunaga et al.  2003 ). Volociximab, 
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a chimeric monoclonal antibody to VLA-5 ( a 5 b 1) was tested in solid tumors dem-
onstrating mild clinical bene fi t and was well tolerated (Ricart et al.  2008 ). These 
early reports indicate that integrin-direct antibody therapy may be an important 
adjunct in targeting MRD. Integrin- ECM interactions involve the recognition of a 
speci fi c three amino acid sequence, RGD (arginine, glycine, and aspartate). Linear 
peptides, cyclic peptides and peptidomimetics have been designed to mimic this pep-
tide sequence to disrupt integrin-mediated adhesion (Kimura et al.  2009  ) . Recently, a 
new group of RGD-blocking compounds has been identi fi ed. The cystine knot pep-
tides or  knottins  have been engineered demonstrating nanomolar af fi nity for multi-
ple integrin heterodimers (Kimura et al.  2009  ) . Another example is the decapeptide 
HYD1 synthesized based on the RGD amino acid motif, has been shown to attenu-
ate VLA-4 integrin- mediated adhesion to  fi bronectin in multiple cancer cell mod-
els. Interestingly, incubation of myeloma cell lines and patient samples with HYD1 
not only abrogated adhesion to ECM, but HYD1 induced myeloma cell necrosis 
(caspase independent death) (Nair et al.  2009  ) . These results demonstrate that inhi-
bition of integrin-mediated adhesion may have direct (or indirect) anti-myeloma 
effects and reveal the potential of therapies designed to target the physical microen-
vironment in cancer therapy. 

 In the complex milieu of the bone marrow cell signaling cascades are also potential 
therapeutic targets (Fig.  4 ). Pyridone 6, a reversible ATPase inhibitor blocks JAK 
activity arresting growth of MM cells and patient samples with constitutive JAK/
STAT3 activity (Pedranzini et al. 2006). Additional JAK inhibitors including 
INCB20, AZD1480, and INCB16562 have been shown to attenuate MM cell growth 
in response to IL-6 and BMSCs3 PI3-kinase, Akt, and mTOR are also promising 
targets for therapeutic intervention (Hoang et al.  2010 ; Richardson  2011 ; Podar et al. 
 2009 ). Ras/Raf-MEK-ERK1/2 signaling, especially MEK, is another pathway with a 
growing number of promising inhibitory compounds with anti-EM-DR properties 
(Annunziata et al.  2011 ; Popovic and Licht  2011 ). Lastly, SFK inhibitors are also 
being examined in MM. Preclinical data with the tyrosine kinase inhibitor dasatinib 
demonstrated growth arrest and synergism with conventional and novel therapeutics 
in MM cell lines (Coluccia et al.  2008 ). By no means is this a complete listing of 
novel anti-EM-DR compounds, but it demonstrates the principles behind drug design 
in the context of the microenvironment. 

 The inhibitors discussed above target both extracellular and intracellular deter-
minants of the BM niche. The hope is that we can identify the appropriate factors 
within the complex network of the tumor cell microenvironment to target. To this 
end, we may divine therapies to overcome the coordinated effort between MM cells 
and the microenvironment. In so doing, we may be able interrupt the sequence of 
events ( de novo  and acquired) facilitating MRD culminating in therapy resistance. 
However, it is important to note that with the signi fi cant heterogeneity of signaling 
factors and transduction pathways within the bone marrow niche, we will need to 
design combination therapies with targeted agents. To this end, targeting of multiple 
pathways either simultaneously or in sequence may be that only measure by which 
to overcome the sanctuary of the bone marrow milieu.  
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   Conclusion 

 As will most cancers, myeloma tumorigensis is a de fi ned by both genetic transforming 
events and the growth and survival factors provided by the bone marrow microenvi-
ronment. Within this chapter we have discussed these two major forces affecting 
disease pathogenesis and progression. The genetic and environmental characteristics 
of myeloma are relatively well established And with increasing technology and 
understanding of myeloma (and bone marrow niche) biology we will continue to 
push for mechanisms to control, if not cure, this mortal disease. For the  fi rst time in 
decades we have novel therapeutic modalities at our disposal with signi fi cant clinical 
bene fi t (Thalidomide, Lenalidomide, and Bortezomib) due to the multi-targeted 
activities. As discussed, the ultimately refractory nature of this malignancy stems 
from the protective nature of bone marrow microenvironment and the underlying 
(and likely changing) genetic pro fi le of the plasma cell clone(s). With whole genome 
sequencing, SNP analysis, GEP, and soon proteomics and phosphoproteomics we 
will continue to identify key modulators of myeloma biology and therapy resistance. 
In turn, this will facilitate improved patient speci fi c or personalized care.      
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 The purpose of this chapter is to provide a thorough summary of the existing 
knowledge of EBV-positive DLBCL of the elderly. We will discuss the pathogene-
sis behind EBV-driven malignant transformation of B-cells, the different EBV 
latency patterns associated with DLBCL, the distinct pathological characteristics of 
EBV-positive DLBCL, the differential diagnosis of EBV-positive DLBCL, the clinical 
characteristics of patients with EBV-positive DLBCL of the elderly, the potential 
predictive and prognostic value of EBV tumoral status in patients with DLBCL, and 
potential strategies for the treatment of this rare entity. 

   De fi nitions 

 Epstein-Barr virus-positive diffuse large B-cell lymphoma (EBV-positive DLBCL) 
of the elderly is also known as age-related EBV-positive B-cell lymphoproliferative 
disorder (LPD) or senile EBV-associated B-cell LPD, and is among the newer inclu-
sions in the 2008 WHO Classi fi cation of Tumors of Hematopoietic and Lymphoid 
Tissues as a provisional entity (Nakamura et al.  2008  ) . 

 The proposed diagnostic criteria include an age older than 50 years, no underlying 
immunode fi ciency and the expression of EBV by the malignant lymphomatous 
cells. Few cases have been described in apparently immunocompetent patients 
younger than 50 years (Oyama et al.  2003  ) ; however, immunode fi ciency has to be 
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strongly considered in such patients, and extensive workups might be necessary 
to rule out the presence of an immunode fi cient state. Other B-cell malignancies 
that are associated with EBV expression such as plasmablastic lymphoma, primary 
effusion lymphoma and lymphomatoid granulomatosis should be excluded 
(Nakamura et al.  2008  ) .  

   Initial Descriptions 

 EBV-positive DLBCL of the elderly were initially described by Oyama and colleagues 
 (  2003  ) . In this study, approximately 400 Japanese patients with a diagnosis of 
DLBCL or LPD were screened for the presence of EBV in the malignant cells using 
an  in situ  hybridization (ISH) technique to detect EBV-encoded RNA (EBER). 
Clinicopathological data on 22 patients with EBV-positive DLBCL or LDP were 
presented. In this cohort, three patients younger than 30 years were excluded form 
the analysis due to the suspicion of having an underlying immunode fi ciency or 
chronic active EBV infection. The median age was 76 years with a slight male pre-
dominance (men 12, women 10). All patients tested were negative for HTLV-I and 
HIV infection; the patients that were not tested did not have history, signs or symp-
toms consistent with acquired or congenital immunode fi ciency. The majority of 
patients (91%; n = 20) had a good performance status, and 41% (n = 9) had high-
intermediate or high risk disease, calculated by the International Prognostic Index 
(IPI) score. Among the most striking clinical features of EBV-positive DLBCL of 
the elderly was the degree of extranodal involvement; 82% (n = 18) of the patients 
presented with extranodal involvement. The most common extranodal sites affected 
were skin, stomach, respiratory tract and pancreas. Pathologically, patients were 
subdivided into two subtypes of EBV-positive DLBCL of the elderly. Nine patients 
(41%) showed a large B-cell morphology (DLBCL-like) and 13 patients (59%) 
showed a polymorphic appearance; the latter group was categorized as polymorphic 
LPD. Clinically, there was no difference between the clinical characteristics of these 
two groups of patients. However, the 2-year overall survival (OS) of patients with 
polymorphic LPD was signi fi cantly higher than for patients with DLBCL-like mor-
phology. Approximately 40% of the patients died within 1 year of diagnosis. 

 This initial report established the platform to carry a larger study. Oyama and 
colleagues  (  2007  )  presented data on 96 patients with EBV-positive DLBCL found 
in a cohort of 1792 Japanese patients with LPDs with a large B-cell morphology 
(Oyama et al.  2007  ) . The presence or absence of EBER was established by an ISH 
technique similar to the previous report, which was run in paraf fi n-embedded tissue. 
The researchers then proceeded to compare the characteristics of these 96 patients 
with 107 EBV-negative DLBCL controls. EBV-positive DLBCL patients were 
signi fi cantly older, had worse performance status, higher levels of lactate dehydro-
genase (LDH) and higher rates of B symptoms (fevers, drenching night sweats 
and unintentional weight loss of >10% in 6 months). The rate of skin involvement 
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was signi fi cantly higher in patients with EBV-positive DLBCL. Pathologically, 
EBV-positive DLBCL patients had lower expression of CD10 but higher expression 
of CD30. Based on their histological characteristics, 34 cases (35%) were catego-
rized as DLBCL and 62 (65%) as polymorphic LPD. Strikingly, EBV-positive 
DLBCL cases had signi fi cantly lower complete response (CR) rates to chemother-
apy (63% versus 91% in EBV-negative cases). Furthermore, the median OS for 
EBV-positive DLBCL patients was 24 months, while the median OS was not reached 
in EBV-negative patients. Using multivariate analytic models, the researchers were 
able to identify age older than 70 years and the presence of B symptoms as poor 
independent prognostic factors for survival in patients with EBV-positive DLBCL 
of the elderly, dividing patients in three prognostic groups. Patients with 0, 1 or 2 
factors had a median OS of 56, 25 and 8.5 months, respectively. 

 The investigators concluded that patients meeting criteria for EBV-positive 
DLBCL of the elderly constitute a distinct group with its speci fi c clinicopathological 
features and decreased response rates to chemotherapy and shorter survival (Oyama 
et al.  2007  ) . It is important to note that none of these patients underwent therapy with 
the combination of rituximab and chemotherapy, which is considered the standard of 
care for the front line treatment of patients with EBV-negative DLBCL.  

   Pathogenesis 

 The pathogenetic mechanism behind EBV-positive DLBCL of the elderly is likely 
multifactorial (Fig.  1 ). In one hand, the lymphotropism and chronicity of EBV 
infection, and on the other, the immunological dysfunction associated to aging, 
would play a synergistic role in the development of this aggressive lymphoma. 
However, the participation of other more subtle and yet unknown mechanisms is 
also likely.  

  Fig. 1     Schematic pathophysiology of EBV-positive diffuse large B-cell lymphoma of the 
elderly.   EBV  Epstein Barr virus,  DLBCL  diffuse large B-cell lymphoma,  TCR  T-cell receptor       
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   Epstein Barr Virus Infection 

 EBV was the  fi rst oncovirus ever described, and is a gamma-herpesvirus with a well 
recognized B-cell lymphotropism (Thompson and Kurzrock  2004  ) . Once EBV has 
reached the bloodstream, EBV infection starts by the attachment of the virus to the 
CD21 antigen, which is located in the membrane of the B-lymphocyte; this initial 
step is characterized by increased production of IL-6 and mRNA producing a blastic 
transformation of the B-cell. EBV is then episomally inserted into the nucleus 
acquiring a circle-shaped con fi guration. EBV nuclear antigens (EBNA-LP, -1, -2 
and −3) are the  fi rst EBV-related proteins to be produced after the infection; these 
products are essential for immortalization of the cell and upregulation of the expres-
sion of additional molecules such as the latent membrane proteins (LMP-1 and −2). 
EBNAs also upregulate C-MYC, a human oncogene associated with cell prolifera-
tion. LMPs increase expression of BCL-2 and drive the cell into a latent state, which 
is maintained by the production of EBV-encoded RNA (EBER-1 and −2). In this 
way, EBV-infected B-cells enter the resting phase avoiding immunosurveillance 
but, due to their activated phenotype, more prone to develop secondary oncogenic 
changes (Knecht et al.  2001  ) . 

 B-cell differentiation represents a well-structured and intricate process that is 
initiated when a naïve B-cell recently released from the bone marrow encounters 
antigen within one of the follicles of a lymph node. This antigen-exposed B-cell 
undergoes a germinal centre (GC) reaction characterized by somatic hypermutation 
and class-switching, processes that will guarantee the production of antibodies 
speci fi cally directed against the antigen that initiated the process. The  fi nal step of 
this process is the differentiation of post-germinal B-cells into either memory cells 
or plasma cells. 

 Interruption of this delicate process by a transforming event, such as EBV infec-
tion, may result in a clonal proliferation in which the differentiation of the cell is 
blocked, resulting potentially in the development of a lymphoid malignancy.  

   Immunosenescence 

 Immunosenescence is a phenomenon in which as people ages, their immune sys-
tems do not respond adequately to external pathogens or new antigens, such as 
immunizations or cancer. T-lymphocytes are affected by this process at different 
levels. First, the number of T-cells responsible of B-cell activation and antigen rec-
ognition decreases in the peripheral blood and lymph nodes (Fagnoni et al.  2000  ) . 
Second, the distribution of CD4+ and CD8+ T-cell populations is altered; however, 
the changes in CD4+ T-cell pro fi le seems to be affected by advancing age at a higher 
degree than the one of CD8+ T-cell (Koch et al.  2008  ) . Third, the T-cell receptor 
repertoire (TCR) becomes more limited, with a TCR repertoire decreasing from 
20,000,000 TCR beta-chains in younger individuals to less than 200,000 TCR beta-
chains in individuals older than 60 years of age (Naylor et al.  2005  ) . 
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 The presence of persistent infections, such as EBV or other persistent antigens 
will also induce a phenomenon called immune exhaustion contributing to the loss of 
immunosurveillance (Zinkernagel et al.  1993  ) . Other immunological changes 
associated with age include abnormalities in apoptotic mechanisms (Spaulding 
et al.  1999  )  and elevation of levels of proin fl ammatory cytokines (Franceschi et al. 
 2007  ) . All the abovementioned phenomena could potentially explain the increased 
incidence of cancers in the elderly.   

   Patterns of EBV Latency in EBV-Positive DLBCL of the Elderly 

 Three different latency patterns have been described in EBV-related malignant dis-
orders and EBV-derived cell lines (Table  1 ). These EBV latency patterns have been 
subdivided in type I, II and III. Different EBV latency patterns have been associated 
with different degrees of immunosuppression. For example, type I EBV latency pat-
tern has been mostly described in malignancies that have developed in immuno-
competent patients such as Burkitt lymphoma, and is characterized by the expression 
of EBNA2 and LMP2A. In type II EBV latency patterns, LMP1 and LMP2B are 
expressed in addition to EBNA2 and LMP2A suggesting a more advanced EBV 
infection or a mild underlying immunosuppression; important examples of LPDs 
with a type II EBV latency pattern are classical Hodgkin lymphoma, primary effu-
sion lymphoma, angioimmunoblastic T-cell lymphoma and NK/T cell lymphoma. 
The mechanisms used by EBV to enter and infect T-cells, however, have not been 
elucidated, as they lack the expression of CD21 in their membranes. In type III EBV 
latency patterns, all EBV-associated proteins are expressed, including EBER-1 and −2. 
This is suggestive of a deeper degree of immunosuppression; in fact, posttransplant 
LPDs and AIDS-related immunoblastic lymphoma are characteristic examples of 
this type of EBV latency pattern (Knecht et al.  2001 ; Tan  2009  ) .  

 Patients with EBV-positive DLBCL of the elderly show a type II or III EBV 
latency pattern. Using the abovementioned categorization of EBV latency patterns, 
Oyama and colleagues reported that 68% of the patients had a type II EBV latency 
pattern and 32% showed a type III latency pattern (Oyama et al.  2003  ) . In a larger 
and more recent study (Oyama et al.  2007  ) , Shimoyama and colleagues reported 
that 28% of the patients with EBV-positive DLBCL of the elderly had a type III 
EBV latency pattern. These results show the high level of immunode fi ciency seen 
in patients who developed EBV-positive DLBCL of the elderly.  

   Pathological Features of EBV-Positive DLBCL of the Elderly 

 Although several pathological characteristics have been described in EBV-positive 
LDBCL of the elderly and will be discussed below, there are no histological, immu-
nohistochemical or molecular features that are speci fi c of this malignancy. 
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   Histological Features 

 The most common pathological feature seen in EBV-positive DLBCL of the elderly 
is an effacement of the normal nodal architecture by malignant lymphocytes (Fig.  2 , top), 
which is often accompanied by extensive necrosis or angiocentric destruction 

  Fig. 2     Microscopic appearance and immunohistochemical pro fi le of EBV-positive diffuse 
large B-cell lymphoma of the elderly.   Top : Hematoxylin & eosin (100×).  Bottom : CD20, MUM1/
IRF4, MIB-1 and EBER (400×)       

 



90 J.J. Castillo

(Oyama et al.  2003  ) . Initial descriptions emphasized the presence of two separate 
subtypes, the polymorphous and the large cell subtypes (DLBCL-like). The poly-
morphous subtype shows variable amounts of reactive cells such as small lympho-
cytes, plasma cells, and histiocytes with the presence of scattered large cells. The 
large cell subtype refers to the presence of a rather monotonous population of large 
immunoblastic cells with minimal or no reactive component. Both variants may 
present with giant cells with a histological resemblance to Reed-Sternberg cells 
(Oyama et al.  2003  ) . Most cases, however, commonly show both monomorphic and 
polymorphic patterns, suggesting the existence of a potential continuum between 
the two patterns (Wong and Wang  2009  ) .  

 In the initial report, the monomorphic variant of EBV-positive DLBCL of the 
elderly correlated with a worse prognosis (Oyama et al.  2003  ) . However, more 
recent data have not supported those initial  fi ndings (Shimoyama et al.  2009  ) , and 
have shown that there are no clinical, therapeutic and/or survival differences between 
the two patterns. Hence, this histological subdivision has been abandoned and is no 
longer used (Wong and Wang  2009  ) .  

   Immunohistochemical Features 

 Immunohistochemistry (IHC) has revolutionized the pathological classi fi cation of 
LPDs, allowing for a more precise de fi nition of these malignancies. EBV-positive 
DLBCL of the elderly has a distinct but non-speci fi c IHC pro fi le. The neoplastic 
cells are usually positive for the leukocyte common antigen CD45 and for the B-cell 
markers CD20 (Fig.  2 , bottom), CD19, CD79a and PAX-5, thus con fi rming the 
B-cell lineage of this malignancy. The GC markers CD10 and BCL-6 are usually 
negative, while IRF4/MUM-1 (Fig.  2 , bottom) is commonly positive. This pro fi le is 
consistent with a post-GC origin, according to the classi fi cation proposed by Hans 
and colleagues (Hans et al.  2004  ) . A post-GC pro fi le has been detected in normal 
B-lymphocytes that have acquired a certain level of plasmacytic differentiation and 
in LPDs arising from the malignant counterpart of this cell, such as plasmablastic 
lymphoma (Castillo et al.  2008  ) . A few cases of EBV-positive DLBCL of the elderly 
with plasmablastic or immunoblastic features show a weak or absent expression of 
CD20 (Gibson and Hsi  2009  ) . Several studies have shown that DLBCL with plas-
macytic differentiation (post-GC) have a worse prognosis than DLBCL with a GC 
pro fi le (Alizadeh et al.  2000 ; Rosenwald et al.  2002 ; Hans et al.  2004  ) . Up to 50% 
of the cases of EBV-positive DLBCL of the elderly express CD30 but are negative 
for the expression of CD15, which may be helpful in differentiating these cases 
from Hodgkin lymphoma. Ki-67 (or MIB-1), a marker of cellular proliferation, usually 
is expressed in more than 70% of the malignant cells (Fig.  2 , bottom), re fl ecting the 
aggressiveness of this lymphoma. 

 IHC is also helpful to classify the different EBV latency patterns as IHC methods 
for the detection of LMP1 and EBNA are commercially available. EBV-associated 
latent antigens such as LMP1 and EBNA-2 are positive in 94 and 28% of the cases 
of EBV-positive DLBCL of the elderly, respectively (Oyama et al.  2007  ) .  
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   Molecular Features 

 The diagnosis of EBV-positive DLBCL of the elderly is based on the detection of 
EBV genome within the tumoral cells.  In situ  hybridization (ISH) techniques, either 
chromogenic or  fl uorescent, are commercially available to detect EBV-encoded 
RNA (EBER). Per de fi nition, EBER should be present in the neoplastic cells, 
although the expression of EBER can range from 10% to almost all of the tumor 
cells in the sample (Fig.  2 , bottom). By means of double labeling techniques, it has 
been demonstrated that the large majority of the infected cells were of a B-cell lin-
eage; however, rare T-cells were also EBER-positive [24]. Additionally, ISH studies 
have demonstrated a preferential localization of EBV in interfollicular or extrafol-
licular locations, which correlates with the lack of expression EBER by LPDs 
with a GC origin such as follicular lymphoma or nodular lymphocyte-predominant 
Hodgkin lymphoma (Tan  2009  ) . 

 It is important to note that although EBER ISH is the test of choice for the patho-
logical diagnosis of EBV-positive DLBCL of the elderly, it is not recommended that 
EBER testing should be routinely done in cases of DLBCL. EBER testing in DLBCL 
may only be justi fi ed after prospective clinical studies are performed to understand 
the prognostic and/or predictive role of EBER expression in DLBCL.  

   Differential Diagnosis 

 Infectious mononucleosis, chronic active EBV infection, and reactions to drugs, 
such as phenytoin and methotrexate, can produce pathological changes similar to 
EBV-positive DLBCL of the elderly. This reaction is characterized by an interfol-
licular expansion of cells ranging from small to intermediate and large lymphocytes 
with immunoblastic features, plasma cells and histiocytes with frequent residual 
and hyperplastic GCs. Infectious mononucleosis and drug reactions, however, are 
not associated with a clonal lymphoproliferative process; hence, immunoglobulin 
gene rearrangements are rarely seen in these conditions while in EBV-positive 
DLBCL of the elderly are observed in up to 90% of the cases. In chronic active EBV 
infection, few oligoclonal cells can be seen; however, most of the abnormal lympho-
cytes are of a T-cell lineage. 

 DLBCL is the most common lymphoma variant seen worldwide and accounts 
for up to 30% of cases of non-Hodgkin lymphoma. As with EBV-positive DLBCL 
of the elderly, certain categories of DLBCL have also been associated with 
expression of EBV in the malignant lymphocytes; these include lymphomatoid 
granulomatosis, post-transplant LPDs, plasmablastic lymphoma, primary effusion 
lymphoma and DLBCL associated with chronic in fl ammation. The clinical history 
is the most important criteria for the differentiation between EBV-positive DLBCL 
of the elderly and post-transplant LPDs. Patients with DLBCL associated with 
chronic in fl ammation usually have a history of pyothorax, chronic osteomyelitis or 
chronic suppurative skin ulcers. Plasmablastic lymphoma has been associated with 
EBV expression up to 75% of the cases but usually presents in the oral cavity of 
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individuals infected with HIV and is almost exclusively CD20 negative with a variable 
expression of CD45 (Castillo et al.  2008  ) . PEL has also been associated with co-
infection by HIV and EBV; however, its association with the human herpesvirus 8 
is almost 100% and is used for its diagnosis. Additionally, the malignant cells are 
usually negative for the expression of CD45 or CD20 (Brimo et al.  2007  ) . 

 Similar to EBV-positive DLBCL of the elderly, classical Hodgkin lymphoma is 
characterized by an abundant reactive background, which includes small lympho-
cytes, plasma cells, eosinophils and histiocytes. One of the main differences is that 
in Hodgkin lymphoma the neoplastic cells usually represent approximately 1% of 
the cellular in fi ltrate, although occasional cases of Hodgkin lymphoma with sheets 
of large neoplastic cells have been described. Features that would raise the suspi-
cion for Hodgkin lymphoma include the presence of sclerosis, the presence of 
retraction around neoplastic cells and the presence of CD30-positive large cells. 
These malignant cells frequently co-express CD15, which is usually negative in 
EBV-positive DLBCL of the elderly. Classical Hodgkin lymphoma can also be 
associated with EBV expression (Glaser et al.  1997  ) , although this expression is 
highly variable depending on the speci fi c histological variant of Hodgkin lym-
phoma. For example, the nodular sclerosis subtype shows 10–40% EBER positivity 
while the mixed cellularity subtype can be EBER-positive in up to 75% of cases 
(Chang et al.  2008  ) .   

   The Predictive and Prognostic Role of EBV in DLBCL 

 In initial reports, the expression of EBV by the malignant DLBCL cells correlated 
with worse response to chemotherapy and shorter survival times. In the last few 
years, clinical evidence continues accumulating in support of these early  fi ndings. 
However, with the advent of chemoimmunotherapy as the new therapeutic standard 
for DLBCL, the role of EBV expression in survival (prognostic) or response to 
therapy (predictive) in patients with DLBCL is actively under investigation. 

   EBV as a Prognostic Factor in DLBCL 

 Few studies have evaluated the prognostic role that the EBV tumoral status plays on 
the survival of patients with DLBCL. In an earlier report, Oyama and colleagues 
evaluated 1792 patients with DLBCL for the expression of EBER within the tumoral 
cells (Oyama et al.  2007  ) . The incidence of EBER positivity in this cohort was 8% 
(149 patients older than 50 years). The researcher then compared the characteristics 
of 96 patients with EBV-positive LPD/DLBCL with 107 EBV-negative DLBCL. 
In the survival analysis, EBER-positive patients had a statistically signi fi cant shorter 
survival than EBV-negative patients with a median OS of 24 months vs. not reached. 
In the subset analysis, EBER expression was an independent prognostic factor in 
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DLBCL patients regardless of the IPI score. The IPI score was developed in the 
early 1990s and is the most commonly used risk-strati fi cation tool in patients with 
   DLBCL (The International Non-Hodgkin’s Lymphoma Prognostic Factors Project 
 1993 ). This score assigns one point per risk factor, namely age of 60 years or older, 
performance status of two or higher, elevated LDH levels, two or more extranodal 
sites and an advanced clinical stage (III or IV); hence, the importance of EBER 
positivity in DLBCL patients independently from the IPI scores. In a more recent 
Korean study, Park and colleagues evaluated the expression of EBER within the 
tumoral cells of patients with DLBCL treated with chemotherapy and chemoim-
munotherapy (Park et al.  2007  ) . The incidence of EBER positivity was 9% (34 out 
of 380 samples evaluated). EBER-positive DLBCL cases were associated with a 
worse OS (36 months vs. not reached) and a worse progression-free survival (13 vs. 
36 months) than EBER-negative DLBCL patients. In the subset analysis, EBV-
positivity was associated with a worse OS and PFS in patients with high IPI scores. 
In a smaller Peruvian study, Morales and colleagues evaluated the prognostic 
signi fi cance of EBER expression in a Peruvian population with DLBCL treated 
with chemotherapy. The incidence of EBER positivity was 15% (11 out of 74 
DLBCL cases were EBER positive). EBER-positive DLBCL patients had a 
signi fi cantly shorter OS (7 vs. 47 months) than EBV-negative patents (Morales et al. 
 2010  ) . In the multivariate analysis, EBER expression was a prognostic factor inde-
pendent of the IPI score. 

 Scant data are available from Europe or the United States. More recently, Gibson 
and colleagues described the characteristics of  fi ve American patients and Hoeller 
and colleagues recently published data on eight European patients with EBV-
positive DLBCL (Gibson and Hsi  2009 ; Hoeller et al.  2010  ) . Due to the small num-
bers, the investigators in both studies did not perform a formal survival analysis; 
however, a poor outcome was observed in the EBV-positive DLBCL patients. The 
reported incidence of EBER positivity in both studies was less than 5%. 

 One small Japanese study did not show an association between EBER expression 
and survival in patients with DLBCL. Kuze and colleagues studied 114 DLBCL 
patients, from which 13 patients expressed EBER, accounting for an incidence of 
11%. When comparing 58 EBER-negative patients with 12 EBER-positive patients, 
a statistical survival difference was not apparent (Kuze et al.  2000  ) . 

 It is important to note that most of the studies on EBV-positive DLBCL of the 
elderly are largely limited to Asian or Hispanic populations, in which the incidence 
of this lymphoma seems higher than in the Caucasian population (Gibson and Hsi 
 2009 ; Hoeller et al.  2010  ) . Of most importance is that the majority of patients 
received chemotherapy without the addition of rituximab; rituximab in combina-
tion with chemotherapy has been shown to increase survival in patients with 
DLBCL in several randomized controlled trials, and has become the standard of 
care for these patients (Feugier et al.  2005 ; Habermann et al.  2006 ; Pfreundschuh 
et al.  2006  ) . 

 In summary, EBER positivity appears as a potential predictor of worse survival 
in patients with DLBCL treated with chemotherapy. However, several studies are 
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ongoing evaluating the use of rituximab in combination with chemotherapy 
(chemoimmunotherapy) in patients with EBV-positive DLBCL of the elderly.  

   EBV as a Predictive Factor in DLBCL 

 The major goal of therapy in patients with DLBCL is the achievement of a complete 
response (CR), which is de fi ned by the disappearance of any evidence of disease 
assessed by means of bone marrow biopsy, and imaging and laboratory studies. 
At least three studies have evaluated EBV expression as a predictive factor for 
response to therapy in DLBCL patients. In he biggest study, Oyama and colleagues 
evaluated 96 EBER-positive Japanese patients and compared their response to che-
motherapy against 107 patients with EBV-negative DLBCL (Oyama et al.  2007  ) . 
EBER-positive DLBCL patients treated with anthracycline-containing regimens 
showed an overall response rate (ORR) of 80% while EBER-negative DLBCL 
patients achieved an ORR of 99%. Furthermore, the CR rates were 66% and 91%, 
respectively. Park and colleagues showed similar results (Park et al.  2007  ) . Among 
EBER-positive DLBCL Korean patients had an ORR of 72% while EBER-negative 
patients had an ORR of 92%. Unfortunately, no CR data was reported. A smaller 
Japanese study by Yoshino and colleagues found that 4 out of 50 patients with pri-
mary gastric DLBCL were EBER-positive (Yoshino et al.  2006  ) . These patients had 
a poor response to radiochemotherapy; only one patient achieved a CR but relapsed 
shortly after therapy. 

 Based on these limited data, EBER-positive DLBCL patients seem to have worse 
ORR and CR rates to chemotherapy than EBV-negative DLBCL. It is important to 
emphasize that very few patients in these studies received rituximab as part of their 
therapeutic regimens. Hence, the predictive role of EBER expression in patients 
treated with immunochemotherapy is yet unknown.   

   Potential Therapeutic Approaches for EBV-Positive DLBCL 

 Currently, there is no uniformly accepted treatment for EBV-positive DLBCL of 
the elderly. Most of the published studies have evaluated chemotherapy alone with 
suboptimal results. The current standard treatment for EBV-negative DLBCL is the 
combination of rituximab and chemotherapy. In the 1980s, the CHOP regimen was 
compared against three combination chemotherapy regimens in a randomized con-
trolled trial. More recently, rituximab in addition to CHOP (R-CHOP) has shown 
to prolong OS in patients with DLBCL in a series of randomized controlled trails 
(Feugier et al.  2005 ; Habermann et al.  2006 ; Pfreundschuh et al.  2006  ) . Although 
it is likely that R-CHOP will also provide a survival bene fi t in EBV-positive 
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DLBCL of the elderly, the available published data is rather limited. In the largest 
report by Oyama and colleagues, none of the patients in their cohort received ritux-
imab (Oyama et al.  2007  ) . Park and colleagues reported that only 2 out of their 34 
patients (6%) with EBV-positive DLBCL were treated with R-CHOP (Park et al. 
 2007  ) . Finally, Gibson and colleagues reported four cases treated with R-CHOP, 
from which one patient obtained a CR relapsing shortly afterwards (Gibson and 
Hsi  2009  ) . Large prospective studies will be necessary to evaluate the ef fi cacy of 
chemoimmunotherapy in patients with EBV-positive DLBCL of the elderly. 
However, based on initial observations, it is likely that novel agents would be nec-
essary to treat this poorly responsive lymphoma. 

 EBV-positive lymphomas such as post-transplant LPDs can be amenable to 
immunotherapy with EBV-speci fi c cytotoxic T-cell lymphocytes (CTL). For instance, 
infusion of EBV-speci fi c CTLs has achieved a moderate success on preventing and 
treating EBV-associated lymphomas in patients undergoing solid organ transplanta-
tion (Heslop et al.  2010  ) . Unfortunately, this approach has not been used in EBV-
positive DLBCL of the elderly. Arginine butyrate, which has histone deacetylating 
properties, in combination with ganciclovir, an antiviral, has been used in 15 patients 
with EBV-positive LPDs with encouraging results (Perrine et al.  2007  ) . However, 
most of the patients had histologies other than DLBCL or had an underlying immu-
nosuppressive state; hence the effectiveness in EBV-positive DLBCL is rather 
speculative. 

 Preclinically, the combination of valproic acid, with histone deacetylating prop-
erties, and ganciclovir have shown ef fi cacy on depleting EBV-transformed cells 
(Jones et al.  2010  ) . Bortezomib, a proteasome inhibitor approved for the treatment 
of plasma cell myeloma and mantle cell lymphoma, blocks nuclear factor kappa B, 
which has been associated with EBV-associated B-cell transformation (Zou et al. 
 2007  ) . Bortezomib in combination with other molecularly targeted agents or che-
motherapy may prove to be of value in the treatment of EBV-positive DLBCL of the 
elderly. Mammalian target of rapamycin inhibitors may also be of value on treating 
this malignancy (Vaysberg et al.  2007 ; Holtan et al.  2008  ) . 

 Finally, there are several ongoing clinical trials focused on novel approaches to 
treat EBV-positive lymphomas. The Baylor College of Medicine in Texas and the 
Queensland Institute of Medical research in Australia are investigating the use of 
EBV-speci fi c CTLs in patients with relapsed EBV-positive lymphomas 
 (  ClinicalTrials.gov . Epstein-Barr Virus (EBV)-Speci fi c T Cells as Therapy for 
Relapsed/Refractory EBV-positive Lymphomas;  ClinicalTrials.gov . Safety Study of 
EBV Speci fi c Cytotoxic T-Cells to Treat Relapsed EBV-Positive Lymphoma). 
Boston University recently  fi nished accruing patients with EBV-positive LPDs who 
have been treated with the combination of ganciclovir or valganciclovir and argin-
ine butyrate  (  ClinicalTrials.gov . Study of Arginine Butyrate and Ganciclovir/
Valganciclovir in EBV(+) Lymphoid Malignancies). Lastly, the University of 
California in Los Angeles in collaboration with the National Cancer Institute is 
evaluating the combination of bortezomib and ganciclovir in patients with EBV-
positive lymphomas  (  ClinicalTrials.gov . Bortezomib and Ganciclovir in Treating 
Patients With Relapsed or Refractory Epstein Barr Virus-Positive Lymphoma). 
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Results from these trials are eagerly expected, as they could be of paramount impor-
tance in the treatment of EBV-positive DLBCL of the elderly. However, it is impor-
tant to underline that none of these studies are speci fi c for patients with EBV-positive 
DLBCL of the elderly.      
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         Introduction 

 It is well established that HIV-infected patients are at high risk for AIDS-associated 
lymphoma (ARL). Among people with AIDS before the advent of highly active 
antiretroviral therapy (HAART) NHL accounted for 3% of the AIDS-de fi ning con-
ditions while the relative risk of NHL was conservatively estimated 160-fold higher 
than the 3.1% expected in the non-AIDS population. The risk was higher for immu-
noblastic histology (630-fold) and Burkitt lymphoma (220-fold), intermediated for 
diffuse large cell (113-fold), and the lowest for low-grade (14-fold). Most NHL 
are B-cell type with 20% excess extranodal sites and 15% presenting as primary 
brain lymphoma (PBL) compared with the 1% expected for non-HIV individuals 
(Cote et al.  1997  ) . 

 The  fi rst large retrospective series of patients with ARL was published in 1984 
(Ziegler et al.  1984  ) , followed by others (Levine et al.  1985 ; Kalter et al.  1985 ; 
Lowenthl et al.  1988 ; Knowles et al.  1988  ) . 

 In 1985, the CDC incorporated immunoblastic lymphoma (or equivalent term), 
Burkitt’s lymphoma (BL), and PBL as AIDS-de fi ning conditions (United States, 
Centers for Disease Control, Department of Health and Human Services  1985  ) . Other 
types of lymphoproliferative disorders also occurred in HIV-infected people, albeit 
with much less frequency, including primary effusion lymphoma (PEL) and its solid 
variants, plasmablastic lymphoma of the oral cavity, large B-cell lymphoma arising 
in KS-herpesvirus-associated multicentric Castleman disease (Carbone et al.  2008  ) , 
and even Hodgkin lymphoma (Hessol et al.  1992  ) . 
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 Since the introduction of (HAART) in 1996, the epidemiology and demographic 
characteristics of HIV have change in United States. HIV and AIDS prevalence 
have increased among women, minority populations, and in those acquiring HIV 
through heterosexual relationships (Barclay et al.  2007  )  

 Concomitantly, the incidence of ARL has fallen dramatically in over 50%, both 
for systemic NHL and PBL in patients receiving HAART with marked declined in 
morbidity and mortality (Bohlius et al.  2009 ; Palella et al.  1998  ) .  

   Treatment    

   Pre-HAART Era 

 Prior to the widespread availability of HAART, the use of standard or high-dose 
chemotherapy regimens was associated with increased toxicity and high mortality 
without an increase in response rate or prolong survival (Gill et al.  1987 ; Kaplan 
et al.  1989 ; Bermudez et al.  1989 ; Gisselbrecht et al.  1993  ) . Therefore, modi fi cation 
of the standard chemotherapy regimens was a logical step. These modi fi cations 
included lower dose of the standard M-BACOD regimen or m-BACOD piloted by 
Levine et al.  (  2001  )  where a reduced dose of cyclosphosphamide and doxorubicin 
was implemented. The median survival of 42 patients so treated was only 5.6 months. 
Although, the hematologic toxicity was less yet the ef fi cacy was similar in a ran-
domized study of the AIDS Clinical Trial Group comparing low dose m-BACOD 
with the standard dose M-BACOD enrolling 198 patients. The median OS was only 
35 and 31 weeks, respectively. This difference was no statically despite all patients 
receiving concomitant GM-CSF (Kaplan et al.  1997  ) .  

   Post-HAART Era 

 The theoretical drug interactions between antineoplastic and antiretroviral therapies 
early raised concerns on the potential increase in toxicity and decreased ef fi cacy of 
concurrent treatment with chemotherapy and HAART (Mounier et al.  2009  ) . 

 Some studies were design including a sequential population of patients untreated 
with HAART (pre-HAART), followed by concomitant chemotherapy and HAART 
(Hoffmann et al.  2003 ; Sparano et al.  2004  ) . Others, opted for withholding HAART 
during the chemotherapy administration to prevent adverse drug interactions that 
could reduce the lymphoma cure (Little et al.  2003  )  and yet many treated all patients 
with concomitant chemotherapy and HAART from the outset (Ratner et al.  2001 ; 
Little et al.  2003 ; Navarro et al.  2005 ; Levine et al.  2004  ) . Finally, some investigators 
chose to strati fi ed patients according with risk factors (Mounier et al.  2006 ; Mitrou 
et al.  2006  )  or utilizing dose- adjusted chemotherapy according with the hematologic 
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toxicity (Ratner et al.  2001 ; Gea-Banacloche  2010  ) . All patients included in the 
studies had a median CD4 cell count of >100/ul unlike most of the pre-HAART era 
that enrolled some patients with very low CD4 cell counts. See Table  1 .  

 The lack of prospective randomized trials prevents to assess the merit of one 
chemotherapy regimen over the others and the true ef fi cacy of HAART versus non-
HAART treatment. However, general principles may be drawn. 

 The concomitant treatment of ARL patient with chemotherapy and HAART is 
safe and with higher ef fi cacy. 

 The OS of patients on HAART seems to have improved signi fi cantly compared to 
historical pre-HAART series data (Vaccher et al.  2001 ; Antinori et al.  2001 ; Hoffmann 
et al.  2003 ; Sparano et al.  2004 ; Mounier et al.  2006  ) , with less life-threatening toxicity 
(Sparano et al.  2004  )  and fewer opportunistic infections (OI) 21. 

 CR rates were signi fi cantly higher in HAART treated patients in some studies 
(Antinori et al.  2001 ; Hoffmann et al.  2003  )  but not in all trial (Vaccher et al.  2001  ) . 
Those patients in CR and also HAART viral responders experienced an excellent 
OS of 83% at 39 months (Hoffmann et al.  2003  ) . 

 Patient accrued in the only study withholding HAART during chemotherapy 
treatment achieved an excellent CR rate of 87% in those patients with CD4 >100/ul 
compared to 56% of those with CD4 <100, emphasizing that the achievement of CR 
may be highly related to the ef fi cacy of the chemotherapy regimen selected as well 
as the immune-competence of the patients (Antinori et al.  2001  ) .   

   Treatment of ARL Including Rituximab 

 The addition of rituximab to CHOP chemotherapy resulted in a signi fi cant improve-
ment in clinical outcome for individuals with non-HIV-associated aggressive B-cell 
lymphoma (Coif fi er et al.  2002  ).  

 The profound depletion of normal B cells that results after rituximab treatment 
and the potential viral reactivation that may occur with this drug (Gea-Banacloche 
 2010  )  grew concern among investigators about possible severe side effect of the 
concurrent treatment of chemotherapy, rituximab and HAART in ARL (Table  2 ).  

 Several early non-randomized studies in ARL have preliminary demonstrated 
not only the safety of combining chemotherapy with rituximab but also some bene fi t 
with R-CHOP or R-CDE treated patients (Spina et al.  2005b ; Boue et al.  2006  ) . 
Unexpectedly, the only randomized phase III study (AMC trial 010) that compared 
CHOP with and without rituximab in patients receiving HAART found only a trend 
towards greater ef fi cacy in patients on the riruximab arm with CR of 47% vs. 57%, 
(p = NS) and in OS of 110 weeks compared to 139 weeks, (p = NS). Treatment-
related infectious death occurred in 14% of patient receiving R-CHOP versus with 
2% in the chemotherapy-alone group (p = .035). However, further analysis of the 
data showed that these infectious deaths occurred primarily among the 60% of the 
patients with CD 4 less than 50/ul. If these patients were excluded from the analysis, 
no signi fi cant difference in infectious death was seen. 
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 Later studies have con fi rmed the bene fi t of the addition of rituximab (Ribera et al. 
 2007 ; Sparano et al.  2010 ; Dunleavy et al.  2010  ) . Ribera et al.  (  2007  )  and Boue et al. 
 (  2006  )  utilizing both R-CHOP regimen found a better outcome in viral load responders, 
lower IPI score and CD4 count of more than 100/ul (Boue et al.  2006  ) . Continuing 
with previous the AMC experience with infusional EPOCH regimen, Sparano et al. 
reported the randomized result of concurrent versus sequential R-EPOCH x 4–6 
cycles. The primary ef fi cacy endpoint was met for the concurrent arm only. The tox-
icity was similar in the 2 arms despite the fact that the baseline CD4 cell count less 
than 50/ul had a high infectious death rate in the concurrent arm. Patients in the con-
current arm achieved a respectable CR rate of 75% with OS of 70% at 2 year. 

 Finally, Dunleavy et al. reported the NCI trial utilizing a short-course of EPOCH 
associated with a double dose of rituximab administered on days 1 and 5 (dose 
dense). Seventy nine percent of the patients receive only three cycles of treatment. 
The CR rate was 91 with 68% of the patients alive at 5 years. Interesting, the 21 
patients with GCB tumor histogenesis had a PFS of 95% compared to 44% for 9 
non-GBC patients. The inclusion of FDG-PET ef fi cacy assessment after cycle 2 of 
treatment was considered problematic due to the dif fi cult to differentiate in fl ammation 
from active lymphoma. Indeed, 65% of the PET scans were positive after cycle 2 
and yet few patients relapsed. This abbreviated treatment seems highly effective and 
less immune-suppressive compared with standard strategies. 

 The lack of prospective randomized data comparing R-CHOP to R-EPOCH or 
SC-EPOCH-RR make it dif fi cult for  fi nal recommendation of an optimal treatment 
regimen, although current phase 2 data positions infusional EPOCH as the regimen 
offering patients with ARL the most bene fi t. 

   HIGH- Dose Therapy and SCT in ARL 

 High dose therapy with hematopoietic peripheral blood stem cell transplant has 
been explored in several studies. See Table  3 . The reports include single institution 
and cooperative trial. The study populations vary with inclusion of patients with 
high-risk in  fi rst remission and others with relapsed or refractory disease. All have 
included DLBL and other NHL histology, BL and HL.  

 Most of the trials include 20 or fewer patients except 2 multicenter studies with 
50 and 68 patients with the longest follow-up (Re et al.  2009 ; Balsalobre et al. 
 2009  ) . The median lymphoma-free survival for the these series was 48.9% at 
45 months and 53% at 3 years, while the median OS was 49.8% at 45 months and 
61% at 3 years (Re et al.  2009 ; Balsalobre et al.  2009  ) . 

 Although no de fi nitive conclusion about ef fi cacy can be drawn from all these 
studies, sensitive disease to chemotherapy, low HIV viral load, good PS, higher 
CD4 cell count, DLBCL histology, and the achievement of CR, were all features 
associated with better outcomes. 

 In the  fi rst comparative analysis between HIV-positive and a matched cohort of 
HIV-negative lymphoma patients undergoing ASCT, Diez-Martin, et al.  (  2009  )  
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reported a retrospective EGBMT study including 53 patients (66% NHL and 34% HL) 
within each cohort. 

 The incidence of relapse, OS and PFS were similar in both groups. At a median 
follow up of 30 months, the OS was 61.5 and 70% for HIV-positive and HIV-
negative lymphoma, respectively (NS), and DFS was 61 and 56% (NS). A higher 
non-relapse mortality within the  fi rst year after AST was observed in the HIV-
positive group (8% vs. 2%), predominantly because of early bacterial infections, 
although this was not statically signi fi cant and did not in fl uence survival. This 
results suggest that that HIV-positive patients should be considered for AST accord-
ing with the same indications as for HIV-negative lymphoma patients. 

 Similarly, in a single institution analysis Krishnan et al.  (  2010  )  compared 29 
patients with HIV-positive NHL matched with HIV-negative-NHL patients. The 
non-relapse mortality was similar in HIV-positive-NHL (11%) and HIV-negative-
NHL (4%) with a p = .18. Two-year DFS for HIV-positive-NHL was 76 and 56% for 
HIV-negative-NHL group (p = .33). OS was also similar with 2-year estimates 75 
and 75%, respectively (p = .93). 

 Both studies strongly suggest that the HIV status alone should not longer exclude 
patients with ARL from transplant clinical trials.   

   Burkitt Lymphoma in HIV-Positive Patients 

 It has been recognized that the cure of Burkitt lymphoma is possible with appropri-
ate intensive chemotherapy regimens in non-HIV-infected patients and similar 
approaches have been used for HIV-associated Burkitt lymphoma (Noy  2010     ) . 

 The published studies (see Table  4 ) are single institutions trials (Cortes et al. 
 2001 ; Galicier et al.  2007 ; Spina et al.  1998  )  or cooperative multicenter efforts (Noy 
 2010 ; Montoto et al.  2010 ; Oriol et al.  2008  )  using different chemotherapy regi-
mens. The CODOX-M/IVAC regimen has resulted in CR rates of 85% in the UK 
experience enrolling 30 patients with excellent OS of 52% at 3 years. A remarkable 
immunologic recovery after treatment was noted with 87% of patients had undetect-
able viral load and 80% had CD4 of more than 200/ul at 12 months post therapy 
(Spina et al.  1998  ) . The preliminary AMC data revealed an OS of 85.7% at 1 year 
with the addition of rituximab to the CODX-M/IVAC combination. Likewise, the 
PETHEMA group reported a CR rate of 84% in 19 patients treated with an intensive 
regimen (GMALL German protocol) with 2 years OS of 73%. Interesting, this 
group noted that patients’ responders to HAART had a better OS than non-responders 
(85% vs. 12%), respectively.  

 The Hyper-CVAD regimen widely use in non-HIV patients in USA seems an 
active combination in only 13 patients treated at MDA (Cortes et al.  2001  ) . The CR 
rate of 92% and 2-year OS of 48% achieved in a population with low median CD4 
of only 77/ul appears promising 

 Other less intensive treatment regimens such as standard CHOP or CHOP-like 
variations do not seems to achieved optimal outcomes as indicated by the OS of only 
7 months and low CR rates of 40% in the Italian experience (Spina et al.  1998  ) .      
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         Introduction 

 Mantle cell lymphoma (MCL) is an aggressive Non-Hodgkin’s lymphoma with 
nearly uniform tendency for recurrence and untimely demise despite intensive che-
motherapeutic approaches. This has underscored a need for more targeted approaches 
to improve remission duration, salvage relapsed disease, and ultimately cure this 
malignancy. The following chapter will highlight progress to date in unraveling the 
complex biology of this disease with an emphasis on pathways amenable to targeted 
intervention.  

   Epidemiology 

 MCL accounts for approximately 2–10% of NHL, with a predilection for elderly 
(median age 68) and male individuals (~2:1)(Leux et al.  2011 ; Morton et al.  2006 ; 
Sant et al.  2010 ; Smedby and Hjalgrim  2011 ; The Non-Hodgkin’s Lymphoma 
Classi fi cation Project  1997  ) . A family history of lymphoma, exposure to European 
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strains of Borellia Burgdefori , and genetic polymorphisms in the pro-in fl ammatory 
cytokine IL-10 have all been weakly associated with development of this disease 
(Wang et al.  2007 ; Schöllkopf et al.  2008 ; Skibola et al.  2010  ) . However, there is 
no uniform exposure or inherited abnormality suf fi cient to explain the majority of 
cases. Survival following diagnosis is improving, though remains inferior to other 
low and intermediate grade B-cell NHL, with current data suggesting median overall 
survival of approximately 5 years (Herrmann et al.  2008  ) . It is not clear whether 
survival improvements re fl ect improvements in therapy or an increased perception 
for earlier, more indolent stages of disease.  

   Biology 

 MCL is characterized by the translocation of cyclin D1 on 11q13 to the immunoglobin 
heavy-chain joining region on 14q32. This leads to aberrant production of cyclinD1, 
a protein critical for regulating transition from G1 to S phase. Interestingly, rare 
cases of MCL have been identi fi ed which lack this translocation, but, instead are 
accompanied by dysregulated production of cyclinD2 or cyclinD3, highlighting 
the importance of proliferative drive (Rosenwald et al.  2003  ) . 

 The immunophenotype of MCL includes CD5, CD19, CD20, and CD22 (Klapper 
 2011  ) . Although initial reports suggested a pregerminal center origin, subsequent 
data showing biased IGVH use and somatic hypermutation suggest that at least a sub-
set derive from antigenically exposed B-cells (Camacho et al.  2003 ; Hadzidimitriou 
et al.  2011 ; Kienle et al.  2003 ; Thelander and Rosenquist  2008  ) . Indeed Kolar et al. 
have identi fi ed a possible population of tonsillar B-cells with a similar immunophe-
notype which could re fl ect the cell of origin for MCL. These cells appear to be 
intermediate between naïve and germinal center cells, with expression of activation 
induced cytidine deaminase (AID), a low burden of somatic hypermutation, and in 
the G1 phase of cell division (Kolar et al.  2007  ) . The expression of chemokine 
receptor genes involved in lymphocyte traf fi cking in MCL may similarly support 
this concept that this lymphoma is derived from an “early” antigen exposed B-cell 
(Kurtova et al.  2009  ) . 

 MCL is classically described as being slightly larger than normal lymphocytes 
with a thin rim of cytoplasm, and an indented nucleus with slight relaxation of 
chromatin, but without prominent nucleoli. Morphologic variants include the small 
cell type (closely resembling CLL), and the blastoid/pleomorphic subtype which 
can resemble a large cell lymphoma or lymphoblastic leukemia. As might be antici-
pated, those MCL with small cell histology tend to behave more indolently, while 
those with blastoid/pleomorphic histology have aggressive patterns of growth with 
generally poorer response to therapy (Tiemann et al.  2005  ) . 

 Among classical morphologic variants, three growth patterns have been recognized: 
mantle zone, nodular, diffuse. The mantle zone pattern is uncommon (~2%), and 
re fl ects malignant expansion of the mantle region of the follicle with impingement 
upon small, “punched-out” residual germinal centers (Tiemann et al.  2005  ) . A rare, 
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but distinct, variant of the mantle zone pattern includes “in situ” MCL, in which 
scattered lymphocytes possessing the cyclin D1 translocation can be identi fi ed in 
the mantle zone without accompanying expansion of this region (Aqel et al.  2007 ; 
Carvajal-Cuenca et al.  2011 ; Richard et al.  2006  ) . Ongoing expansion of the mantle 
zone is later accompanied by loss of residual germinal centers, producing nodular 
variant, which can be seen in ~18% of cases (Tiemann et al.  2005  ) . Ultimately, pro-
gressive growth leads to complete loss of the nodal architecture, producing the more 
commonly observed diffuse pattern. 

 Thus, these patterns of growth likely re fl ect a continuum, progressing from an ‘in 
situ’, to a mantle zone, to a nodular, and  fi nally to a diffuse pattern of growth. Indeed, 
a similar progression from a small cell variant to classical variant, and ultimately 
blastoid/pleomorphic disease may also occur in parallel with changes in the histo-
logical pattern of growth. Together, these changes appear to re fl ect an increasing 
proliferative drive, and highlight an ongoing process of unregulated genetic damage 
proceeding from the fundamental cyclin D1 translocation. 

 This notion of superimposed genomic injury is especially important when 
attempting to reconcile failed attempts to develop mouse models of MCL via over-
expression of cyclinD1. Success was ultimately obtained in two contexts. The  fi rst 
relied on mitogenic stimulation (using pristane) in aged E m -cyclinD1 transgenic 
mice. In the second approach, E m  is coupled to a mutated isoform of cyclinD1 
which lacks the phosphorylation site (Threonine 268) important in nuclear export 
(E m —D1/T286A). Interestingly, the age of the mouse was important in both experi-
ments. In the  fi rst model, pristane was incabable of generating lymphoma in mice 
less than 10 months old, suggesting that an aged immunological background is 
necessary for lymphomagenesis. In Em-D1/T286A model, mice had to be followed 
for 13–14 months for lymphomagenesis (Gladden et al.  2005 ; Smith et al.  2006  ) .  

   Secondary Genomic Changes 

 Comparative genomic hybridization (CGH) can be helpful to identify unbalanced 
chromosomal gains or losses. Several CGH studies in MCL have been conducted, 
and these have shown a characteristic pro fi le of genomic changes (Beà et al.  1999  ) . 
Regions most frequently showing losses include 1p, 3p, 6q, 8p, 9p, 9q, 10p14-15, 
11q14-23, 13q, and 17p. Alternatively, those most commonly showing gains include 
3q, 7p, 7q, 8q, 10p13, 12q, 13q, 15q, and 18q. In some cases, alterations may cluster, 
including simultaneous loss of 8p and gain 8q; while in many other cases, speci fi c 
alterations were uncommonly observed together, such as loss of 1p or gain of 3q. 
Blastoid/pleomorphic cases were more likely to have gains of 3q, 7p, and 12q, and 
losses of 9p21 and 17p. Similarly, gain of 3q, as well as losses of 8p, 9p, and 9q 
tended to be associated with inferior survival. Those cases with three or more 
chromosomal imbalances were also more likely to share an inferior survival (Allen 
et al.  2002 ; Beà et al.  1999 ; Bentz et al.  2000 ; Flordal et al.  2002 ; Hutter et al.  2009 ; 
Jarosová et al.  2004 ; Martinez-Climent et al.  2001 ; Monni et al.  1998 ; Salaverria 
et al.  2007,   2008 ; Vizcarra et al.  2001  ) . 
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 The use of higher resolution platforms, such as array CGH and SNP-chip 
microarrays have facilitated the identi fi cation of additional genomic alterations, and 
have similarly helped to re fi ne those areas identi fi ed in cytogenetic and metaphase 
CGH studies identi fi ed above. Coupling of these technologies with gene expression 
pro fi ling has helped to identify candidate genes which may be involved in chromosomal 
losses/gains. Identi fi cation of biallelic deletions frequently corresponded with poor 
prognosis. These deletions include 9p21.3, which may re fl ect loss of CDKN2A, 
CDKN2B, and MTAP; while those involving 1p32.3/33, 2q13, and 2q37 may 
involve FAF1 & CDKN2C, BCL2L11, and SP100, respectively. Monoallelic losses 
also appear to contribute to pathogenesis, as suggested by losses at 11q (ATM), 17p 
(p53), 13q14.2 (RB1), 6q23.3-q24.1 (TNFAIP3/A20, an inhibitor of NF-KB), 
6q25.1 (LATS1), 9p21.2 (MOBKL2B), 19p13.3 (MOBKL2A), 1q32 (PROX1), 8p21.3 
(MCPH1), 13q33-34 (ING1), and 13q34 (CUL4A). Ampli fi ed regions include, 
necessarily, 11q13 (CCND1 & MAP6), as well as 8q24.21 (MYC), 13q31.3 (MIR17HG, 
encoding the mir-17-92 cluster), 12q14 (CDK4, MDM2, CENTG1), 10p12.2-12.31 
(BMI1), 18q21.33 (BCL2). Ampli fi ed gene(s) associated with gains of 3q26 have 
not been identi fi ed. One likely candidate is PIK3CA, which encodes the catalytic 
subunit of PI3K, important in activation of the AKT pathway (Beà et al.  2009 ; Flordal 
Thelander et al.  2007 ; Halldórsdóttir et al.  2011 ; Hartmann et al.  2010 ; Kawamata 
et al.  2009 ; Kohlhammer et al.  2004 ; Rubio-Moscardo et al.  2005 ; Schraders et al. 
 2005,   2008 ; Tagawa et al.  2005 ; Takeuchi et al.  2009 ; Vater et al.  2009  ) . 

 This mutation pattern suggests that MCL pathogenesis integrates cell cycle 
dysregulation, alterations in DNA damage response, and anti-apoptotic pathways, 
as described in Table  1 .   

   Cell Cycle Dysregulation 

 While cyclin D1 is not suf fi cient by itself to reproduce the phenotype of MCL, it 
clearly plays a major role in the pathogenesis of this disease. Perhaps the best known 
function of cyclin D1 (as well as D2 and D3) is to promote cell cycle proliferation 
via binding to cyclin dependent kinases 4 and 6 (cdk4/6). This binding promotes 
phosphorylation of RB1, leading to the release of E2F transcription factors capable 
of driving G1/S phase transition. Ampli fi cation of proliferative signals include 
E2F mediated accumulation of cyclin E, cyclin D1/CKD4 binding of p27kip (an 
inhibitor of cyclin E/CKD2), and cyclin E/CDK2 mediated degradation of p27kip 
and further phosphorylation of RB1. 

 The cyclin D1/CDK4 complex also acts to inhibit degradation of CDT1, a rate 
limiting factor in DNA replication (Aggarwal et al.  2007  ) . Interestingly, CDT1 
when active during S-phase, can lead to an increase in double strand breaks (Lovejoy 
et al.  2006  ) . Emerging data have shown numerous other substrates for cyclin D1/
CDK4, with a potential impact on differentiation (GATA4, MEF2), survival (RUNX), 
DNA repair (BRCA1), DNA replication/segregation, mitochondrial function, 
and protein synthesis (tuberous sclerosis complex/mTOR), ribosome biogenesis 
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(MEP50/PRMT5) (Aggarwal et al.  2010 ; Kehn et al.  2007 ; Lazaro et al.  2002 ; 
Nakajima et al.  2011 ; Ren et al.  2010 ; Shen et al.  2006 ; Zacharek et al.  2005 ; Zhang 
et al.  2008  ) . Cyclin D1 similarly has several non-catalytic, CDK independent 
roles as well, in fl uencing migration (p27/RHOA/smathmin), DNA damage response 
(BRCA2/RAD51, p21), cell cycle progression (STAT3/TAF1), as well as pleotropic 
in fl uences on transcription through the binding of HDACs/HATs and nuclear hor-
mone receptors (Besson et al.  2004 ; Bienvenu  2001 ; Coqueret  2002 ; Fu et al.  2004, 
  2005 ; Jirawatnotai et al.  2011 ; Li et al.  2006,   2010 ; McMahon et al.  1999 ; Musgrove 
et al.  2011 ; Reutens et al.  2001 ; Sherr and Roberts  1999 ; Siegert et al.  2000  ) . 

 Additional factors which may cooperate with the cyclin D1 translocation to 
increase functional levels of cyclin D1 include activation of signaling through receptor 
tyrosine kinases/RAS , WNT/beta-catenin, NF-KappaB, PI3K/mTOR pathways 
(Albanese et al.  1995 ; Boyd et al.  2009 ; Cecconi et al.  2008 ; Gladden et al.  2005 ; 
Musgrove et al.  2011 ; Musgrove  2006 ; Pérez-Galán et al.  2011a,   b ; Pighi et al. 
 2011 ; Psyrri et al.  2009 ; Wander et al.  2011 ; Wang et al.  2011a  ) . Indeed, attempts to 
target many of these pathways have been met with ef fi cacy in both pre-clinical 
and clinical models. Additional data have shown that progressive accumulation of a 
truncated form of cyclin D1, lacking the long 3 ¢  untranslated region is correlated 
with blastoid phenotype and inferior prognosis (Wiestner et al.  2007  ) . Loss of this 

   Table 1    A summary of commonly observed genomic losses and gains in MCL (Royo et al. 
 2011  )    

 Loss  1p32.3-p33a  CDKN2C, FAF1  Cell cycle/cell survival 

 Loss  1q32  PROX1  Proliferation 
 Loss  2q13a  BCL2L11  Cell survival 
 Loss  2q37.1  SP100, SP140  DNA Damage 
 Loss  6q23.3  TNFAIP3  NF-KB inhibitor 
 Loss  6q25  LATS1  Hippo signaling pathway 
 Loss  8p21.3  MCPH1  DNA Damage 
 Loss  9p21.2  MOBKL2B  Hippo signaling pathway 
 Loss  9p21.3a  CDKN2A/B, MTAP  Cell Cycle 
 Loss  11q22.3  ATM  DNA Damage 
 Loss  13q14.2  RB1  Cell Cycle 
 Loss  13q34  CUL4A, ING1  Cell cycle/DNA damage 
 Loss  17p13  TP53  Cell cycle/DNA damage 
 Loss  19p13.3  MOBKL2A  Hippo signaling pathway 
 Gain  3q26.1-q26.32  ?PIK3CA  Proliferation 
 Gain  7p  IGF2BP3  Proliferation 
 Gain  8q24.21  MYC  Proliferation 
 Gain  10p12.2-12.31  BMI1  Cell Cycle 
 Gain  11q13.3-q21  CCND1, MAP6  Cell cycle/microtubule 

dynamics 
 Gain  12q14  CDK4, MDM2, CENTG1/PIKE  Cell cycle, apoptosis, DNA 

Damage, proliferation 
 Gain  13q31.3  MIR17HG (miR-17-92)  Cell cycle, apoptosis 
 Gain  18q21.33  BCL2  Apoptosis 
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region contributes to increased stability of the cyclin D1 transcript, likely due to loss 
of micro RNA binding sites (including mir-15/16, mir-503, mir-34a, mir-195, mir-424, 
and the mir-17-92 cluster), as well as other mRNA destabilizing elements (Deshpande 
et al.  2009 ; Jiang et al.  2009 ; Zhao et al.  2010  ) . 

 It is clear that additional events leading progressive accumulation of CDK4/6 are 
likely also occurring (reviewed in Navarro et al.  2011  ) . Of particular relevance are 
losses at 9p21, where the CDKN2A locus resides. CDKN2A encodes two critical 
elements: p16INK4A, a CDK inhibitor, and ARF, a positive regulator of p53. Similarly, 
ampli fi cation of BMI1 at 10p12.2 may bypass this mechanism, acting to transcrip-
tionally repress the CDKN2A locus. CUL4A and p33ING1, located at 13q34 also 
contribute to this pathway. CUL4A is an E3 ubiquitin ligase important in mediating 
DNA damage responses through its binding and epigenetic activation of the CDKN2A 
locus (Hartmann et al.  2010 ; Kotake et al.  2009  ) . Interestingly CUL4A is also 
repressed by cyclin D1 (Aggarwal et al.  2010  ) . Other CDK inhibitors are also 
frequently in fl uenced by loss, including CDKN2B (9p21) and CDKN2C (1p32.3). 
Finally RB1 loss (13q14) itself may also occur, though, this has not been a consistent 
 fi nding (Pinyol et al.  2007 ; Dreyling et al.  1997  ) .  

   DNA Damage Response 

 MCL is among the most genomically instable of B-cell non-Hodgkins lymphomas, 
with 90% of cases showing at least one alteration. Additionally, the total number of 
alterations per case is also higher in MCL (Beà et al.  2009  ) . These data suggest 
signi fi cant abnormalities both in DNA repair and sensing of DNA damage. Indeed, 
as noted above, cyclinD1/CDK4 may directly inhibit DNA damage response elements, 
including BRCA1, as well potentiate DNA damage through overexpression of 
CDT1. Genomic instability may be further potentiated by mutations involving the 
microtubule associated protein MAP2 (2q34), and in particular, loss of ATM (11q22-
23), which is seen in up to 50% of cases (Camacho et al.  2002 ; Schraders et al. 
 2008 ; Stilgenbauer et al.  2000 ; Vater et al.  2009  ) . ATM is typically recruited to sites 
of double strand DNA breaks via the MRN complex (Mre11, RAD50, NBS1), leading 
to phosphorylation of CHK2, degradation of the CDK2-Cylin E activating phosphatase 
(CDC25A), and subsequent cell cycle arrest. Failure to repair the double strand 
break leads to subsequent phosphorylation of p53 and MDM2 by ATM/CHK2, 
leading to stabilization of p53 and downstream activation of CDK inhibitors, 
including CDKN1A to potentiate cell cycle arrest, and even apoptosis. Inactivation 
of CHK2 (and CHK1), which are downstream of ATM, has also been described in 
MCL (Tort et al.  2002,   2005  ) . Ampli fi cation of 13q31.3 (mir-17-92 cluster) may 
similarly be associated with decreased expression of CDKN1A (Inomata et al. 
 2009  ) . P53 stability may be further compromised by ampli fi cation of MDM2 (12p13), 
loss of ARF (9p21, CDNK2A locus), p33/ING1 (13q33-34), as well as mutation or 
loss of p53 itself (17p13). Interestingly, a commonly deleted region at 8p21 may 
lead to loss of the BRIT1/MCPH1 gene, which normally binds to E2F1 to drive 
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transcription of CHK1, BRCA1, RAD51, DDB2, TOPBP1, and p73 – and additionally 
functions to recruit these and other DNA damage response elements to sites of 
damage (Rai et al.  2006  ) . 

 Loss of the nuclear body components, SP100/SP140 (2q37.1) have also been 
described as recurring event in MCL (Beà et al.  2009  ) . SP100 has been shown in 
 fi broblasts to synergize with p53 to activate CDKN1A; and its loss has been associated 
with rapid transformation to a stem cell phenotype, followed by activation of KRAS, 
MYC, and TERT, sequestration of p53, and signi fi cant genomic instability (Negorev 
et al.  2010  ) . Downstream consequences of SP140 loss are less clear. While it appears 
to share signi fi cant homology with SP100, it appears to be uniformly expressed 
in lymphocytes with nuclear membrane pattern that is only partially overlapping 
with SP100 (Bloch et al.  1996,   1999 ; Zong et al.  2000  ) . Interestingly, SNPs have 
been frequently identi fi ed among patients with the closely related syndrome, chronic 
lymphocytic leukemia, suggesting that this protein may play a central, though as yet 
unde fi ned role lymphomagenesis (Bernardo et al.  2008 ; Sillé et al.  2012  ) .  

   Apoptosis 

 The evolution of MCL from inception through its indolent and ultimately aggressive 
phases suggests an ability to ignore, or potentially evade immune regulation. This 
may relate to a loss of normal response to extrinsic cues, such as tumor necrosis 
factor, as well as perturbed downstream signaling from intrinsic and extrinsic apoptotic 
cues. Ampli fi cation of the antiapoptotic gene BCL2 (18q21), as well as loss of 
pro-apoptotic genes, such as BCL2L11/BIM (2q13), have both been observed in 
this regards (Kawamata et al.  2009 ; Vater et al.  2009  ) . Ampli fi cation of the mir-17-92 
cluster (13q31.3) can also lead to inhibition of apoptosis through down-regulation 
of BCL2L11/BIM (Inomata et al.  2009 ; Molitoris et al.  2011  ) . Similarly, recurrent 
genomic losses at 1p32.3 (FAF1) and 6q23 (TNFAIP3/A20) leading to constitutive 
activation of the NF-KB pathway and overexpression of downstream anti-apoptotic 
targets, including cFLIP, BCL-2, BCL-XL, and XIAP (Hartmann et al.  2010 ; Honma 
et al.  2009  ) .  

   Proliferation 

 Cell cycle dysregulation, as described above, may be accompanied by additional 
mutations which in fl uence proliferation. Ampli fi cations involving SYK (9q22), 
CENTG1/PIKE (12q14), and likely PIK3CA (3q26) highlight the importance of 
aberrant cell signaling in MCL (Hartmann et al.  2010 ; Psyrri et al.  2009 ; Rinaldi 
et al.  2006  ) . Indeed, all these mutations overlap with regards to activation of PI3K 
and downstream phosphorylation of AKT. AKT in turn leads to phosphorylation 
of GSK3B, a kinase important in facilitating nuclear export of cyclin D1 as well as 
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promoting destruction of the pro-survival protein, beta-catenin. AKT also functions 
to activate the mTOR pathway, leading to activation of S6K1 and 4E-BP1 – proteins 
important in cell growth and proliferation – as well as ampli fi cation of cell survival/
proliferation signals via the RAS/RAF/MAPK pathway. Ampli fi cation at 7p 
(IGF2BP3), which leads to increased translation of IGF-2, similarly serves to acti-
vate both the PI3K and RAS/RAF/MAPK pathways (Suvasini et al.  2011  ) . 

 The RAS/RAF/MAPK pathway is particularly important in activating C-Myc 
(Kapeli and Hurlin  2011  ) . C-Myc has numerous effects, including activation of cell 
proliferation (via upregulation cyclins and downregulation of CDKN1A), inhibition 
of apoptosis (via downregulation of bcl2), protein/ribosomal production, and DNA 
replication(reviewed in Eilers and Eisenman  2008  ) . Indeed, ampli fi cation of c-Myc 
(8q24) is associated with poor prognosis, not only in mantle cell lymphoma, but 
several other lymphoma subtypes (Reddy et al.  2008 ; Smith et al.  2010  ) . 

 Deletions involving members of the Hippo signaling pathway, including 
MOBKL2A (19p13.3), MOBKL2B (9p21.2), LATS1 (6q25), and likely LATS2 
(13q11-q12), have surprisingly been found to be a rather common event in MCL, 
occurring in ~40% of evaluated samples. Mutations in this pathway have been associated 
with high genomic complexity and shortened survival (Hartmann et al.  2010  ) . The 
Hippo pathway contributes to cell proliferation, and potentially lymphomagenesis 
(Mauviel et al.  2011 ; Saucedo and Edgar  2007  ) .  

   Translation to the Clinic 

 Gene and protein expression pro fi ling have been explored to better understand the 
upstream and downstream consequences of this broad constellation of recurring 
genomic gains and losses. Although such explorations have been plagued by disease 
heterogeneity and reproducibility, several relevant pathways have emerged which 
are being translated into highly active therapies. Perhaps not surprisingly, genes 
associated with proliferation and survival appear to have the clearest relationship 
to overall survival in MCL (Hartmann et al.  2008 ; Martínez et al.  2003 ; Rosenwald 
et al.  2003  ) . Interestingly, more recent gene expression data suggest a unique pro fi le 
for indolent variants of MCL, an important subset for which treatment may often be 
delayed (Fernàndez et al.  2010 ; Royo et al.  2012  ) .  

   Putting Current Clinical Approaches in Context 

 The addition of anthracyclines to combination chemotherapy has become standard 
for MCL, however their contribution to remission and survival is less clear (Bosch 
et al.  1998 ; Fisher et al.  1995 ; Meusers et al.  1989 ; Teodorovic et al.  1995 ; Zucca 
et al.  1995  ) . This may be a re fl ection of topoisomerase II alpha (Topo IIa) expression, 
a known target of the anthracycline class. Topo IIa plays an important role in repairing 
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double stranded supercoils, which may form during DNA replication/transcription. 
Topo IIa expression was explored in cohort of non-anthracycline treated MCL, 
which ranged from 0.7 to 57.8%, with a mean of 12.7%. The mean expression 
was lower in classic vs. blastoid variant (10.7% vs. 21.9%), and this expression cor-
related with Ki-67. In this group, those with  £ 10% expression demonstrated a 
median overall survival of 49 months, compared to those with higher expression, 
who had a median overall survival of 17 months. Multi-variable analysis found that 
only topoisomerase IIa, IPI, and LDH were prognostic for survival in this study, 
with Ki-67 falling out of model (Schrader et al.  2004  ) . 

 Subsequent studies of anthracycline treated patients could no longer show inde-
pendence of topoisomerase IIa in predicting survival, instead, Ki-67 and other genes 
involved in proliferation, now retained in fl uence (Hartmann et al.  2008 ; Galimberti 
et al.  2007  ) . Interestingly, one of the  fi ve genes validated in these studies was 
SLC29A2, which is part of the SLC29 family of nucleoside carriers important in 
purine and pyrimidine transport (Baldwin et al.  2004  ) . This could explain the bene fi t 
of purine analogues, a prominent component of the HyperCVAD regimen, as well 
as the autologous transplant conditioning regimen BEAM (Endo et al.  2007  ) .  

   Getting Around Cyclin D1 

 Attempts to directly target cyclin D1 in preclinical models has been complicated 
by aberrant upregulation of cyclin D2 and D3, suggesting that it will be necessary 
to address either upstream in fl uences on cyclin D expression, or, alternatively, 
block some of its functions by targeting its catalytic partners, the CDK’s (Tchakarska 
et al.  2009  ) . 

 Flavopiridol, the  fi rst-in-class pan-CDK inhibitor, is currently under study in MCL. 
Although initial studies suggested little clinical activity, subsequent modi fi cation 
of the dosing regimen has facilitated a marked improvement in response (Holkova 
et al.  2011 ; Kouroukis  2003 ; Lin et al.  2009  ) . An alternative approach using a 
PD0332991, a selective inhibitor of CDK4/6, is being explored in MCL. Single 
agent data show a signi fi cant potential for abrogation of cell cycling, with extended 
duration of stable disease noted in 50% of refractory patients (Leonard et al.  2008, 
  2012  ) . Interestingly, withdrawal of his compound appears to induce “coordination” 
of cell cycling, which could facilitate enhanced response rates by sequencing 
PD0332991 with other active, and potentially synergistic, agents. In fact, this 
approach is currently under study using the proteasome inhibitor bortezomib 
(NCT01111188). 

 Two important interconnected pathways sit upstream of cyclin D1, namely the 
B-cell receptor (BCR) and the PI3K/AKT/MTOR pathways. Upregulation of the BCR 
pathway has been observed in MCL by both microarray and phosphoproteomic 
analyses, possibly re fl ecting antigenic drive either by foreign or self-peptides 
(Hadzidimitriou et al.  2011 ; Pighi et al.  2011 ; Rinaldi et al.  2006  ) . The BCR is composed 
of two antigen responsive membrane immunoglobulin molecules coupled to CD79a/
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C79b heterodimers, which transduce intracellular signaling via the Src family 
kinases (Lyn, Blk, Fyn), as well as Syk and Btk, which in turn ultimately activate 
PI3k/AKT/mTOR via CD19, Ras/Raf/Mek/Erk, and PKC-beta/NF-KB/NFAT. 
Negative regulation occurs via a feedback loop involving Lyn-CD22-Shp1. Signi fi cant 
complexity is introduced by other signaling molecules, such as CD40, which can 
modulate intracellular signals through the BCR (reviewed in (Dal Porto et al.  2004 ; 
Kurosaki  2011 ; Werner et al.  2010  ) . This may explain lackluster responses following 
targeted inhibition of Syk with Fostamatinib (ORR 11%), and the PKC-Beta inhibitor, 
Enzastaurin, which elicited no objective responses (Friedberg et al.  2010 ; Morschhauser 
et al.  2008  ) . Novel approaches targeting Btk, on the other hand, are showing signi fi cant 
promise, with an overall response    rate of 67% in highly refractory patients (Wang 
et al.  2011b  )  (Table  2 ).  

 Inhibition of the PI3K/AKT pathway represents another approach for inhibiting 
tonic pro-survival/proliferation signaling. In addition to aberrant signaling through 
the BCR, it is likely that ampli fi cation in PI3KCA, PDK1, AKT1, as well as inactiva-
tion of the PI3K pathway regulating protein, PTEN, also contribute to the malignant 
phenotype (Rizzatti et al.  2005 ; Rudelius et al.  2006  ) . Signaling through the PI3K 
pathway may lead to constitutive activation of AKT, as con fi rmed by GEP in classic 
and blastoid MCL. This is associated with phosphorylation of several downstream 
targets including MDM2 (leading to degradation of p53), BAD (anti-apoptotic), p27 
(proliferation), and, importantly, mTOR. mTOR is a highly conserved kinase which 
regulates translation of proteins important in cell proliferation and growth. mTOR 
exists as two separate complexes, mTORC1 and mTORC2. mTORC1 classically 
sits downstream of AKT signaling, and functions as a critical component in bridging 
PI3K/AKT signals with replicative/proliferative drive (reviewed in Oh and Jacinto 

      Table 2    Novel agents in MCL (Friedberg et al.  2010 ; Hess et al.  2009 ; 
Kahl et al.  2010 ; Kirschbaum et al.  2011 ; Kouroukis  2003 ; Leonard 
et al.  2012 ; Morschhauser et al.  2008 ; Renner et al.  2012 ; Rizzieri et al. 
 2008 ; Wang et al.  2011b  )    

 n  ORR 

  BCR inhibition  
  Enzastaurin  60  0% (10% SD at 6 month) 
  Fostamatinib  9  11% 
  CAL-101  16  62  
  PCI-32765  24  67% 

  mTOR inhibition  
  Temsirolimus  162  22% 
  Everolimus  36  20% 
  Deferolimus  9  33% 

  Cell cycle inhibition  
  Flavopiridol  30  11% 
  PD-0332991  17  18% 

  HDAC inhibition  
 Vorinostat   9  0% (11% with SD × 26month) 
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 2011 ; Rosner et al.  2008 ; Wander et al.  2011  ) . Attempts to inhibit mTORC1 using 
compounds such as Temsirolimus, and its derivatives, Everolimus and Deferolimus 
have shown therapeutic bene fi t in MCL (Hess et al.  2009 ; Renner et al.  2010 ; 
Rizzieri et al.  2008  ) . However, the magnitude of bene fi t has proven to be modest 
driving further investigation into mechanisms of resistance. Indeed, inhibition of 
mTORC1 led to decrease in SB6 and EIF4E. Surprisingly, however, inhibition led 
to increased levels of phospho-AKT driven by mTORC2. While the driving stimuli 
for mTORC2 expression/activity have not been fully elucidated, it appears that 
the mTORC1 pathway plays a central role in regulating mTORC2. Dual mTORC 
inhibitors, as well as mTORC/PI3K inhibitors have been developed and are currently 
under study, and may provide a novel means for enhancing response and survival 
(Bhagwat et al.  2011 ; Gupta et al.  2010,   2011  )  (Fig.  1 ).   

   NF-KB and Beyond 

 NF-KB is a ubiquitously expressed family of several different transcription factors, 
including p65 (RelA), p50/105, p52/p100, c-Rel, and RelB. Each of these factors 
possesses the ability to bind to DNA either as homo- or heterodimers where they 
regulate the transcription of genes involved in cell growth, survival, and adhesion. 

  Fig. 1    Aberrant s   ignaling via AKT in fl uences multiple downstream pathways in MCL, leading to 
inhibition of apoptosis ( red ) and activation of proliferation ( orange )       
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NF-KB function is normally inhibited by IKB, which bind these factors in the 
cytoplasm. In the canonical pathway, phosphorylation of IKB by IKK releases 
NF-KB, leading to proteasome driven degradation of IKB. Aberrant inactivation of 
NF-KB is associated with tumorigenesis as well as chemotherapy resistance 
(reviewed in Karin et al.  2002  ) . Not surprisingly, the NF-KB canonical pathway 
appears to be upregulated in MCL, perhaps related to BCR/TNF signaling and/or 
absence of negative regulation via loss of TNFAIP3/A20 or FAF1 as described above 
(Hartmann et al.  2010 ; Pham et al.  2003  ) . 

 Preclinical models have shown that inhibition of IKK can inhibit cell proliferation, 
decrease cyclin D1, and drive apoptosis (Pham et al.  2003 ; Roué et al.  2007 ; Shishodia 
et al.  2005  ) . However, it has been dif fi cult to translate these compounds into the 
clinical arena. Alternatively, inhibition of the proteasome, initially hypothesized to 
facilitate increased IKB, has proven to be a highly relevant approach for mantle cell 
lymphoma. Data thus far suggest a 33% overall response rate with an accompanying 
PFS of approximately 6 months. A similar response rate was observed in refractory 
patients (31%), while higher response rates were observed in those >3y from 
diagnosis (50% vs. 25%) (Fisher et al.  2006  ) . Interestingly, further research has 
shown that inhibition of the NF-KB pathway is not the primary mechanism for 
bortezomib. Instead, it appears to drive apoptosis via activation of the BH3-only 
protein NOXA, occurring as a consequence of the endoplasmic reticulum stress 
response to excessive polyubiquitinated proteins (Hideshima et al.  2009 ; Pérez-Galán 
et al.  2006 ; Rizzatti et al.  2008 ; Yang et al.  2008  ) . Loss of response to bortezomib is 
associated with plasmacytic differentiation, as suggested by increases in BLIMP & 
IRF4, as well as increased surface expression of CD38 and CD138, and corresponding 
decreases in expression of CD19, CD24, and CD52 (Pérez-Galán et al.  2011b  ) . 
Interestingly, in cells which have not undergone plasmacytic differentiation, BLIMP 
is critical to the activation of NOXA (Desai et al.  2010  ) . This may suggest increased 
tolerance to ER stress related to the unfolded protein response pathway. Speci fi cally, 
it was found that resistant cases had increased levels of the heat shock protein, BiP/
Grp78, an endoplasmic pro-survival chaperone. BiP/Grp78, as well as several other 
pro-survival proteins including cyclinD1, p53, BID and AKT, appears to be stabilized 
by a separate heat shock protein, HSP90. Indeed, pre-clinical models in MCL show 
strong synergy between bortezomib, and HSP90 inhibitors, suggesting a strong 
rationale for further study (Roué et al.  2011  ) .  

   Inhibition of Histone Deactylases 

 The methylation of genes and the acetylation of core histones represent major 
mechanism for gene silencing in the absence of genomic loss. However, MCL is 
characterized by both hypomethylation and hypermethylation of relevant gene 
promoters, which may prove dif fi cult to target, and, further the impact of hyperm-
ethylation may not necessarily prove equivalent to gene loss (Chim et al.  2007 ; 
Hutter et al.  2006 ; Leshchenko et al.  2010  ) . Alternatively, histone deacetylases 
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(HDACs) may prove a more facile target, as speci fi c HDAC subtypes may generate 
a more predictable in fl uence on gene expression. A recent study by Tao and colleagues 
uncovered HDAC3/c-Myc interactions were critical in facilitating changes in gene 
expression signatures driven by c-Myc (Zhang et al.  2011  ) . Competition between 
different histone deacetylases may provide an additional mechanism for controlling 
distinct differentiation pathways. This was recently explored in novel study by 
Sotomayor and colleagues who found that HDAC6 and HDAC11 likely compete 
for binding to the IL-10 promoter, with opposite effects on transcription of this gene 
(Villagra et al.  2008 a). 

 These data may help to explain the modest bene fi ts seen with pan-HDAC inhibitors, 
as such approaches are unlikely to address competition between HDAC’s, or may 
fail to fully inhibit a relevant HDAC prior to the onset of excessive systemic toxicity 
(Kirschbaum et al.  2011  ) . This suggests a strong therapeutic rationale for exploring 
targeted HDAC inhibition in MCL (Cheng et al.  2010,   2011 ; Shah et al.  2010 ; 
Villagra et al.  2008 b).  

   Conclusions 

 The heterogenous clinical and biological pro fi le of MCL continues to pose chal-
lenges in de fi ning optimal therapy. The application of modern molecular approaches 
has helped to underscore the overlapping roles of the pro-proliferative & anti-apoptotic 
pathways which occur on a background of cell cycle dysregulation and diminished 
DNA damage response. Decoding aberrantly regulated pathways occurring in parallel 
and upstream of these responses may provide a unique opportunity to truly “target” 
MCL, and break the cycle of inevitable relapse and untimely death.      
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 The    risk of lymphoproliferative disorders has been reported to be increased in 
autoimmune rheumatic disease and chronic in fl ammatory diseases. The autoimmune 
rheumatic diseases, also called autoimmune disorders, that are frequently associated 
with lymphomas are namely rheumatoid arthritis, Sjörgen syndrome, systemic lupus 
erythematous, celiac disease, Crohn disease, and Hashimoto thyroiditis (Dias 
and Isenberg  2011 ; Tvarůzková et al.  2011 ; Maverakis et al.  2012 ; Mellemkjaer et al. 
 2008  ) . 

 Studies have demonstrated that there are various kinds of lymphomas that 
develop in patients with systemic autoimmune disorders (Suvajdzic et al.  2011 ; 
Dias and Isenberg  2011  ) . The most frequent encountered lymphoma type was 
non-Hodgkin lymphoma, accounting for 88% (35/40) patients, as reported in one 
study (Suvajdzic et al.  2011  ) . Of them, diffuse large B-cell lymphoma was the most 
common subtype, comprising 34% of patients in the group (Suvajdzic et al.  2011  ) . 
Links to autoimmune/in fl ammatory diseases have also been described in chronic 
lymphocytic leukemia (Maverakis et al.  2012 ; Tvarůzková et al.  2011  ) , as well as in 
Hodgkin lymphoma (Váróczy et al.  2012  ) . In Váróczy’s retrospective study, it 
reported that 11.5% (14/121) Hodgkin lymphoma patients had associated autoimmune 
disease (Váróczy et al.  2012  ) . Pediatric Hodgkin lymphomas have also been found 
in many autoimmunity states such as lupus syndrome, antiphospholipid syndrome with 
transient ischemic attack, Evans syndrome, leukocytoclastic vasculitis, autoimmune 
hemolytic anemia, autoimmune thyroiditis, and juvenile idiopathic arthritis (Jarrassé 
et al.  2011  ) . Patients with these autoimmune rheumatic diseases, particularly those 
with detectable autoantibodies and systemic involvement, are at increased risk of 
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developing B-cell lymphoma, especially diffuse large B-cell lymphoma and marginal 
zone lymphoma (Dias and Isenberg  2011  ) . The other risk factors for increased 
lymphoma in these patients are male sex, advanced age, prolonged disease course, 
and increased disease severity, but not family history of autoimmune conditions 
(Dias and Isenberg  2011  ) . 

 The exact pathoetiology of autoimmune disease is still under investigation. 
Infection (viral or bacterial), chemical or toxin exposure, and genetic susceptibility 
could attribute to its development. Chronic immune stimulation, genetic and other 
environmental factors, and some immunosuppressive drugs might also be involved 
in lymphomagenesis in these patients (Dias and Isenberg  2011 ; Tvarůzková et al. 
 2011  ) . It is believed that antigens or immunological elements can trigger transformation 
of polyclonal population of normal lymphocyte into monoclonal neoplastic process--
lymphoproliferative disease (Tvarůzková et al.  2011  ) . Alteration of gene expression 
is one of the signi fi cant factors in lymphoma formation. Genetic susceptibility (for 
example, HLA typing) plays a considerable role in concurrence of autoimmune 
disorder and non-Hodgkin lymphoma based on the data from genome-wide association 
analyses. In Conde’s study, it was shown that non-Hodgkin lymphoma and several 
autoimmune disorders shared common genomic regions and susceptibility loci, 
suggestive of the overlapping risk for both diseases (Conde et al.  2011  ) . Certainly, 
superimposed infections in patients with autoimmune rheumatic disease might 
increase the risks to developing lymphoproliferative disorder or lymphoma. The 
infectious agents commonly consist of viruses [e.g. Epstein-Barr virus (EBV), human 
immunode fi ciency virus (HIV) or hepatitis C virus], and bacteria (e.g. Helicobacter 
pylori, Borrelia burgdorferi). EBV is one of the most plausible candidates for playing 
a role in the pathophysiology of lymphomas in autoimmune diseases. High titers of 
anti-EBV antibodies and impaired T-cell responses to EBV antigens have been 
found in patients with systemic lupus erythematous (SLE), rheumatoid arthritis, and 
primary Sjörgen syndrome versus levels shown in normal subjects (Toussirot and 
Roudier  2008  ) . In addition, administration of some immunomodulators or immune 
suppression of autoimmune rheumatic disease has been proved to be akin to lym-
phoproliferative disorders/lymphoma. 

 In light of the numerous kinds of autoimmune disorders and the various levels of 
understanding of the pathogenesis of these diseases, the following sections will 
more speci fi cally discuss the relationship between several common autoimmune 
disorders and lymphoproliferative disease. 

   Sjögren Syndrome 

 Primary Sjögren syndrome is an autoimmune syndrome characterized by chronic 
dry month (xerostomia) and dry eyes (xerophthalmia) resulting from dysregulated 
immune cells attacking and destroying the exocrine glands and corresponding organ 
tissue.(Delaleu et al.  2008 ; Jonsson et al.  2005 ; Skopouli et al.  2000 ; Theander et al. 
 2005  ) . Up to 20% of patients with this disease will display systemic or extraglandular 



139Pathogenesis of Non-Hodgkin Lymphoma Derived from Infl ammatory…

features (Jonsson et al.  2005 ; Skopouli et al.  2000 ; Theander et al.  2005  ) .The incidence 
rate of Sjögren syndrome is 4/1,000,000 people in the United States with female 
prevalence (estimated female-to-male ratio of 9:1 or even higher) (Westhoff and Zink 
 2010  ) . Most patients with Sjögren syndrome are more than 40 years old (Westhoff 
and Zink  2010  ) . 

 Non-Hodgkin lymphomas are frequently encountered in patients with Sjögren 
syndrome when compared to patients with other autoimmune diseases or healthy 
individuals (Sugai et al.  1987 ; Voulgarelis and Skopouli  2007 ;    Isaacson et al.  2008b ; 
Tzioufas and Voulgarelis  2007  ) . The estimated occurrence rate of lymphoid 
malignancy in patients with Sjögren syndrome is 5% (Tzioufas and Voulgarelis 
 2007  ) . A 10-year follow-up study in 66 patients with primary Sjögren syndrome 
showed 4 (6.7%) developed non-Hodgkin lymphoma (Krylova and Isenberg  2010 ; 
Westhoff and Zink  2010  )  while an incidence rate of lymphoma in the general 
population is reportedly 0.03% (ISD Cancer Information Programme  2009  ) . A single-
center review of 352 patients with lymphoma found that Sjögren syndrome (8 cases, 
3.4%) was the leading cause versus the other autoimmune disorders: undifferentiated 
connective tissue disease (3%) thyroiditis (2.6%) rheumatoid arthritis (1.7%), and 
systemic vasculitis (1.7%) (Váróczy et al.  2012  ) . 

 Patients with severe Sjögren syndrome are much more likely to develop lymphomas 
than those with mild or moderate diseases (Smedby et al.  2006  ) . Studies have shown 
that patients with systemic involvement often display palpable purpura, low serum 
levels of the complement component C4 and mixed type II cryoglobulins and 
secondary lymphoma (Voulgarelis and Skopouli  2007 ; Voulgarelis and Tzioufas 
 2010  ) . In addition, lymphadenopathy, splenomegaly, and neutropenia are predicting 
factors for systemic disease (Le Guern and Mouthon  2011  ) . Thus, systemic involve-
ment beyond    epithelial lesions re fl ect an overall worse outcome than those with local-
ized presentation (Voulgarelis and Tzioufas  2010  ) . Of note, most lymphomas derived 
from primary Sjögren syndrome are of B-cell lineage and often low grade. B-cell 
non-Hodgkin lymphoma has been reported in 82.3% (14 of 17) of patients with 
primary Sjögren syndrome (Wang et al.  2010  ) . An extranodal marginal zone B cell 
lymphoma (MALT lymphoma) in the salivary glands with or without transforming 
to diffuse large B-cell lymphoma is the most common one (Smedby et al.  2006 ; 
Voulgarelis and Skopouli  2007 ; Isaacson 2008). MALT lymphomas could also be 
found in the stomach and lung or adjacent lymph nodes in these patients (Mariette 
 1999 ; Fox and Kang  1992  ) . 

 The transition from a chronic in fl ammatory condition or autoimmune reaction to 
malignant lymphoma takes multistep processes and the exact pathogenesis is yet poorly 
understood. There is more than one mechanism has been proposed in primary 
Sjögren syndrome and its secondary lymphoproliferative disorder/lymphoma. The 
factors initiating and driving autoimmunity in this entity are of importance. Infection 
e.g. viral infection could be predisposing factor, where a consequence of distur-
bances of the immune system e.g. B-cell hyperreactivity and enhanced levels of 
B-cell-activating factor/B-lymphocyte stimulator play a key role in disease develop-
ment (Hansen et al.  2005  ) . In addition, genetic features, including certain HLA phe-
notypes and polymorphisms in genes encoding cytokines or factors implicated in 
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cytokine signaling and hormonal factors are also thought to participate in disease 
pathogenesis (Tzioufas et al.  2012 ; Voulgarelis and Skopouli  2007  ) . And certainly, 
additional molecular oncogenic abnormalities e.g. chromosomal translocation, gene 
deletion or mutation, microsatellite instability, deregulation of B cell cycle, and over-
production of speci fi c B cell biologic stimulators also contribute to the emergence and 
progression of the neoplastic process (Voulgarelis and Skopouli  2007  ) . 

 People were thought that primary Sjögren syndrome is due to the combined 
effects of chronic EBV infection and autoimmunity (Whittingham et al.  1987  ) . It was 
documented that presence of EBV DNA copy found in patients was higher that that 
noted in control subjects (Whittingham et al.  1987 ; Mariette  1999  ) . Emergent data 
showed hepatitis C infection might also be the triggers for abnormal immune 
response and B-cell lymphoproliferative disorder in primary Sjögren syndrome 
(Ramos-Casals et al.  2007  ) . 

 It has been well known that genetic factors (for example, HLA-DR3) can predispose 
patients to primary Sjögren syndrome (Fox and Kang  1992  ) . Overexpression of 
HLA-DR antigens in epithelial cells in these patients suggested a high susceptibility 
to autoimmune disease (Fox and Stern  2002  ) . Growing evidence is also suggesting 
the important role of epigenetics in primary Sjögren syndrome (Dantec et al.  2012  ) . 
This study demonstrated an association between DNA methylation and autoanti-
body production in primary Sjögren syndrome (Dantec et al.  2012  ) . 

 Sustainably abnormal lymphoid proliferation consisting of T cells and B cells 
has long been demonstrated in a subpopulation of patients with Sjögren syndrome. 
Increased B-lymphocyte activity in primary Sjögren syndrome is manifested by the 
presence of a number of autoantibodies, such as anti-SS-A and anti-SS-B antibodies, 
rheumatoid factor, type 2 cryoglobulins, and hypergammaglobulinemia (Kallenberg 
et al.  2011  ) . B cells within the salivary glands produce refractory factor-like autoan-
tibodies with clonal B cell expansions. The latter can be detected by molecular 
diagnostic tool such as PCR for immunoglobin gene rearrangement (Kallenberg 
et al.  2011  ) . BAFF, B cell activating factor belonging to the Tumor Necrosis Factor 
family, has been observed to be overexpressed in primary Sjögren syndrome and is 
associated with expansion of transitional type 2 (T2) cells and marginal-zone -like 
B cells in the salivary glands (Varim et al.  2010  ) . Prolonged B-cell survival and 
excessive B-cell activity is probably related to increased production of BAFF, which 
may eventually lead to MALT lymphomas in these patients (Varim et al.  2010 ; 
Baimpa et al.  2009 ; Kassan et al.  1978  ) . BAFF plays a key role in B-cell repopula-
tion after B-cell depletion therapy in primary Sjögren syndrome (Varim et al.  2010  ) . 
A recent study illustrated that a toll-like-receptor (TLR9) in primary Sjögren’s syn-
drome, is not only able to keep B cells alive by delivering suf fi ciency of tonic sig-
naling, but also able to confer autoreactive B cells with an marginal-zone-like 
phenotype (Guerrier et al.  2012  ) . 

 T cells are implicated in both local and systemic pathophysiology of primary 
Sjögren syndrome. Data have shown that lymphocytic in fi ltrates in exocrine glands 
are dominated by CD4+ T cells, which produce cytokines, including IL-2 and interferon-
gamma, and exhibit cytotoxic potential (Fox and Stern  2002  ) . A recent study showed 
that oligoclonal expansion of T cells is found locally and systemically in these 
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patients (Busch et al.  2012  )  in response to in fl ammation and autoimmune dysregulation. 
The self-perpetuating T cell dependent autoimmune is triggered by autoantigen 
present in Sjögren syndrome (Katsi fi s et al.  2007  ) . This immune response drive 
proin fl ammatory (Th1 and Th17) and limited inhibitory (Treg) pathways (Katsi fi s 
et al.  2007,   2009  ) . As squeals, persistent tissue damage and compromised function 
of salivary and lacrimal glands would occur (Katsi fi s et al.  2007  ) . The roles of the 
lymphoid structure and lymphoid chemokines are important in extranodal B-cell 
lymphomagenesis (Bombardieri and Pitzalis  2012  ) . Abnormal proliferation of T 
cells and cytokine release could support a B-cell lymphoma formation.  In vitro  
and  in vivo  studies of Sjögren syndrome have shown that the formation and growth 
of the lymphoid structures in the salivary gland critically rely on the ectopic expression 
of lymphoid chemokines (for example, CXCL13, CCL19, CCL21, and CXCL12), 
which are likely produced by the background stromal cells, as well as different subsets 
of in fi ltrating immune cells during chronic in fl ammatory processes in Sjögren syndrome 
(Salomonsson et al.  2002 ; Barone et al.  2005 ; Bombardieri and Pitzalis  2012  ) . It has 
been noted that increased in fi ltration by IL-18(+) cells and C4-hypocomplementemia 
are adverse prognostic factors for lymphoma development (Tzioufas et al.  2012  ) . 

 Taken together, secondary lymphoma occurs as the results of multifactorial inter-
action in primary Sjogren syndrome. More studies are necessary to explore the net-
works of in fl ammatory and immunological processes.  

   Systemic Lupus Erythematosus 

 Systemic lupus erythematosus (SLE) is an autoimmune disease with very heterogeneous 
clinical manifestations and various immune abnormalities, producing a plethora of 
autoantibodies with deposition of immune complexes in various organs, ultimately 
ending in organ damage or secondary malignancies (Anolik  2007  ) . The ratio of 
women to men with the disease is 10:1 (Veeranki and Choubey  2010  ) . As with other 
autoimmune disorders, genetic predisposition, chronic antigen stimulus, disproportional 
immune responses, and chronic administration of immunosuppressive medications 
also contribute to the development of malignancies in lupus (Kiss et al.  2010  ) . 

 It is not uncommon for patients with SLE to develop malignant tumors. One study 
revealed that cervical cancer, non-Hodgkin lymphoma, and bladder cancer were 
three common malignancies that developed in female SLE patients, as shown by 
high standardized incidence ratios of 3.42 (CI 0.00–7.26), 15.37 (CI 2.90–37.68), 
and 43.55 (CI 8.21–106.78), respectively (Kang et al.  2010  ) . SLE patients also had 
a three- to four-fold increased risk of developing non-Hodgkin lymphoma and 
Hodgkin lymphoma versus the general population (Veeranki and Choubey  2010 ; 
Rossi et al.  2011 ; Bernatsky et al.  2009  ) , with a preference to diffuse large B-cell 
lymphomas (DLBCL) (Rossi et al.  2011 ; Bernatsky et al.  2009  ) . There was also an 
increased trend toward Hodgkin lymphoma (Bernatsky et al.  2009  ) . In an investigation 
of 258 patients with SLE at a hospital between 1982 and 2009, six patients developed 
lymphomas, including four developing DLCBL, one Hodgkin lymphoma, and one 
indolent lymphocytic lymphoma (Rossi et al.  2011  ) . 
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 Even though the exact pathogenesis of SLE and related lymphoma has not been 
fully revealed, several aspects have been delineated. The combination of germline 
and somatic mutations, persistent immune overstimulation, and the impairment 
of immune surveillance facilitated by immunosuppressive drugs is thought to be at 
the origin of the increased lymphomagenesis (Rossi et al.  2011  ) . Defect of tumor 
suppressors could be one of the triggers in development of secondary malignancies, 
including lymphoma. For example, microtubule-associated tumor suppressor 
1(MTUS-1) is involved in the angiotensin II type 2 receptor (AT2R)-mediated 
growth inhibitory signaling cascade (Zuern et al.  2012  ) . In a mouse model, MTUS-1 
de fi ciency caused spontaneous heart hypertrophy and SLE-like lymphoproliferative 
disease (Zuern et al.  2012  ) . 

 B cells serve a key role in immune regulation in the healthy population. The role 
of B cells in development of SLE and related immunologic abnormalities is 
also very crucial. Alteration of B-cell signaling cascades, B-cell tolerance, B-cell 
longevity, and microenvironments contribute to pathogenesis in SLE (Anolik  2007  ) . 
Clinically, ef fi cacy of anti-B cell antibodies (rituxan, epratuzumab) in SLE patients 
also point to B cells being involved in the pathogenesis of this disease (Anolik  2007 ; 
Dorner et al.  2006 ; Daridon et al.  2010  ) . However, the molecular mechanism 
involved in regulation of B cell homeostasis is not yet clear in SLE patients, espe-
cially in those with B-cell malignancies. 

 A balanced cytokine release is the key step in maintaining immune system function. 
Therefore, the type or level of cytokine release could play a pivotal role in autoim-
mune disorders. A study reported that cytokine A proliferating-inducing Ligand 
(APRIL) was overexpressed in patients with DLBCL and the cytokine ligand 
showed a high concentrations in sera from a subset of patients with autoimmune 
disorder including rheumatoid arthritis and SLE (Löfström et al.  2011  ) . Therefore, 
dysregulation of cytokine A proliferating-inducing Ligand (APRIL) could be asso-
ciated with increased risk of lymphoproliferative disorder in SLE and rheumatoid 
arthritis. 

 A cohort of patients with SLE demonstrated a high potentiality of virus-induced 
malignancies (   standardized incidence ratio of 2.9 (95% CI 2.0–4.1)) in systemic 
lupus erythematosus, suggestive of some oncogenic virus infection in the pathogenesis 
of SLE-related lymphoproliferative disorders and carcinoma (Dreyer et al.  2011  ) . 

 An advanced molecular pro fi le study also showed the importance of some genes 
in SLE and B-cell lymphoma. In a microarray study of marrow mononuclear 
cells from 20 SLE patients (11 with active disease), a signi fi cant similarity was 
shown in gene pro fi les between patients with active SLE and non-Hodgkin’s lymphoma, 
with overlapping main pathways, including kinases (MAPK, ERK, JNK, PKC), 
transcription factors (NF-kappa B, STAT3), and insulin (Nakou et al.  2010  ) . 

 Regarding immunosuppressant use in SLE, someone believed that a high-dose 
cyclophosphamide therapy seemed to contribute to the increased risk of cancer in 
patients with SLE (Kang et al.  2010  ) . In addition to the use of cyclophosphamide, 
the use of anti-TNF- a  agent was also reported to be associated with non-Hodgkin 
lymphoma in SLE patients (Aringer et al.  2009  ) . A long-term follow up of 13 patients 
with SLE who were administrated TNF-alpha blockade with in fl iximab showed that 
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two patients had fatal CNS lymphoma (Aringer et al.  2009  ) . The drug-related lymphoma 
may be partially attributed to immunocompromised state with superimposing 
lymphotrophic virus infection e.g. EBV. The detailed mechanism is to be explored. 

 Together, there is a close clinical and molecular relationship between SLE and 
secondary lymphoproliferative disorders or lymphoma. Alterations of normal immune 
response and gene pro fi le are considered the main pathway toward abnormal lym-
phoproliferation and development of lymphoma.  

   Rheumatoid Arthritis 

 Rheumatoid arthritis is de fi ned as a chronic, systemic in fl ammatory disorder that 
may affect many tissues and organs, but that particularly attacks  fl exible (synovial) 
joints. The disease process often ends with the destruction of articular cartilage and 
ankylosis of the joints (Harris and Firestein  2008  ) . However, the chronic in fl ammation 
and autoimmune process may also involve the lungs, pleura, heart, sclera, and sub-
cutaneous tissue. 

 Rheumatoid arthritis was is a fairly common disease, with occurrence of 0.5–1% 
of the World’s population and female predominance (Alamanos et al.  2006 ; Carmona 
et al.  2010  ) . The male-to-female ratio is 3–5:1 (Alamanos et al.  2006  ) . Onset of 
the disease most frequently occurs between the ages of 40 and 50 years; however, 
rheumatoid arthritis can affect people of any age (Alamanos et al.  2006 ; Carmona 
et al.  2010  ) . Rheumatoid arthritis is de fi ned as an immune-mediated disease because 
of detectable autoantibodies, B-cell proliferation, accumulation of immunoglobulins 
and other in fl ammatory products such as complements, and positive response to B-cell 
depletion therapy (Rantapaa-Dahlqvist  2005 ; Weyand et al.  2005 ; Low and Moore 
 2005 ; Perosa et al.  2005  ) . Rheumatoid arthritis could be triggered by an environ-
mental (microbial) factor in a genetically susceptible individual (Ebringer and 
Rashid  2006  ) . It is widely accepted that autoimmunity plays a key role in both the 
disease chronicity and progression. The mechanism of development of rheumatoid 
arthritis is unclear. Nevertheless, the interaction of genetic admixture, environmental 
factors, and socio-demographic background might be the most important underlying 
causes of rheumatoid arthritis (Carmona et al.  2010  ) . 

 Lymphoma risks in patients with rheumatoid arthritis are heterogeneous between 
studies, ranging from no increase to borderline signi fi cantly increase (   Ekström 
Smedby et al.  2008  ) . The heterogenesity could be attributed to the prevalence of 
reported rheumatoid arthritis among controls in different studies. (Ekström Smedby 
et al.  2008  ) . Dias’s group reported an increased risk of lymphoma in rheumatoid 
arthritis, especially diffuse large B-cell lymphoma and marginal zone lymphoma. 
(Dias and Isenberg  2011  ) . 

 The pathogenesis has never been completely understood. A recent study pointed 
out there is a direct causal relationship between autoimmune and chronic 
in fl ammatory disorders including rheumatoid arthritis and the various lymphoprolif-
erative malignancies (van de Schans et al.  2011  ) . Of many other in fl ammatory diseases, 
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rheumatoid arthritis was more often present in newly diagnosed patients with most 
lymphomas (van de Schans et al.  2011  ) . Genetic and environmental factors might 
also independently or synthetically play pivotal roles in lymphomagenesis in 
these patients (Dias and Isenberg  2011  ) . Some date suggested that the overall risk 
of cancer and lymphoma in patients with rheumatoid arthritis did not appear to differ 
greatly from those recorded among untreated patients; rather, it was associated with 
the degree of disease activity (Rosenblum and Amital  2011  ) . 

 Infection is one of etiologies. Numerous evidences showed EBV infection may 
contribute indirectly to the pathophysiology of rheumatoid arthritis, namely impaired 
lymphocyte response to EBV, detectable EBV antigens and genetic material within 
the rheumatoid synovium, presence of cell-mediated responses to EBV replicative 
cycle proteins and to glycoprotein 110 similar epitope of EBV antigens to some self 
antigens, increased virus load in blood than in controls (Toussirot and Roudier  2007  ) . 
Impairing immune control of EBV replication, increased exposure to EBV antigens 
and, and chronic in fl ammation might also trigger lymphogenesis, and cause sustained 
chronic in fl ammation or disease progression in this group of patients (Toussirot and 
Roudier  2007  ) . 

 Whether anti-in fl ammatory drugs and/or immunomodulants could induce lym-
phoproliferative disorders in patients with rheumatoid arthritis is still debatable. 
Numerous drugs have been developed in an attempt to control this disease. Disease-
modifying anti-rheumatic drugs are the most popular ones, which commonly 
include azathioprine, cyclosporin A, D-penicillamine, gold salts, hydroxychloroquine, 
le fl unomide, methotrexate, sulfasalazine, and cyclophosphamide. These medications 
can be used individually or in combination. Although the use of combinations 
could minimize the toxicity of drugs, long-term use of some of these medications 
(for example, methotrexate) has been associated with lymphoproliferative disorders, 
either “pseudolymphoma” or true malignant lymphoma. Besides diffuse large B-cell 
lymphoma (the most common one), follicular lymphoma was also reported in a 
patient with rheumatoid arthritis receiving methotrexate treatment (Nakanishi et al. 
 2011  ) . Lymphomatoid granulomatosis is another rare scenario reported in the same 
setting (Inaba et al.  2011  ) . 

 Biological agents have also been approved for treatment of rheumatoid arthritis. 
Introduction of three main anti-TNF- a  inhibitory agents (in fl iximab, adalimumab, 
and etanercept) have been recently applied in the control of rheumatoid arthritis, 
especially in those RA patients resistant to routine therapy (Rosenblum and Amital 
 2011  ) . A large study cohort including 2,306 control patients and 5,179 patients 
treated with anti-TNF a  therapy was conducted. Four of 2,306 (0.17%) patients 
from control group developed hematolymphoid neoplasms while 11 (11/5,179, 
0.21%) patients receiving anti-TNF a  therapy developed lymphomas. The results of 
statistical analysis suggested an increase in lymphomas in the TNF alpha group, 
with predominance of B-cell lymphomas but do not reach statistical signi fi cance 
( p  > 0.05) (Wong et al.  2012  ) . The other study data has shown that short- to interme-
diate-term treatment with biologics (for example, up to 4 years), especially anti-
TNF- a  agents, should be secured with respect to lymphoma risk (Dommasch and 
Gelfand  2009  ) . 
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 Interestingly, most lymphomas that occurred in rheumatoid arthritis were of 
B-cell origin; a rare extranodal NK/T-cell lymphoma, nasal type, was also found in 
a patient with rheumatoid arthritis receiving anti-tumor necrosis factor (TNF) therapy 
(Arai et al.  2011  ) . In the reported case, discontinuation of methotrexate and anti-
TNF agent (“etanercept” or Enbrel) did not stop growth of the lymphoma (Arai 
et al.  2011  ) . Another group suggested that attention should be paid to the high risk 
of hepatosplenic T-cell lymphoma in young male patients treated with anti-TNF- a  
agents together with thiopurines (Ye  2011  ) . The pathoetiology here is unclear. 

 In conclusion, secondary lymphomas have been reported in patients with rheumatoid 
arthritis with not yet determined risk factors. Mechanisms of the link between the 
two entities are worthy of further exploration.  

   Hashimoto Thyroiditis 

 Hashimoto thyroiditis, also called chronic lymphocytic thyroiditis, is an autoimmune 
disease. The disease has been earlier described by Japanese scholar Hashimoto 
in 1912 and is now recognized as an antibody-mediated immune response toward 
thyroid glands, resulting in damaged glandular structures and chronic lymphocytic 
in fi ltrate (Nakazawa  2008  ) . It affects middle-aged adults, with a signi fi cant female 
predominance (female to male ratio of 15;1) (Brent et al.  2008  )  The annual incidence 
of Hashimoto thyroiditis worldwide is estimated to be 0.3–1.5 cases per 1,000 persons 
(Vanderpump et al.  1995  and Vanderpump et al.  1998  ) . In a large study cohort of 
917 patients with surgical resection of thyroid gland(s) for thyroid diseases, 77 
patients (~8.4%) showed with histologic features compatible with chronic lympho-
cytic thyroditis. Hashimoto thyroiditis was identi fi ed in only 20.8% of the 77 
patients with chronic lymphocytic thyroditis, corresponding to 1.7% of all patients 
experienced thyroidectomy (Büyükaşık et al.  2011  ) . 

 Lymphoma of the thyroid is quite a rare entity, comprising approximately 3% of 
all non-Hodgkin lymphoma and 5% of all thyroid tumor patients (Ruggiero et al. 
 2005 ; Ha et al.  2001 ; Pasieka  1998  ) . Although rare, thyroid lymphomas occur more 
frequently in patients with a history of Hashimoto thyroiditis (Ruggiero et al.  2005 ; 
Ha et al.  2001 ; Holm et al.  1985 ; Mellemkjaer et al.  2008  ) . Primary thyroid lymphomas 
essentially belong to the non-Hodgkin lymphoma subcategory and can be further 
divided into two clinical settings: indolent or aggressive. Primary thyroid mucosa-
associated lymphoid tissue (MALT) lymphoma, usually having indolent behavior, 
constitutes about 6–28% of all primary thyroid lymphomas (Harris et al.  1994 ; Jaffe 
et al.  1999  )  with one study reporting up to 46% of lymphomas (Watanabe et al. 
 2011  ) . An aggressive variant, diffuse large B-cell lymphoma,  de novo  or trans-
formed, has been shown to account for 51% (81 of 171) of patients with primary 
thyroid lymphoma (Watanabe et al.  2011  ) . Extrathyroidal MALT lymphoma 
has been observed in patients with Hashimoto thyroiditis (Troch et al.  2008  ) . 
Despite the majority of non-Hodgkin lymphoma in thyroid being of B-cell lineage, 
T-cell lymphoma associated with Hashimoto thyroiditis has also been occasionally 
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reported (Abdul-Rahman et al.  1996 ; Kim et al.  2010  ) . Coexistence of thyroid 
carcinoma with primary thyroid lymphoma in a background of Hashimoto 
thyroiditis has been documented (Vassilatou et al.  2011 ; Li et al.  2010 ; Panayiotides 
et al.  2010  ) . 

 The pathoetiology of Hashimoto thyroiditis and related thyroid lymphoma is still 
under investigation. The mechanisms implicated in development of Hashimoto 
thyroiditis might also play a pivotal role in the development of lymphoma in the 
same patient group. Genetic predisposition with HLA-DR5 carrier seems to be an 
important factor implicated in Hashimoto thyroiditis. The production of autoanti-
bodies against thyroglobubin, thyroid-stimulating hormone (TSH), and thyroid per-
oxidase, so as to destroy thyroid cells, is the major concern. Studies demonstrated 
that cytotoxic T-cell lymphocyte associated-4 (CTLA-4) gene polymorphisms 
are also associated with the autoimmune process in development of Hashimoto 
thyroiditis (Kavvoura et al.  2007  )  and possibly effect on secondary lymphoma 
formation. It is also recognized that increased CD8-positive cytotoxic T-cells in 
response to the cell-mediated immune response and cytokine release might expedite 
the disease course. 

 An evolution from Hashimoto thyroiditis to lymphoma is not well understood. 
Genetic predisposition, chronic in fl ammatory processes, abnormal cytokine release, 
increased CD8-positive cytotoxic T-cells, and tissue-speci fi c antibody in thyroid 
tissue are the imperative factors that contribute to lymphoma development. A case 
study of peripheral T-cell lymphoma developed in Hashimoto thyroiditis found 
the neoplastic T-cells with phenotype (CD3+, CD4+, CD8-, TCR+, CXCR3+, 
CCR5+ and ST2(L)-) corresponding to a Th1 cell origin (Koida et al.  2007  ) . 
The study assumed that Th1 activation induced by chronic in fl ammation could lead 
to peripheral T-cell lymphoma as well as possible MALT-lymphoma of B cells in 
the setting (Koida et al.  2007  ) . As B-cells are increased in Hashimoto thyroiditis, 
the accumulation of intraepithelial B-cells were considered the probable promoters 
of the autoimmune process and when clonal evolution and immortalization was 
occurred, it could be regard as causative agent in the development of B-cell lymphoma 
(Tiemann et al.  1996  ) . The clonal relationship of B-cells in Hashimoto disease and 
secondary lymphoma has been illustrated by a recent study conducted by a Canadian 
group (Moshynska and Saxena  2008  ) . This study illustrated reproducible clonal 
IgH peaks with high sequence homology between 60 and 100% in 3 of 4 patients 
with Hashimoto thyroiditis who subsequently developed lymphoma (Moshynska 
and Saxena  2008  ) . These molecular  fi ndings suggested a likelihood of clonal evolution 
from Hashimoto thyroiditis to primary thyroid lymphoma.  

   In fl ammatory Bowel Disease 

 In fl ammatory diseases include ulcerative colitis and Crohn disease. In general, the 
risk of lymphoproliferative disorders in patients with in fl ammatory bowel disease 
(IBD) exists, especially Crohn disease. In a recent retrospective study of 8,780 
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records of patients with IBD, 14 patients had a diagnosis of lymphoma (0.15%) 
(Sultan et al.  2012  ) . In another large study, the incidence rate of lymphoma in IBD 
was reported to be 0.28% (46 of 16,023 patients) (Herrinton et al.  2011  ) . A large 
study cohort that included 1,374 patients diagnosed with IBD revealed that, when 
compared with the same disease in adults, the overall risk of lymphoma in children 
with IBD is lower (Ashworth et al.  2012  ) . 

 It is still uncertain whether the development of lymphoproliferative disorders in 
these patients is associated with the use of anti-in fl ammatory regimens or immuno-
modulants in that the pathoetiology could be multifactorial. Use of immunosuppressive 
agents was thought to be one of the major contributors to secondary lymphoma in 
IBD. Although there were con fl icting results from hospital and population-based 
studies, purine analog-based therapies demonstrated a 4-folder higher risk of lymphoma. 
The contribution of anti-TNF- a  agents is dif fi cult to determine (Jones and Loftus 
 2007  ) . However, a combination of thiopurin and anti-TNF- a  therapy in IBD has been 
shown to increase the risk for lymphoma, commonly B-cell non-Hodgkin lymphomas, 
including diffuse large B-cell lymphoma (44%), follicular lymphoma (14%), and 
Hodgkin lymphoma (12%) (Jones and Loftus  2007 ; Herrinton et al.  2011  ) . Increased 
risk of lymphoma was reported in children who had suffered from IBD and were 
treated with thiopurines, but the standardized incidence ratio was similar to that in 
adults with the same disease (Ashworth et al.  2012  ) . A single case of hepatosplenic 
T-cell lymphoma was reported in a young male patient with IBD (Ye et al. 2011). 
A pseudo-Hodgkin-lymphoma that occurs after TNF- a  treatment in Crohn disease 
has been occasionally reported (Cassaday et al.  2011  ) . Withdrawal of immunosup-
pression caused tumor regression (Cassaday et al.  2011  ) . 

 In addition to some immunosuppressants, EBV infection or reactivation appears 
to be a trigger in lymphoproliferative disorders/lymphoma in IBD. A Dutch group 
reported that 11 of 12 IBD patients who were treated with azathioprine/mercaptopurine 
developed EBV-positive lymphoma (Vos et al.  2011  ) . It is not yet proven whether 
there is an association between azathioprine/mercaptopurine therapy and the devel-
opment of lymphoma in IBD (van Hogezand et al.  2002  ) . A review article suggested 
the risks associated with azathioprine and mercaptopurine use are myelosuppression 
and infection, whereas lymphoma was of minimal clinical signi fi cance (Kwon and 
Farrell  2005  ) . It seems more data needed to understand the relationship and mechanism 
of lymphoma in IBD.  

   Celiac Disease 

 Celiac disease is regarded as an autoimmune disorder of the small intestine that 
occurs in genetically predisposed people of all ages from middle infancy onward. 
Clinically the disease is characterized with chronic diarrhoea, failure to thrive, espe-
cially in children, and fatigue. It can be asymptomatic or accompanied by numerous 
systemic disorders, including nutritional de fi ciencies, osteoporosis, hypofertility, 
cardiovascular disorder, venous thrombosis, peripheral neuropathy, and cirrhosis 
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(Cosnes and Nion-Larmurier  2011  )  An association with an increased risk of 
autoimmune diseases such as type 1 diabetes, thyroiditis, and gastrointestinal carci-
noma, hepatocellular carcinoma and lymphoma has also been reported (Cosnes and 
Nion-Larmurier  2011  ) . There are two main subtypes of non-Hodgkin lymphomas 
that occur in celiac disease: enteropathy-associated T-cell lymphoma and hepatosplenic 
T-cell lymphoma. 

 Enteropathy-associated T-cell lymphoma is a rare lymphoma subtype of mature 
alpha-beta T-cell lymphoma that is strongly associated with celiac disease, an auto-
immune disease triggered by the ingestion of gluten with increasing incidence 
(   Isaacson et al.  2008a   ; Sharaiha et al.  2012  ) . The overall age-adjusted and sex-
adjusted annual incidence for all bowel lymphomas has increased from 0.006 to 
0.024 per 100,000 populations with predominance in the Hispanic population 
(Sharaiha et al.  2012  ) . The Sharaiha study indicated that the signi fi cant increase in 
the incidence of enteropathy-associated T-cell lymphoma in the United States may 
re fl ect the increasing seroprevalence of celiac disease and better recognition of rare 
types of T-cell lymphomas. 

 There is limited information regarding the molecular mechanisms linking celiac 
disease and enteropathic T-cell lymphoma. Studies focused on a population of 
intraepithelial intestinal lymphocytes from refractory celiac disease show that the 
cells expressed clonal V gamma, (V) g , gene rearrangement, which was identical 
to variable region (V) g  of T-cell receptor in enteropathic T-cell lymphoma. (Perfetti 
et al.  2012  ) . 

 Intestinal T-cell lymphoma, as a complication of celiac disease, can be involved 
in liver or spleen as a metastatic lesion. However, celiac disease could also be 
accompanied by a primary hepatic or hepatosplenic T-cell lymphoma, although 
rare (Farcet et al.  1990 ; Harris et al.  1994 ; Prasad et al.  2011  ) . Farcet’s study 
demonstrated that hepatic T-cell lymphoma displays T-cell receptor gene rearrangement 
involving a gamma-delta zone (Farcet et al.  1990  ) . The exact mechanisms of hepatic 
T-cell lymphoma involvement in celiac disease are unclear. It has been hypothesized 
that the celiac disease shares genetic or immunopathogenetic factors with primary 
biliary cirrhosis, primary sclerosing cholangitis, and autoimmune hepatitis (Freeman 
 2010  ) . The same mechanisms may apply to primary hepatic T-cell lymphoma in this 
setting.  

   Autoimmune Lymphoproliferative Syndrome 

 Autoimmune lymphoproliferative syndrome (ALPS) is an inherited disease of the 
immune system with an earlier onset, chronic, nonmalignant lymphoproliferation, 
and autoimmune manifestation characterized by lymphadenopathy, hepatosplenom-
egaly, autoimmune disorder, multilineage cytopenia, polyclonal hypergammaglobu-
linemia, and life-long high risk to develop lymphoma. The syndrome was de fi ned 
in 1990s, with nearly 500 patient families investigated. It commonly affects both 
children and adults. Immunophenotyping performed on peripheral blood revealed 
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an elevation of the characteristic double negative CD4 and CD8 T-cells (CD4-/
CD8-, double negative T (DNT) cells), which is one of pathognomonic features of 
ALPS (Rao and Oliveira  2011  ) . 

 ALPS is recognized as a genetic and family disorder (Neven et al.  2011  ) . In 
ALPS, a genetic defect in programmed cell death, or apoptosis, leads to break-
down of lymphocyte homeostasis and normal immunologic tolerance. A cell sur-
face receptor (FAS), also named CD95 or APO-1, is a member of the tumor 
necrosis factor receptor (TNF-R) superfamily of proteins and considered a puta-
tive tumor suppressor. It functions as a direct apoptosis trigger in order to main-
tain lymphocyte homeostasis and peripheral immune tolerance and prevent 
autoimmunity (Oehm et al.  1992 ; Cohen and Eisenberg  1991  ) . Patients with 
ALIPS usually carry heterozygous germline or somatic mutations involving the 
TNFSF6 gene, previously known as APT1, which codes for the cell surface recep-
tor FAS (Neven et al.  2011  ) . According to Neven’s report, heterozygous germline 
mutations of TNFRSF6 were identi fi ed in 83% of probands, whereas somatic 
TNFRSF6 mutations (located within intracellular domain of FAS) were found in 
17% of index cases (Neven et al.  2011  ) . Because of various mutations involved in 
ALPS, the syndrome is subdivided into three types: type Ia with mutant Fas, type 
Ib with mutations in the ligand for Fas as well as systemic lupus erythematosus 
with lymphadenopathy, type II with mutant caspase 10, and type III without any 
de fi ned genetic cause (Bleesing et al.  2011 ; Madkaikar et al.  2011  ) . Although 
majority of patients with ALPS harbor heterozygous germline mutations in Fas, 
random somatic Fas mutations are also noted, and become the second most com-
mon genetic etiology of ALPS. There is a subpopulation of patients with ALPS 
exhibited additionally gene mutations involving Fas-ligand (FASLG), caspase 10 
(CASP10) and caspase 8 (CASP8), NRAS and KRAS (Madkaikar et al.  2011  ) . In 
the newly proposed consensus several gene abnormalities (Somatic or germline 
pathogenic mutation in FAS ,  FASLG , or  CASP10 )  are listed primary diagnosis 
criteria for ALPS (Oliveira et al.  2010  )  

 There is a clear link between ALPS and lymphoma, including both Hodgkin 
and non-Hodgkin lymphomas. The estimated risk of Hodgkin lymphoma and 
non-Hodgkin lymphoma is 50-fold and 14-fold higher than risks shown in the gen-
eral population, respectively (Straus et al.  2001  ) . As observed, lymphomas occur-
ring in ALPS typically originate in B cells. T-cell lymphomas were found as well, 
although much less frequently (Bleesing et al.  2011  ) . All aforementioned gene 
mutations resulted in reduced lymphomcyte    apoptosis are primary pathogenesis for 
abnormal lymphoproliferation and lymphomas in ALPS patients and their families 
(Oliveira et al.  2010  ; Hsu et al.  2012 ) . Interestingly, unlike other immunocomprised 
scenario lymphoma in ALPS is not related to EBV infection (Bleesing et al.  2011  ) . 
The critical role of FAS in lymphoma surveillance cannot be ignored. Mutations 
involved in FAS share the same pathogenesis for both diseases. Somatic mutations 
in exon 9 of the FAS gene, coding for the intracellular death domain of the protein, 
were detected in 20% of follicular center cell origin B-cell lymphomas (Müschen 
et al.  2002  ) . Somatic CASP10 gene mutations were noted in 14.5% of non-Hodgkin 
lymphomas (Poppema et al.  2004  ) . 
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 In general, autoimmune disorders link with lymphoproliferative disorders because 
both disorders share genetic and molecular backgrounds; however, the more biologic 
and molecular mechanisms are needed for further investigation. More efforts should 
be made to shed light in the  fi eld of autoimmunity and lymphomagenesis.      
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 Recent    improvements in diagnostic techniques and technology have resulted in 
genome-based studies in lymphoma and new insights into the novel pathway regarding 
pathoetiology of subclinical and clinical lymphoproliferative disorders. 

 It is well recognized that there is a strong link between some infections (viral and 
bacterial) and lymphoproliferative disorders or lymphomas; HIV/AIDS (human 
immunode fi ciency virus/acquired immunode fi ciency syndrome) is the best example 
of lymphoma resulting from virus-induced immunoincompetency that predisposes 
toward lymphoproliferative disorders and lymphoma (Roman and Smith  2011  ) . In 
addition to HIV, there are a number of other viruses that may increase lymphoma risk, 
through other mechanisms, e.g., human T-cell leukemia virus type , Epstein-Barr-virus 
(EBV), human herpesvirus-8 (HHV-8) (Kaposi’s sarcoma herpesvirus), and hepatitis 
C (Roman and Smith  2011  ) . Helicobacter pyroli (H pyroli) infection is another 
clinical scenario representative of a potential evolution from bacterium induced 
lymphoproliferation to extradonal marginal zone lymphoma of mucosa associated 
lymphoid tissue (MALT lymphoma) (Wotherspoon et al.  1991 ; Issacson et al. 
 2008  ) . As reported, the infection of H. pyroli results in an increased lymphoma 
risk of approximately sixfold greater than the normal population (   Swerdlow et al. 
 2008 ; Parsonnet    et al.  1994 ; Parsonnet and Isaacson  2004 ; Sagaert et al.  2010  ) . 

 However, the underlying molecular mechanisms that contribute to development 
of lymphoproliferative disorders/lymphomas might be different and complicated in 
light of different infectious etiologies. Despite many efforts made in the  fi elds since 
the last decade, it still remains a broad unknown zone for further exploration. 
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   Bacteria Infection 

 Evidence has been increasing regarding a clear pathogenic link between some 
bacteria and non-Hodgkin lymphoma (Groves et al.  2000  ) . Many studies have 
established the association between Helicobacter pylori, Borrelia burgdorferi, and 
Chlamydia psittaci and Campylobacter jejuni and organ-speci fi c infection, as well 
as the corresponding lymphomas including extranodal marginal zone lympho-
mas of mucosa-associated lymphoid tissue (MALT) of the stomach, MALT of the 
skin, MALT of the ocular adnexa and immunoproliferative small intestinal disease 
(IPSID)/alpha heavy-chain disease, respectively (Du  2007 ; Ferreri and Zucca  2007 ; 
Wyatt and Rathbone  1988 ; Slater  2001  ) . 

 It is no doubt that bacteria can be triggers for organ-speci fi c chronic disorders. 
In addition to acute infection, many bacteria perpetuate chronic in fl ammatory disease 
and abnormal proliferation of epithelial or lymphoid tissue (   Marteau and Chaput 
 2011 ). The exact molecular mechanisms involved in irreversible lymphoid prolif-
eration or lymphoma in bacteria-infected organs and tissues are still unknown. Chronic 
antigenic stimulation of infectious agents has been considered to elicit host immune 
responses that could induce sustained clonal B-cell expansion (Wyatt and Rathbone 
 1988  ) . A novel study disclosed that dysregulations of a cluster of B-cel homeostatic 
and activation-dependent chemokine receptors (e.g. decreased expression of 
CCR8 and CXCR1, loss of XCR1, and increased expression of CXCR1 and CXCR2) 
played a pivotal role in the site of origin, development and progression of extragastic 
MALT lymphoma rather than gastric MALT (Deutsch et al.  2008  ) . 

 Acquisition of genetic anomalies and dysregulation of the some key signaling 
pathways during infectious and in fl ammatory processes also play an active role 
in development of lymphoma (Marteau and Chaput  2011 ). As reported, transloca-
tion involving chromosome 14 or 18 (e.g., t(11;18)/API2-MALT1, t(1;14)/IGH-
BCL10, t(14;18)/IGH-MALT1, and t(3;14)/IGH-FOXP1) occurs in MALT 
lymphomas of different sites (Du  2007  ) . The all four chromosome aberrations are 
speci fi cally linked to the MALT lymphoma entity and uncommonly seen with the 
other type of B-cell lymphoma. As a consequence of translation, the oncogenic 
products have been shown to target a common nuclear factor- k B pathway (Du 
 2007  ) . It seems that no direct relationship exists between bacterial infections and 
acquired cytogenetic aberrations. Nevertheless, these indirect associations of the 
infections with chronic antigen elicitation and altered immune responses in abnor-
mal lymphoid proliferation might exist and they are required further exploration. 

 Immunoglobulin gene rearrangement could be also one of the key steps in the 
initiation of immune response as well as non-Hodgkin lymphoma. It is known 
that marginal-zone B-cells are functionally heterogeneous and may differ with 
respect to the pattern of somatic hypermutation in their immunoglobulin variable 
genes. Sequence study of the mutation pattern of immunoglobulin heavy chain vari-
able genes suggested that during the B-cell lymphoma formation, marginal zone 
lymphoma may arise from different subsets of marginal-zone B-cells (Ferreri and 
Zucca  2007  ) . 
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 Although several therapeutic strategies have been implicated in treatment of 
bacterial infection-related lymphoma, target antibiotics are the initial approach. 
Surgical resection, radiotherapy, and alkylating agent-based chemotherapy are also 
considered standard management for refractory lymphomas. Anti-CD20 therapy 
and other novel forms of immunotherapy are experimental or alternative choices. 

 In the section, we will focus on some bacteria-associated lymphomas arising 
from mucosa-associated lymphoid tissue.  

   Helicobacter pylori 

 The gastrointestinal tract is one of the common locations of extranodal lymphomas, 
comprising 10–15% of all non-Hodgkin lymphoma cases and approximately 
30–40% of extranodal lymphomas (Arora et al.  2011  ) . Nearly 80% of gastrointestinal 
MALT lymphomas are found in the stomach (Isaacson and Spencer  1987 ; Issacson 
et al.  2008  ) . It is well known that MALT lymphomas of the stomach are causatively 
linked to Helicobacter pylori infection (Issacson et al.  2008  ) , and this organism is 
present in over 90% of gastric MALT lymphoma cases (Wotherspoon et al.  1991  ) . 
In addition, epidemiological data have shown that MALT lymphomas of the stomach 
constitute nearly 3% of all gastric malignancies and 10% of all lymphomas 
(Kamangar et al.  2011  ) . Helicobacter pylori also induces gastritis, ulcer disease, and 
gastric cancer (Naumov and Fenjvesi  2011 ; Adamu et al.  2012  ) . 

 H. pylori, a type of spiral-shaped bacterium residing in the stomach of adults, 
have been widely accepted as the major etiological factor in gastric MALT. 
The accurate pathogenicity of the organism has been in investigation and partially 
illustrated. H. pylori secrete urease, which is able to convert urea to ammonia so as 
to buffer hydrogen iron and allow H. pylori to survive in the harsh, low-pH environment 
of the stomach (Collins  1992 ; Atherton  2006 ; Kusters et al.  2006  ) . H. pyroli also 
produce lectin to bind to gastric mucosa and epithelial cells (Collins  1992 ; Atherton 
 2006 ; Kusters et al.  2006  ) . These bacteria release harmful toxins and enzymes into 
the gastric cells, resulting in cellular damage and eliciting an immune response 
(Collins  1992 ; Atherton  2006 ; Kusters et al.  2006  ) . During infection, H. pylori have 
developed their own way to interfere with body immune responses, making the 
body ineffective in eliminating the bacteria (Atherton  2006 ; Kusters et al.  2006  ) . 

 Besides these speci fi c functions and the survival ability of H. pyroli in the stomach, 
host factors such as genetic predisposition, blood group, stress, drugs, and smoking 
may also affect disease process. Studies have shown that host genetic polymorphisms 
produced a high-level pro in fl ammatory cytokine release in response to infection so as 
to increase risk of malignant transformation (Atherton  2006  ) . NADPH oxidases 
(NOX) could induce cell damage by generating reactive oxygen species (ROS) and 
possibly lead to carcinogenesis in H. pylori infections. A novel study demonstrated 
that NOX expression was increased in a series of well-characterized gastric MALT 
lymphoma patients but stayed normal in healthy patient controls (Bessède et al.  2012  ) . 
Ample evidence has shown that nearly all patients with gastric MALT lymphoma 
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exhibited symptom and signs of H. pylori infection with elevated serum anti-H. Pylori 
antibody and the risk of developing MALT lymphoma is sixfold higher in infected 
people than in uninfected people (Parsonnet et al.  1994 ; Sagaert et al.  2010  ) . Normally, 
the human stomach is devoid of mucosal or submucosal lymphoid tissue. However, 
after colonization of the lining by H. pyroli on the stomach, mucosal lymphoid tissue 
can develop in response to bacterial stimulation in approximately 25% of H. pylori-
positive patients (Kusters et al.  2006 ; Wotherspoon et al.  1991  ) . As far as the patho-
genesis of the two subtypes of H. pylori is concerned, CagA-positive strains show 
higher risk of MALT lymphoma than CagA-negative strains (Eck et al.  1997  ) . 

 A recent study has also demonstrated that the presence of T-regulator cells in 
gastric lesions, the number of CD4 (+), CD25 (+), and Foxp3 (+) cells, and the ratio 
of CD25 (+)/CD4 (+) to Foxp3 (+)/CD4 (+) cells, were correlated with the degree 
of in fl ammation (acute or chronic), lymphoid follicle number, and H. pylori infection 
(Cheng et al.  2012  ) . However, the exact role of T lymphocytes in development 
of MALT lymphomas of the stomach has not been elucidated. The interaction of 
T- and B-cells might be considered one important step in immune modulation and 
greatly in fl uences the development of B-cell lymphoma. 

 Treatment data have been very convincing in proving the role of H. pylori in 
causing MALT lymphoma (Wotherspoon et al.  1993 ). Administration of antibiotics 
speci fi c to H. pylori will eradicate the bacterium and achieve a long-term complete 
remission of the MALT lymphoma in approximately 20% of patients or a partial 
regression (Du  2007 ; Roggero et al.  1995 ; Steinbach et al.  1999 ; Fischbach et al. 
 2004  ) .  

   Borrelia burgdorferi 

 Borrelia burgdorferi is a spirochete and causes the most common tick-borne infec-
tion in both Europe and the United States, called Lyme disease (Stanek and Strle 
 2003 ; Steere  2006  ) . The most common manifestation of Lyme disease to skin is 
erythema migrans (EM). The B. burgdorferi infection could have a variety of symp-
toms as it could affect different organs, including joints, heart muscle, or nervous 
system (Christen et al.  1993  ) . 

 There is an association between B. burgdorferi and primary cutaneous B cell 
lymphomas (Kütting et al.  1997 ; Goodlad et al.  2000a,   b ; Slater  2001  ) . Primary 
cutaneous marginal zone lymphoma, a cutaneous counterpart of extranodal mar-
ginal zone B-cell lymphoma, is a predominant subtype, whereas cutaneous B-cell 
chronic leukemia or cutaneous follicle center cell lymphoma has also been reported 
to be associated with B. burgdorferi infection (Goodlad et al.  2000a,   b ; Fühler et al. 
 2010 ; Kash et al.  2011  ) . However, the prevalence and incidence rates of B. burgdor-
feri-derived cutaneous B-cell lymphoma varied as a result of geographic variability 
or heterogeneity in the molecular techniques that have been applied (Ponzoni et al. 
 2011a ; Goodlad et al.  2000a  ) . An Italian group showed that B burgdorferi played no 
signi fi cant role in primary cutaneous B- or T-cell lymphoma according to PCR tests 
performed on 98 patients with cutaneous lymphoma and 19 normal skin biopsies 
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(Ponzoni et al.  2011a  )  despite many reports from Europe showing an etiological 
link (Takino et al.  2008  ) . The study from Italy used PCR primers targeting the hbb, 
 fl agellin, and Osp-A genes of B. burgdorferi and revealed no targeted DNA products 
in control samples as well as in the majority of biopsies from patients with cutaneous 
lymphomas, including follicle center lymphoma (3 cases), marginal zone lymphoma 
(31 cases), and mycosis fungoides (30 cases) (Ponzoni et al.  2011a  ) . However, 
Goodlad’s study in United Kingdom ensured that B. burgdorferi-speci fi c DNA was 
detected in a subpopulation of cutaneous B-cell lymphoma (35%, 7/20 patients). By 
lymphoma subtyping, bacterial DNA was found in 41.7% of marginal zone lympho-
mas (5/12) , 20% of primary cutaneous follicle center cell lymphomas (1/5), and 
33% of diffuse, large B-cell lymphomas of the leg (1/3) (Goodlad et al.  2000a  ) . 

 Interestingly, only one study indicated that a history of B. burgdorferi infection 
and the presence of serum anti-Borrelia antibodies were both associated with risk of 
mantle cell lymphoma, with odds ratio (OR) of 2.5 [1.2-5.1] and 3.6 [1.8-7.4], 
respectively (Schöllkopf et al.  2008  ) . No further investigations of the association 
between B. burgdorferi and other systemic or non-cutaneous lymphomas have been 
conducted. 

 Primary cutaneous marginal zone lymphoma could arise from B. burgdorferi 
infection but also originates from unknown causes. The subtype of cutaneous 
lymphoma did not conform to the general characteristics of non-cutaneous extranodal 
marginal zone B-cell lymphoma. The majority of which exhibites class-switched 
immunoglobulins and developed in a T-helper type 2 in fl ammatory environment 
(van Maldegem et al.  2008  ) . They commonly express IgG, IgA, and IgE, instead of 
IgM and do not have distinct immunoglobulin repertoire bias (van Maldegem et al. 
 2008  ) . Also, unlike most noncutaneous marginal zone B-cell lymphomas that 
express CXCR3 (a receptor for interferon-gamma-induced chemokines upregulated 
under the chronic in fl ammatory media), primary cutaneous marginal zone lymphoma 
in majority have shown absent expression of CXCR3 (van Maldegem et al.  2008  ) . 
The above  fi ndings suggest that primary cutaneous marginal zone lymphoma could 
arise in an in fl ammatory microenvironment that is distinct from other non-cutaneous 
marginal zone lymphomas (van Maldegem et al.  2008  ) . 

 For skin involvement of lyme borreliosis, antibiotic treatment is the primary 
choice in all patients to eliminate the spirochete, cure current disease, and prevent 
late sequelae. First-line antibiotics include oral doxycycline and topical application 
of Anaplasma phagocytophilum (Müllegger and Glatz  2008  ) . It has been earlier 
noted that cutaneous marginal zone lymphoma has responded to antibiotic therapy 
and intralesional injection of interferon alfa-2a (Kütting et al.  1997  ) .  

   Chlamydophila psittaci 

 Chlamydophila psittaci is Gram-negative, nonmotile, intracellular bacterium and 
grows in wide variety of mammalian hosts, including humans (Longbottom and 
Coulter  2003 ; Vanrompay  2007  ) . It is transmitted by inhalation, contact, or ingestion 
among birds to mammals (Vanrompay  2007  )  and has a tendency to cause persistent 
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infections (Lietman et al.  1998  ) . The virulence of C. psittaci differs among hosts 
and infected strains. An in vitro study in mice showed that C. psittaci could induce 
different host immunities when exposed to attenuated or virulent strain (Miyairi 
et al.  2011  ) . C. psittaci–related follicular conjunctivitis is often observed (Lietman 
et al.  1998  ) , which may eventually develop into ocular adnexal lymphomas via a 
chronic antigenic stimulation (Ferreri et al.  2004,   2009 ; Guidoboni et al.  2006  ) . 

 C. psittaci infection has been known to be a link with lymphomas of the ocular 
adnexa marginal zone B-cell lymphomas (OAMZL) in some geographical areas, 
suggesting chronic stimulation by persistent infections of C. psittaci cast an impor-
tant role in OAMZL development. C. psittaci infection is also a considered etiology 
in the development of nongastrointestinal MALT lymphomas and their precursor 
lesions (Pannekoek and van der Ende  2011 ; Ponzoni et al.  2008  ) . A study detected 
C. psittaci DNA in tissue biopsy from 80% of ocular adnexal lymphomas (conjunctiva, 
lachrymal gland, and orbital soft tissues) and 40% of the peripheral blood mononu-
clear cells (PBMCs) of 40% of these patients (Ferreri et al.  2004  ) . Ponzoni’ study 
demonstrated that monocytes/macrophages are the carriers of C. psittaci (Ponzoni 
et al.  2008  ) . C. psittaci is transferred by peripheral blood monocytes to tissue, and 
then cause systemic infection (Ferreri et al.  2009  ) . The prevalence of C. psittaci was 
equal in non-ocular adnexal lymphomas including both nodal and extradonal types 
(Ponzoni et al.  2008  ) . 

 Despite advanced messages of this bacterium–lymphoma association, the actual 
pathogenetics of C. psittaci infection is not clear. Because of geographic variation 
areas, the related diagnostic and therapeutic implications are still a major unsolved 
issue. A molecular study of immunoglobin in 44 patients with OAMZL (40% posi-
tive for C. psittaci infection) showed the lymphoma cells express a distinctive 
immunoglobin repertoire, along with several electropositive antigen (Ag)-binding 
sites, allowing autoantibodies (auto-Abs) to recognize antigen stimulation (Dagklis 
et al.  2011  ) . 

 Some cases of OAMZL (11%) expressed autoreactive immunoglobulins resem-
bling those in patients with chronic lymphocytic leukemia (Dagklis et al.  2011  ) . 
The  fi nding suggested a pathogenic mechanism of B-cell autoreactivity in OAMZL. 
It is assumed that C. psittaci acts indirectly on the malignant B cells to result in 
an abnormal proliferation of B-cells through creating an in fl ammatory milieu and 
production of auto-antigens (Dagklis et al.  2011  ) . Antibiotics are the choice for 
infection related lymphoma exclusively. A study reported that in nine patients with 
ocular adnexal lymphoma, administration of doxycycline, an antibiotic therapy 
speci fi c for C. psittaci, two achieved complete remission and two achieved partial 
remission, leading to consideration of this drug as a  fi rst-line therapy for this disease 
(Ferreri et al.  2005  ) . 

 Besides OAMZL, C. Psittaci infection is also associated with other MALT lym-
phomas of different location. The detection rate of C. Psittaci is variable according 
to the affecting sites: lung, 100% (5/5); thyroid gland, 30% (3/10); salivary gland, 
13% (2/15); and skin, 25% (1/4) (Aigelsreiter et al.  2011  ) . The study also demonstrated 
that C. psitassi was frequently noted in autoimmune related disorders e.g. Hashimoto 
thyroiditis and Sjögren syndrome (11 of total 27 cases, 41%). The overall  fi ndings 
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suggest C. Psittaci is a potential pathogen driving autoimmune and lymphoprolifera-
tive disorders (Aigelsreiter et al.  2011  )  although the actual pathogenesis is not yet 
well understood. Rarely, C. psittaci infection is associated with primary central ner-
vous system marginal zone B-cell lymphoma involving the choroid plexus (Ponzoni 
et al.  2011b  ) .  

   Campylobacter jejuni 

 Campylobacter species are gram-negative bacilli that have a curved or spiral shape. 
Campylobater jejuni belongs to Campylobater species and is considered one of the 
most common causes of gastroenteritis worldwide (Allos  2001  ) . 

 Clinically, infection of C. jejuni may present with diarrhea and malabsoption. 
Gastrointestinal spread of Campylobacter infections results in cholecystitis, pan-
creatitis, peritonitis, and massive gastrointestinal hemorrhage. Rare extraintestinal 
manifestations of Campylobacter infection may be encountered in patients with 
meningitis, endocarditis, septic arthritis, osteomyelitis, and neonatal sepsis (Allos 
 2001  ) . A serious bacteremic situation might occur in AIDS or immunocomprised 
patients (Tee and Mijch  1998 ; Pacanowski et al.  2008  ) . Recurrence of C. jejuni 
infection has been frequently observed in some children and adults with immunoglobin 
de fi ciencies. Infected patients would develop speci fi c IgA antibodies in intestinal 
secretions in addition to IgG, IgM, and IgA antibodies in serum (Allos  2001  ) . 

 Immunoproliferative small intestinal disease (IPSID) is a new entity, with molecular 
and immunohistochemical studies proving an association with C. jejuni (Lecuit et al. 
 2004 ; Al-Saleem and Al-Mondhiry  2005  ) , that belongs to a subcategory of infectious 
pathogen-associated human lymphomas. IPSID involves mainly the proximal small 
intestine, resulting in malabsorption, diarrhea, and abdominal pain. Its pathologic 
and molecular nature is a variant of the B-cell lymphoma of MALT with hybridized 
features of MALT lymphoma, lymphoplasmacytic lymphoma, and plasma cell neo-
plasms. (Al-Saleem and Al-Mondhiry  2005  ) . IPSID is also called Mediterranean 
lymphoma because of its geographic prevalence, mainly affecting Israel, Egypt, 
Saudi Arabia, and North Africa (Al-Saleem and Al-Mondhiry  2005 ; Harris et al.  2008  ) . 
It was previously thought that the disease in its early stages “does not appear to be truly 
malignant lymphoma” (Bull  1976  ) . In the recent WHO classi fi cation of hematopoietic 
and lymphoid tissue, IPSID is subclassi fi ed under heavy-chain diseases as a special 
variant of extranodal marginal zone B-cell (MALT) lymphoma (Harris et al.  2008  ) . 

 Morphologically, IPSID exhibits excessive plasma cell differentiation. Large cell 
transformation or extraenteric involvement is uncommonly observed in the disease 
(Al-Saleem and Zardawi  1979 ; Rogers et al.  1988 ; Chang et al.  1992  ) . Molecularly, 
the encoding gene sequence of immunoglobin in patients with this disease has 
revealed a deletion of V region and parts of C (H) 1 domain, truncated alpha heavy-
chain proteins, and lack of the light chains as well as the  fi rst constant domain 
(Al-Saleem and Al-Mondhiry  2005  ) . In the corresponding mRNA level, multiple 
defects have also been detected (e.g., lacking variable heavy chain and the constant 
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heavy chain 1 sequences and deletions or insertions of unknown origin) (Al-Saleem 
and Al-Mondhiry  2005  ) . In the earlier phase of IPSID, immunoglobulin heavy-
chain or light-chain gene rearrangements have been detected (Smith et al.  1987  ) , 
suggestive of possible clonal evolution for this entity. Chromosomal analysis has 
shown clonal rearrangements involving predominantly the heavy- and light-chain 
genes, such as t(9;14)/PAX5-IgH (Al-Saleem and Al-Mondhiry  2005  ) . 

 Recently, the complete genome sequence of C. jejuni was characterized. 
Hypervariable regions by genome sequence might be important in the survival of 
the organism (Parkhill et al.  2000  ) . Chronic antigen stimulation is one of the patho-
logic mechanisms leading to abnormal immune responses to treatment. Consequent 
immunoglobulin gene rearrangement or deletion contributes to further development 
of IPSID. However, the mechanisms involved the interaction between bacterium 
and host in development of IPSID remain to be elucidated. 

 Eradication of this bacterium would cure IPSID at its earlier stage (Marteau and 
Chaput  2011  ) . Studies have shown that approximately 30–70% of patients with early-
stage IPSID responded to antibiotics and achieved complete remission (Al-Saleem 
and Al-Mondhiry  2005  ) . However, chemotherapy is necessary for patients with 
advanced disease at presentation or those refractory to antibiotics. The most common 
chemotherapeutic regimens are the CHOP (cyclophosphamide, vincristine, doxoru-
bicin, and prednisone) regimen (Mrabti et al.  2011  ) .  

   Viral Infections 

 The main consideration of infection-related lymphoma is virus-driven atypical 
lymphoproliferation proceeding to lymphoma although the relevance of some viral 
infection to human lymphoma development has often been debated. There are at 
least six oncogenic human viruses, namely Epstein-Barr virus (EBV), hepatitis B 
virus, hepatitis C virus (HCV), human papilloma virus (HPV), human T-cell 
lymphotropic virus (HTLV-1), and Kaposi-associated herpesvirus (KSHV). These 
six viruses contribute to 10–15% of the cancers worldwide (Martin and Gutkind 
 2008  ) . Of them, EBV, HCV, and HTLV are the main three causative etiologies of 
lymphoproliferative disorders or lymphomas (Martin and Gutkind  2008  )  in addition 
to, human immunode fi ciency virus (HIV). In the chapter, we would only focus on HCV, 
HTLV, HHV6 and HHV8 viruses induced lymphoproliferative disorders/lymphomas. 
HIV and EBV associated lymphomas will be discussed in separate chapters.  

   Hepatitis C Virus (HCV) 

 Hepatitis C virus (HCV) belongs to family Flavivridae and is a small, enveloped, 
single-stranded RNA virus (Suzuki et al.  2007  ) . There is a high global prevalence of 
HCV infection, affecting about 3% of world population (about 180 million people) 
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and becoming the second most common chronic viral infection in the world (Lauer 
and Walker  2001  ) . HCV is both a hepatotropic and a lymphotropic virus. Chronic 
infection could result in chronic hepatitis, cirrhosis, and hepatocellular carcinoma, 
as well as several extrahepatic diseases, including mixed cryoglobulinemia and 
lymphoma as the leading one (Craxì et al.  2008  ) . The evidence of the association 
between hepatic (hepatocellular carcinoma) and extrahepatic malignancies (lymphoma 
and thyroid cancer) have justi fi ed HCV as being listed as a human oncogenic virus 
(Craxì et al.  2008  ) . A causative association between HCV and non-Hodgkin lymphoma 
(NHL) was postulated recently and has been the subject of intense investigation, 
as well as some debate. 

 Increased risk of lymphoma in patients with HCV is reported. In a large cohort 
of 8,234 patients with HCV, six developed non-Hodgkin lymphoma. The overall 
adjusted standardized incidence ratio of development of lymphoma in the study was 
calculated at 3.42 (CI: 1.25-7.45) (Proby et al.  2011  ) . In the other aspect, increased 
HCV infection is also found in immunocompromised patients with lymphoma post 
therapy. A study of 207 consecutive NHL patients who received chemotherapy 
found a higher prevalence of HCV infection (9.2%) than that shown in the general 
population in Italy (3%) (Nosotti et al.  2011  ) . Whether HCV infection preceded 
lymphoma in these patients was unclear. A recent large-scale epidemiologic study 
was able to demonstrate the marked differences in geographic distribution in the 
prevalence of HCV in non-Hodgkin lymphomas (Nicolosi-Guidicelli et al.  2011  ) . 
HCV infection is reported to be associated with NHL in Europe, North America, 
and Australia but not in Northern Europe, the United Kingdom, and Canada 
(Nicolosi-Guidicelli et al.  2011  ) , Geographic differences in HCV genotype could be 
the reason for these discrepancies (Nieters et al.  2006  ) . 

 HCV infection is often associated with a non-malignant B-cell lymphoproliferation 
as well as overt malignant B-cell lymphomas. Studies report that there is an incre-
mental increased development of B-cell lymphomas in patients with HCV versus 
that shown in the general population (Turner et al.  2003 ; de Sanjose et al.  2008 ; 
Nicolosi-Guidicelli et al.  2011 ; Proby et al.  2011 ; Hartridge-Lambert et al.  2011  )  
HCV-associated B-cell lymphomas represent a variety of histological subtypes, 
including marginal zone lymphoma (splenic, nodal and extranodal), small lymphocytic 
lymphoma/chronic lymphocytic leukemia, lymphoplasmacytic lymphoma, diffuse 
large B-cell lymphoma and occasionally plasmablastic lymphoma (de Sanjose et al. 
 2008 ; Pellicelli et al.  2011 ; Plaza et al.  2011 ; Viswanatha and Dogan  2007  ) . Many 
studies have shown that HCV-associated lymphomas had a high response rate to 
antiviral therapy, thus providing a clinical evidence for the relationship between 
HCV and lymphoma (Viswanatha and Dogan  2007  ) . Emerging biological investiga-
tions and clinical observations suggest that HCV is one of the growing pathogens 
associated with the development of lymphomas (Suarez et al.  2007  ) . However, it is 
still elusive whether HCV-associated antigen-driven lymphomagenesis was the sole 
mechanism in lymphoma occurred in the group of patients. 

 Mixed cryglobulinemia is commonly associated with HCV. HCV-associated 
lymphatic malignancies are observed during the course of mixed cryoglobulinemia 
or they may be idiopathic forms. The more and more evidences indicated that presence 
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of cryoglobulinemia is an independent risk factor for the development of lymphoma 
in HCV patients. Several investigations reported that HCV patients with mixed 
cryoglobulinemia had a 35-fold higher risk of non-Hodgkin lymphoma than 
the general population (Pozzato et al.  1994 ; Ferri et al.  1994 ; Monti et al.  2005  ) . 
Case study of HCV-associated splenic lymphomas with villous lymphocytes also 
demonstrated a consistent association with mixed cryoglobulinemia (Suarez et al. 
 2007  ) . In the same study, the HCV viral load strongly correlated with the tumor 
burden in patients, also suggestive of HCV-associated antigen-driven B-cell prolifera-
tion and neoplastic transformation (Suarez et al.  2007  )  beyond cryglobulinemia. 

 Infection of HCV itself could be the main trigger to initiate lymphoma regarding 
either the in fl ammatory or oncologic process. HCV does not only incorporate 
in hepatocytes but is also found in peripheral blood mononuclear cells, in particular 
B-lymphocytes (Zignego et al.  1992 ; Ito et al.  2011  ) . Researchers considered that 
peripheral blood mononuclear cells served as HCV reservoirs. Nevertheless, how 
HCV impairs the innate immune response in infected B-cells is still unclear. HCV is 
highly variable, divided into at least 6 major genotypes and more than 50 subtypes 
based on a nucleotide diversity study within core, E1, and NS5 genes (Zein  2000  ) . 
Replication of HCV virus is occurred in CD19 expressing peripheral blood 
mononuclear cells (Ito et al.  2010  ) . In infected peripheral blood mononuclear cells 
including B-cells, HCV virus not only replicates its RNA but not produces HCV-
encoding protein (NS5) in circulation (Gong et al.  2003  ) . The virus carrying B-cells 
may stay in nodal or extranodal tissue. A virus antigen-driven indirect stimulation 
leads to monoclonal expansion of these B cells and in some circumstances to malig-
nancy (Landau et al.  2007  ) . HCV-E2 antigen is one of key candidate antigens for 
the development of HCV associated lymphoma (Landau et al.  2007  ) . Binding of the 
B-cell receptor (CD81) by viral antigens HCV-E2 has revealed a strong signal of 
B-cell proliferation through communicating directly with immunoglobulin superfamily 
member 8 and CD36, and forming a signal transduction complex with CD19, CD21 
and CD225 (Bartosch et al.  2003 ; Landau et al.  2007  ) . Additional regulatory elements 
are also affected in HCV-related B-cell clonal expansion, including the Fas and 
BLyS signaling mechanisms (Raghuraman et al.  2005  ) . Similar to HCVE2, NS3 
protein of HCV is here also critical in antigen-related B-lymphomagenesis. A study 
demonstrated HCV-NS3 and IgG-Fc crossreactive IgM in patients with type II 
mixed cryoglobulinemia and B-cell clonal proliferations (De Re et al.  2006  )  Finally, 
genetic events such as bcl-2 rearrangement may also be involved in clonal expansion 
(Landau et al.  2007  ) . Lymphoma development could also relate to the genome 
subtyping of hepatitis C virus. A study reported that there was a high prevalence of 
HCV genotype 1 observed in patients who had DLBCL (13 of 24 cases), whereas 
HCV genotype 2 was more frequently detected in patients who had indolent 
lymphoma (Pellicelli et al.  2011  ) . The key role of the genome type of HCV in regard 
to indolent or aggressive B-cell lymphoproliferative disorders requires further 
exploration. 

 HCV induced gene dysregulation or mutation in B-cells is the mainstream 
pathogenesis for lymphoma formation (Ito 2011, Durand et al.  2010  ) . There are 
several signaling pathways engaged in B-cell immune response (e.g., interferon, 
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toll-like-receptor and retinoid-acid-inducible-gene-I), which are also crucial in 
lymphomagenesis (Vilcek  2006 ; Akira et al.  2006 ; Yoneyama et al.  2004  ) . Clinically, 
interferon treatment has not only been used for eradication of HCV virus but also 
for treatment of B-cell lymphomas (Mazzaro et al.  1996 ; Agnello et al.  2002 ; 
Hermine et al.  2002  ) . HCV core protein could induce production of IL-6 via Toll-
like receptor 2 (TLR2) and lead to increased B-cell proliferation in vitro. Both TLR2 
expression and IL-6 serum concentrations were increased in HCV-infected patients, 
especially in those with mixed cryglobulinemia, in comparison to healthy controls 
( P  < 0.05) (Feldmann et al.  2006  ) . A study demonstrated that constitutive phospho-
rylation of the downstream genes of insulin growth receptor-3 (IGR-3) pathway; 
including TANK-binding kinase-1 (TBK1) and I k B kinase- e  (IKK e ) was present 
in chronic hepatitis C B-cells. The feedback of activation of TBK1 and IKK e  is to 
down-regulate IRF-3 and reduce interferon production in B-cells, further allowing a 
persistence of HCV infection (Schr¨oder et al.  2008  ) . In addition, increased expres-
sion of oncogenesis-related genes such as cyclin D1, cyclin D2, BAL, STK15, 
and galectin-3 was noted in chronic hepatitis C B-cells (Ito et al.  2010  ) . Of these 
oncogenes, both STK15 and galectin-3 have been known to be highly expressed in 
high-grade B-cell non-Hodgkin lymphoma, DLBCL, and other aggressive types 
(Hamada et al.  2003 ; Hoyer et al.  2004  ) . Alteration of cyclin D1 and cyclin D2 
expression is also know to change cell cycle and induce abnormal proliferation 
of lymphocytes, forming lymphoma (Aguiar et al.  2000  ) . Moreover, the BAL 
(B-aggressive lymphoma) gene map to chromosome 3q21 is a novel oncogene 
involved in B-cell lymphoma and DLBCL subtype (Aguiar et al.  2000  ) . Expression 
of BAL at signi fi cantly higher levels in fatal high-risk DLBCLs has been reported 
(Aguiar et al.  2000  ) . 

 Cytokines released from infected B-cells also play a key role in chronic 
in fl ammation and immunomodulation, further resulting in lymphoid malignancy. 
As mentioned above, elevated IL6 level is commonly present in HCV patients, 
resulting in TLK2 mediated lymphoproliferation (Feldmann et al.  2006  )  A transgenic 
mouse model that expressed full HCV genome in B-cells showed both substantially 
elevated serum-soluble IL-2 receptor alpha and development of B-cell lymphoma. 
The mouse with increased IL-2 also exhibited a high level of BCL-2 expression 
(Tsukiyama-Kohara et al.  2011  ) . BCL-2 was clearly related to lymphomagenesis in 
HCV patients (Landau et al.  2007 ; Tsujimoto et al.  1985  ) . 

 Recent studies have also indicated that HCV infects not only B-cell lines, but 
also T-cell lines, especially naïve CD4+ T-cells (Kondo et al.  2010  ) . That study also 
pointed out that HCV replication in T-cells suppressed T-cell function (Kondo et al. 
 2010  ) . The investigators speculated that dysfunction of T-cells also plays a critical 
role in B-cell lymphoma (Kondo et al.  2010  ) . 

 Patients having indolent HCV-related lymphomas are bene fi ted by antiviral therapy 
with complete hematologic response rate of 55%, whereas patients with DLBCL 
responded to immunochemotherapy (Pellicelli et al.  2011  ) . It has been suggested 
ultilizing anti-B-cell antibodies (for example, rituximab), along with antiviral 
regimens (peginterferon and ribavirin), to get rid of HCV-infected peripheral B cells 
in patients and prevent from their development of B-cell lymphoma (Ito et al.  2011  ) . 
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However, a long term use of anti-HCV regimens. e.g. immunomodulants or anti-TNF 
therapy might raise a concern about secondary malignancies. Further investigations 
are needed before making a de fi nitive conclusion.  

   Human Herpesvirus-6 

 Human herpesvirus-6 (HHV-6) is the smallest of the herpesviruses, with a genome 
size of 170 kb. HHV-6 infection occurs very early in life; after the acute phase, 
the virus becomes dormant and then reactivates at a later time during infectious 
diseases, proliferative disorders, and immune de fi ciencies (Pellett et al.  1992 ; Cone 
et al.  1993 ; Drobyski et al.  1993  ) . The functions of HHV-6 virus include inducing 
and upregulating CD4 receptors and cytokine expression, as well as enhancing 
release of lytic virus, e.g., HIV, from the infected cells (Flamand et al.  1998 ; Ensoli 
et al.  1989  ) . HHV-6 has been associated with some characteristic T-cell lymphopro-
liferative diseases and is a causative agent for the childhood disease Roseola infantum 
(exanthem subitum or sixth disease) (Pruksananonda et al.  1992  ) , febrile illness 
in young children (Caserta et al.  2001  ) , and EBV- and CMV-negative cases of 
mononucleosis in young adults as well as B-cell lymphoma (Pellett et al.  1992 ; 
Caserta et al.  2001 ; Zhou et al.  2007  ) . However, its role in lymphomagenesis is still 
uncertain. 

 Activation of HHV-6 has been noted in Hodgkin and non-Hodgkin lymphomas 
(Liedtke et al.  1995 ; Loutfy et al.  2010  ) . HHV6 was noted in Hodgkin lymphoma, 
more frequent in the nodular sclerosis variant, 34% (25 of 73), than in mixed 
cellularity subtype, 10% (1 of 10) (Lacroix et al.  2007  ) . HHV6 is also found in non-
Hodgkin lymphoma, with most common reports in angioimmunoblastic T-cell 
lymphoma (AILT) (Luppi et al.  1993  ) . 

 However, HHV-6 being an independent factor triggering lymphoma formation 
is not well illustrated. At most circumstances, coinfection of HHV with the other 
versus e.g. HIV, CMV and EBV is present. In a study of 50 pediatric lymphomas, 
23 children (46%) showed detectable herpes virus (HHV-6 and CMV) DNA in their 
white blood cells or plasma, which was much higher than that noted in control 
groups (2/20, 10%) ( P  = 0.0005) (Loutfy et al.  2010  ) . HHV-6 is also known to be 
associated with angioimmuneblastic T cell lymphoma (AITL) with or without coex-
istence of EBV. A PCR study demonstrated molecular evidence of EBV and HHV-6 
infection in 36/42 cases (85%) and 19/42 cases (45%) of angioimmuneblastic 
T cell lymphoma, respectively (Zhou et al.  2007  ) . Coinfection of EBV and HHV8 
was found in 17/49 specimens (15/42 cases) (Zhou et al.  2007  ) . In an earlier study, 
the sole viral genome of HHV-6 was detected in 4 of 18 lymph node biopsies (22%) 
from patients with angioimmuneblastic T cell lymphoma; all were TCR gamma 
clonal (Vrsalovic et al.  2004  ) . In Zhou’s study, it also demonstrated a high EBV 
load being associated with B-cell monoclonality (Zhou et al.  2007  ) . Therefore, 
presence of HHV6 plays an important role in the pathogenesis of abnormal T-cell 
proliferation/lymphoma and concurrence of HHV6 and EBV might promote disease 
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severity and aggression (Zhou et al.  2007  ) . Increased viral load could also be 
considered as the consequence of increasing dysfunction of the immune system 
during lymphoma progression (Zhou et al.  2007  ) . 

 The incidence of CMV and HHV-6 infection after hematopoietic stem cell 
transplant (HSCT) is substantial :  38.5% (20/52) and 26.9% (14/52) in all HSCT 
patients, respectively (Lv et al.  2010  ) . Co-infection occurred in 6 of 20 patients 
(30%) (Lv et al.  2010  ) . Genotyping revealed that HHV-6 infection was all type B 
(Lv et al.  2010  ) . Different mechanisms of HHV-6 infection from EBV or CMV in 
transplant patients have been hypothesized (Jaskula et al.  2010  )  by analyzing 
these three viruses as posttransplant complications. Reactivation of HHV-6 after 
hematopoietic stem cell transplant has been suggested to be associated with 
increased mortality and severe clinical manifestations, including graft versus host 
disease (de Pagter et al.  2008  ) . However, whether HHV-6 could drive transplant-
related lymphoproliferative processes toward malignant clonal lymphoproliferative 
disorders, as EBV does, is unclear. 

 Taken together, HHV6 could be reactivated at a time during other infectious 
diseases, proliferative disorders, and immune de fi cient state. The exact role or 
mechanism of HHV6 infection in lymphomagenesis is uncertain.  

   Human Herpesvirus-8 

 Kaposi sarcoma-associated herpesvirus (KSHV) or human herpesvirus type 8 
(HHV-8) is newly identi fi ed herpes virus, in 1995 from AIDS patients (Carbone and 
Gloghini  2008  ) . HHV-8 has been consistently detected in HIV-associated lymphop-
roliferative disorders, one of which is primary effusion lymphoma (PEL), whereas 
the other one is multicentric Castleman disease (Carbone and Gloghini  2008 ; Platt 
et al.  2000  ) . Primary effusion lymphoma is lymphoma localized in body cavities 
and presenting as pleural, peritoneal, and pericardial lymphomatous effusions (Platt 
et al.  2000  ) . Recently, the concept of KSHV/HHV-8-associated lymphomas has 
also been expanded to extracavitary solid lymphomas without serous effusions, 
regardless of HIV status (Zhang et al.  2010  ) . KSHV/HHV-8 infection has been reported 
in multicentric Castleman disease as well as in multicentric Castleman disease-
associated plasmablastic lymphoma (Du et al.  2007 ; Carbone and Gloghini  2008  ) . 
A study including 12 cases of HIV-infected patients with serous effusions showed 
all patients had large HHV-8(+) lymphomatous cells and associated visceral involve-
ment (Boulanger et al.  2001  ) . A monoclonal rearrangement of IgH genes was 
demonstrated in 6 of 12 cases, Cytogenetic analysis by array comparative genomic 
hybridization (aCGH) analysis demonstrated a complex karyogeneic abnormality in 
all cases without recurrent characteristics (Boulanger et al.  2001  ) . Because of broad 
diversi fi cation in the clinical presentation of KSHV/HHV-8-associated lymphomas, 
the identi fi cation of the similar histology, immunophenotype, and KSHV/HHV-8 
virus in these disorders is necessary for diagnosis. The KSHV/HHV-8-associated 
lymphomas show adverse clinical outcomes (Boulanger et al.  2001  ) . 
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 The exact oncogenic mechanisms of KSHV/HHV-8 have not been clearly de fi ned. 
The presence of an HHV-8 oncogene plays an important role in the development 
of lymphoma, in addition to cytokine-induced tumor growth and immunocompro-
mised state. Several virally encoded genes (for example, bcl-2, interleukin 6, cyclin 
D, G-protein-coupled receptor, and interferon regulatory factor) provide key func-
tions regarding cellular proliferation and survival (Hengge et al.  2002  ) . Most studies 
have indicated that HHV-8 infection of tumor cells is predominately latent, with 
reactivation resulting in release of viral gene productions during lytic phase and 
causing consequential re-infection (Hengge et al.  2002  ) . HHV-8 has recently been 
found to escape HLA-class-I-restricted antigen presentation to CD8+ cytotoxic 
T lymphocytes, which is the key factor for HHV-8 latent infection and immune 
escape from primary and chronic infection (Hengge et al.  2002  ) . In addition, there 
are a few latent viral gene products, including ORF73, ORF72, and ORF71, which 
could increase proliferation and impair apoptosis through variant regulatory processes 
(Zhang et al.  2010  ) . As hypothesized in infection-related lymphomas, the role of 
HHV-8 is similar to EBV and HCV by mimicking B-cell antigen receptor signaling 
(Rui and Goodnow  2006  ) . Thus, modulation of B-cell antigen receptor signaling is 
potentially a powerful strategy for HHV-8-associated lymphoma. There are several 
viral genes that may be attributed to the particular plasmacytic features of primary 
effusion lymphoma and Castleman disease. Of these, a viral homologue of interleukin 
6 (vIL6) has been revealed to promote the growth of plasma cells. The D-type cyclin 
homologue in HHV-8 genome, the latent nuclear antigen LANA, and viral homo-
logues of interferon regulatory factors are critical for lymphoplasmacytic proliferation 
(Schulz  2001  ) . 

 It is uncertain how the immune system controls replication of HHV-8 virus so as 
to inhibit abnormal lymphoplasmacytic proliferation in Castleman disease, primary 
effusion lymphoma and plasmablastic lymphoma. HHV-8 infection often presents 
in HIV-infected patients, whereas these patients have an impaired immune modulation. 
When human dendritic cells are exposed to HHV virus, their ability to stimulate 
immune response is reduced by mixed lymphocyte culture assay (Cirone et al. 
 2007  ) . The surface CD1a expression and costimulatory molecular CD80 are also 
markedly decreased (Cirone et al.  2007  ) . Impairment of dendritic cell development 
and function would help HHV-8 to escape from the host defense mechanisms 
(Cirone 2007). Human natural killer cells play a critical role in immune surveillance 
and tumor cell death. Decreased NK cell activity is noted in HIV and/or HHV-8 
Infection (Sirianni et al.  2007  ) . In addition, some speci fi c cytotoxic T lymphocytes 
may provide protection from persistent HHV-8 infection (Lambert et al.  2006  ) . 
Albeit the mechanism of HHV-8 driven lymphoma is not clear, antiviral agents 
target DNA synthesis in herpes viruses can inhibit HHV-8 lytic replication so as to 
prevent HHV-8-driven lymphoma and Kaposi sarcoma (Gantt and Casper  2011  ) . In 
addition to antiviral therapy, conventional chemotherapy with CHOP (cyclophosph-
amide, doxorubicin, prednisone, vincristine) has also been used to treat HHV-8-
associated lymphoma. Novel therapy including some inhibition of speci fi c cellular 
targets will be pursued in order to cure this type of aggressive lymphoma.  
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   Adult T Cell Leukemia Virus Type I (HTLV-1) 

 Human T-lymphotropic virus type-1 (HTLV-1) belongs to the Deltaretrovirus genera 
of the Orthoretrovirinae subfamily and is the  fi rst discovered human retrovirus, 
isolated in the early 1980s from peripheral blood samples of a patient with cutaneous 
T-cell lymphoma. HTLV virus can be subcategorized into two subtypes: HTLV 1 
and HTLV-2 (Poiesz et al.  1980 ; Jeang  2010  ) . 

 Adult T-cell leukemia/lymphoma (ATLL) is a rare aggressive form of T-cell 
lymphoma/leukemia associated with HTLV-1 (Poiesz et al.  1980 ; Hinuma et al. 
 1981 ; Takatsuki  2005 ; Matsuoka and Jeang  2007  ) . Although the disease was originally 
reported in Japan, adult T cell lymphoma/leukemia cases are also found in Western 
countries (Tajima and Cartier  1995 ; Farcet et al.  1983  ) . It is characterized as a malignant 
proliferation of CD4 T-cells infected by HTLV-1 showing “ fl ower-shaped” nuclear 
features in tissue or blood. Besides adult T cell lymphoma/leukemia, HTLV-1 is also 
the causative agent of in fl ammatory disorders, including tropical spastic paraparesis/
HTLV-associated myelopathy (TSP/HAM), arthritis, uveitis, dermatitis, lymphadenitis 
and Sjögren syndrome (Proietti et al.  2005  ) . Hypothetically, these HTLV-related 
in fl ammatory diseases must eventually cause lymphoproliferative disorders or 
lymphoma. However, only a small population of HTLV-1 carriers (infection lasting 
life long without clinical manifestation) will progress to adult T cell lymphoma/
leukemia (2.1% of females and 6.6% of males) (Boxus and Willems  2009 ; Tajima 
and Cartier  1995  ) . Adult T cell lymphoma/leukemia cells are consistently monoclonal 
with respect to proviral integration and originate from initial polyclonal/oligoclonal 
expansion of HTLV-1-infected cells (Boxus and Willems  2009  ) . Clinically, adult T 
cell lymphoma/leukemia behaves variably and could present with acute, chronic, 
and smoldering phase (Ohshima et al.  2008  ) . Patients with acute disease could die 
within weeks, whereas those with chronic course demonstrate much longer survival 
unless converting to acute phase under certain circumstances (Ohshima et al.  2008  ) . 

 Recent research has revealed that HLTV-1 TAX1, a regulatory factor, plays a key 
role in HTLV-1-speci fi c pathogenesis such as cell survival, cell proliferation, and per-
sistent infection (Matsuoka and Jeang  2007 ; Higuchi and Fujii  2009  ) . TAX and 
another regulatory factor (HBZ) allow favored proliferation of infected cells. HBZ 
(HTLV-1 bZIP factor), p12, and p30 (accessory proteins encoded by different pX 
mRNAs formed by alternative splicing events) either reduce viral expression or inhibit 
immune recognition. Permanent TAX-induced proliferation and abnormal expansion 
of infected cells generate DNA lesions characteristic of adult T cell lymphoma. 
Inhibition of host checkpoint machinery allows further proliferation of infected cells 
harboring DNA damage. Progressive stabilization of these abnormalities provides an 
increased proliferative capacity to the infected cells and ultimately leads to adult T cell 
lymphoma/leukemia (Boxus and Willems  2009  ) . The role of TAX and HBZ in viral 
persistence and the development of adult T cell lymphoma/leukemia have been well 
studied. The virally encoded oncoprotein TAX activates the transcription of HTLV-1 
and cellular genes by altering cellular signaling pathways (Higuchi and Fujii  2009  ) . In 
asymptomatic HTLV carriers, TAX stimulates both viral and cellular gene expression 
to allow viral replication as well as T-cell proliferation. Because the host immune 



172 L. Zhang and R. Klein

system is able to ef fi ciently get rid of lymphocytes expressing viral antigens, TAX. 
Infected cell proliferation relied on another viral factor, HBZ, encoded by the comple-
mentary strand. A sustained cell replication regulated by viral TAX causes DNA dam-
age that activates checkpoints, a second barrier to transformation (Higuchi and Fujii 
 2009 ; Shoji et al.  2009  ) . There are evidences of higher expression levels of cyclin D1 
and D2 mRNA in HTLV-I-infected T-cell lines, which is partially mediated by the 
viral transforming protein Tax (Mori et al.  2002  ) . In vitro study revealed that HLTV-1 
TAX1 binds the cyclin D1 promoter-proximal cyclic AMP response element (CRE) 
in the presence of phosphorylated CREB (pCREB). In an in vivo study also demon-
strated that cyclin D1 transcript levels were elevated in HTLV-1 infected cells (Kim 
et al.  2010  ) . TAX-induced accumulations of cyclin D1 make the G1 phase of cell 
cycle shortened, mitotic replication of the virus increased, and malignant T-cells 
expanded (Kim et al.  2010  ) . Thus, HTLV-I infection had changed cellular D-type 
cyclin gene expression, resulting in T-cell transformation and subsequent develop-
ment of T-cell leukemia (Mori et al.  2002  ) . A recent study showed that activating 
transcription factor 3 (ATF3), an HBZ-interacting protein, is upregulated in adult T 
cell lymphoma/leukemia (Hagiya et al.  2011  ) . Inhibition of ATF3 expression reduced 
cell proliferation, causing death of adult T cell lymphoma/leukemia cells. Although 
ATF3 enhanced p53 transcriptional activity, this activity was suppressed by HBZ. 
When ATF3 and HBZ interact, tumor cells are ampli fi ed in adult T cell lymphoma/
leukemia (Hagiya et al.  2011  ) . Moreover, both HBZ and ATF3 suppress TAX 
expression, enabling infected cells to escape the host immune system (Hagiya et al. 
 2011  ) . Gene dysregulation not only affect the localized cell growth of adult T cell 
lymphoma/leukemia but also systemic dissemination. A novel surface marker, Cell 
adhesion molecule 1 (CADM1/TSLC1), which encodes a multifunctional immuno-
globulin-like cell adhesion molecule, has been identi fi ed for adult T-cell leukemia/
lymphoma (Matsuoka et al. 2010). In conjunction with other signals (Tiam1 and RAC), 
CADM1 plays a role in tissue in fi ltration of leukemic cells in adult T cell lymphoma/
leukemia patients (Matsuoka et al. 2010), resulting in disease dissemination. 

 Combination conventional chemotherapy has little impact on the long-term 
survival of these patients. Blockage of CD25 by daclizumab (Zenapax®), a humanized 
murine anti-CD 25 monoclonal antibody, on adult T-cell lymphoma/leukemia cells 
is considered a novel way to cure the disease. On-going phase II clinical trial using 
CHOP-Zenapax to treat 15 patients with aggressive adult T cell lymphoma/leukemia 
demonstrated that 33% patients (5 patients) achieved complete response (CR) lasting 
for 2 months or more, and 20% (3 patients) having partial response (Ceesay et al. 
 2011  ) . Understanding molecular pathogenesis of the lymphoma would bene fi t 
patient care and extend survival.      
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         Introduction 

 Hodgkin    lymphoma (HL) is a rare human B-cell lymphoid malignancy representing 
11.4% of all lymphomas in the United States (Jemal et al.  2009  )  and with an incidence 
rate of 2.2 per 100,000 in the more developed countries. (Jemal et al.  2011  ) . The 
treatment of patients with relapsed and refractory HL, especially those who have 
disease relapse after autologous stem cell transplantation, remains challenging. 
However current therapy is expected to cure more than 80% of these patients. 

 Balancing the side effects of chemo- and radiotherapy against the need for 
de fi nitive treatment is crucial. Recent efforts have been made focusing on improving 
success rates while decreasing chemotherapy cycles and radiation doses, and in 
some cases chemotherapy or radiotherapy are even eliminated, avoiding long-term 
toxicities. Despite the rather rare successful treatment of HL in medical oncology, 
the current treatment continues to lack speci fi city and induce unacceptable long-
term toxicities that paradoxically shortens patient survival and decreases health-
related quality of life (perception of physical, psychological, and social well-being 
and fatigue). 

 Within the  fi rst 10 years of diagnosing HL, the leading cause for mortality is the 
disease itself (van Rijswijk et al.  1987  ) . After 10 years, HL survivors are affected by 
an increased risk of late medical complications, including secondary malignancies, 
cardiovascular diseases, pulmonary toxicity, hypothyroidism, infertility, osteoporosis, 
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renal toxicity, and dental caries (Abrahamsen et al.  1999 ; Ng et al.  2002a ; Matasar 
et al.  2009 ; Brierley et al.  1998  ) . The most common secondary malignancies are 
hematological: acute myelogenous leukemia (relative risk [RR]: 82.5), non-Hodgkin 
lymphoma (RR: 16.5), and multiple myeloma (RR:9.4). Solid malignancies occur 
mainly in bone and soft tissue (RR: 11.7), stomach (RR: 9.5), lung (RR:6.7), breast 
(RR:6.1), the oral cavity (RR:5.1), colon (RR:4.3), thyroid (RR:3.1), kidney (RR: 3.1), 
female genitals, (RR: 2.2) and skin (melanoma; RR: 1.6) (Ng et al.  2002b ; Hodgson 
et al.  2007  ) . Cardiovascular morbidity often includes coronary artery disease, myo-
cardial infarction, and heart failure (Adams et al.  2004  ) . Pulmonary toxicity can be 
radiation pneumonitis and  fi brosis. Radiation and blemocycin are known to be a 
major cause of pulmonary toxicity (Martin et al.  2005  ).  

 Patients who are not cured with front-line or second-line therapy, including stem 
cell transplantation, have an estimated median survival of less than 3 years (Horning 
et al.  2008  ) . As the median age of this patient population is mid-1930s, the impact 
of early mortality on the number of years lost from productive life is more signi fi cant 
than for many other cancers. However, because HL is a rare disease that is highly 
curable, the development of new drugs for the treatment of HL has been very slow; 
the United States Food and Drug Administration (FDA) has not approved any new 
drugs for treating HL in more than three decades. Thus, there is a clear unmet medical 
need for developing new drugs for HL. With recent advances in our understanding 
of HL pathology, biology, and immunology, several therapeutic targets have been 
identi fi ed (Küppers  2009  ) . For example, new treatment strategies that are based on 
targeting oncogenic signaling pathways are currently being explored (Jona and 
Younes  2010  )  (Fig.  1 ). The aim of drug development for HL is to not only further 
improve the cure rate but also decrease the toxic effects of therapy. This chapter will 
focus on emerging new treatment modalities targeting the molecular targets of clas-
sical HL that are currently under investigation for patients with relapsed disease.   

   Current Standard of Care for Hodgkin Lymphoma 

 The HD10 study conducted by the German Hodgkin Study Group has shown 
recently that the intensity of treatment can be reduced in patients with early-stage 
HL with favorable prognoses. The study compared four versus two cycles of the 
adriamycin, bleomycin, vinblasine, and dacarbazine (ABVD) regimen followed by 
20- or 30-Gy involved  fi eld radiation therapy (IFRT). The weakest combination was 
as effective as stronger combinations, but less toxic. The rates of freedom from 
treatment failure (FFTF) were 93% with four cycles of ABVD and 91% with the 
two-cycle regimen, regardless of whether 20- or 30-Gy IFRT was given. Therefore, 
two cycles of ABVD followed by 20-Gy IFRT is considered the standard of care for 
patients with early-stage HL with favorable prognoses (Engert et al.  2010a  ) . 

 In patients with early-stage HL with unfavorable prognoses the European 
Organization for Research and Treatment of Cancer (EORTC)/GELA H9-U trial showed 
that there was no signi fi cant difference in outcomes when either four or six cycles of 
ABVD followed by IFRT was given. Event-free survival (EFS) was 87 and 91%, 
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respectively, at 4 years (Thomas et al.  2007  ) . Concerning the intensity of chemotherapy, 
two (Thomas et al.  2007 ; Borchmann et al.  2009  )  of three (Engert et al.  2010b  )  trials 
failed to show a bene fi t from dose escalation. Although the last of these trials showed 
6% longer progression-free survival (PFS), one could argue whether this improve-
ment is worth the late toxicities incurred. The question of whether IFRT can be 
omitted remains unanswered. Thus, four cycles of ABVD followed by IFRT is the 
standard care for patients with early-stage HL with unfavorable prognoses. 

 ABVD has also become widely accepted for the treatment of advanced-stage HL. 
A major advantage is its tolerability. A long-term follow-up study showed failure-free 
survival (FFS) of 47% and overall survival (OS) of 59% after 14 years (Canellos and 
Niedzwiecki  2002  ) . However, it is challenged by the BEACOPP (bleomycin, etopo-
side, adriamycin, cyclophosphamide, vincristine, procarbazine, and prednisone) 
regimen by being a more effective but also more toxic regimen. Patients treated with 
eight cycles of escalated BEACOPP had an 82% FFTF rate and 86% OS rate, while 
eight alternating cycles of COPP and ABVD resulted in only 64% FFTF and 75% 
OS (Engert et al.  2009  ) . The HD2000 trial showed 68% FFS for ABVD and 81% for 
BEACOPP, while OS was 83% for ABVD and 92% BEACOPP, revealing the 
signi fi cant superiority of BEACOPP (Federico et al.  2009  ) . Currently, the EORTC is 
conducting a big intergroup study comparing ABVD with four cycles of escalated 
BEACOPP plus four cycles of baseline BEACOPP; however, to date, no results are 
available. Escalated BEACOPP is clearly a more effective regimen, but it results in 
more toxic effects; thus, ABVD still remains the standard of treatment. 

 Another treatment regimen for HL is the Stanford V, a 12-week chemotherapeu-
tic course followed by planned radiotherapy. The Stanford V regimen has been 
compared with ABVD in three large randomized trials (Gobbi et al.  2005 ; Hoskin 
et al.  2009 ; Gordon et al.  2010  ) . Although Stanford V uses lower doses of doxoru-
bicin and bleomycin than ABVD, radiotherapy is necessary in the majority of the 
patients, increasing the concern for long-term toxicity.  

   Molecular Pathogenesis of HL 

 It has only been in the past decade that the B-cell nature of classical HL’s pathogno-
mical cells, known as Hodgkin and Reed-Sternberg (HRS) cells and their variants, 
lymphocytic and histiocytic (L&H) cells, which are characteristic of another sub-
group nodular-lymphocyte predominant Hodgkin lymphoma (NLPHL), has been 
revealed. Both HRS and L&H cells are derived from B cells, that is, they show char-
acteristics of mature B cells that have been exposed to antigens (Küppers  2009  ) . 

   Clonality and Origin of HRS Cells 

 HRS cells are unique in the hematopoietic system, as they express markers of sev-
eral lineages. HRS cells are most likely derived from pre-apoptotic germinal-centre 
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B cells, since they carry rearranged and somatically mutated  IgG V  genes, which are 
seen in germinal-center B cells, and normally induce immediate cell death (Kanzler 
et al.  1996 ; Kuppers and Rajewsky  1998  ) . However, sequence analysis of HRS cells 
has only identi fi ed a subset of these unfavorable mutations, suggesting that these 
cells can avoid apoptosis. Further, there are several characteristics of HRS cells that 
are only seen in antigen-activated B cells, including complete Ig heavy and light 
chain rearrangements, somatic mutations occurring only in antigen-activated B 
cells, and Ig class switch recombination in HL cell lines and primary HRS cells. In 
addition, both HL and mature B-cell lymphomas carry somatically mutated  IgG V  
genes, demonstrating their common precursor (Küppers  2009  ) . Nevertheless, some 
HL cases show T-cell characteristics, and these cases are derived from T cells. L&H 
cells may also originate from the germinal center, since they express several B-cell 
markers and grow in a follicular pattern (Hansmann et al.  1999  ) . L&H cells are 
likely derived from antigen-selected germinal-centre B cells, since they resemble an 
intermediate developmental stage between germinal-centre and memory B cells 
(Brune et al.  2008  ) .  

   Signaling Pathways 

 The rescue of HRS cells from apoptosis may play a key role in the pathogenesis of 
HL. Several signaling pathways that activate or inhibit apoptotic pathways have 
been recently revealed to play a role in the pathogenesis of HL. The genetic lesions 
that lead to dysregulated signaling pathways are found most commonly in the janus 
kinase–signal transducer and activator of transcription (JAK-STAT) and nuclear 
factor- k B (NF- k B) pathways. Many cytokines transmit their signal through mem-
bers of the JAK family, which phosphorylate STATs on activation. The phosphory-
lated STATs then dimerize and translocate to the nucleus where they function as 
transcription factors. There are frequent genomic gains of  JAK2  in HRS cells, and 
suppressor of cytokine signaling 1 (SOCS1), a negative regulator of JAK–STAT 
signaling, is often somatically mutated and inactivated in classical HL and NLPHL 
(Joos et al.  2000 ; Weniger et al.  2006 ; Mottok et al.  2007  ) . The more important 
alterations of the NF- k B pathway are affected by the transcription factor REL in 
about 50% of all HL cases (Barth et al.  2003  ) , the positive regulator Bcl-3 (Martin-
Subero et al.  2006  ) , the negative regulators NFKBIA (Jungnickel et al.  2000  )  and 
NFKBIE (Emmerich et al.  2003  ) , and TNFAIP3, the encoder of A20 that ubiquit-
inates and deubiquitinates members of the NF- k B signaling pathway and negatively 
regulates NF- k B activity. Interestingly, all HL cases where mutations prevented 
TNFAIP3 function were found to be Epstein-Barr virus (EBV)-negative, indicating 
that TNFAIP mutations and EBV infection are alternative mechanisms of HL 
pathogenesis. 

 EBV infection plays an important role in about 40% of all classical HL cases. 
For EBV-infected HL patients, the EBV proteins LMP-1 and LMP-2 seem to pro-
mote the survival of the infected HRS cells. LMP-1 induces constitutive NF- k B 
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signaling (Kilger et al.  1998  ) , while LMP-2 functions as a surrogate of the B-cell 
receptor (Alber et al.  1993  ) . These results indicate that these mechanisms are alter-
native methods of HL pathogenesis (Schmitz et al.  2009  ).  

 Besides the constitutive activation of the JAK-STAT and NF- k B pathways, auto-
crine and paracrine signaling events also contribute to the pathogenesis of HL 
(Scheeren et al.  2008  ) . In HRS cells, STATs are activated by expression of IL-13 
and IL-21 and their receptors (Kapp et al.  1999  ) . HRS cells also express the tumor 
necrosis–factor receptor family proteins, including CD30, CD40, TACI, BCMA, 
and RANK, which are all involved in NF- k B signaling (Fiumara et al.  2001 ; Chiu 
et al.  2007  ) . Other signaling pathways can be also dysregulated in HRS cells, such 
as the phosphatidylinositol 3-kinase (PI3K)–Akt and extracellular signal-regulated 
kinase (ERK) pathways (Georgakis et al.  2006a ; Zheng et al.  2003  ) . The PI3K path-
way may be activated through CD30, CD40, and RANK. The ERK pathway, which 
regulates apoptosis and cell proliferation and differentiation, may also be activated 
through CD30, CD40, and RANK in HRS cells (Zheng et al.  2003  ) .  

   Tumor Microenvironment: Cytokines, Chemokines, 
and the Dysregulated Immune Response 

 The tumor microenvironment seems to be crucial for the survival of HRS cells, 
which represent about 98% of the tumor tissue. HRS cells secrete cytokines and 
chemokines that actively attract B cells, T cells, eosinophils, plasma cells and mast 
cells, which make up the tumor microenvironment. CCL5 (RANTES), CCL17 (thy-
mus and activation-regulated chemokine [TARC]), and CCL22 (MDC) attract 
T-helper 2 and T-regulatory cells (Poppema  2005  ) . Moreover, HRS cells also secrete 
a number of cytokines, including IL-5, -6, -9, -10, and −13. In particular, IL-13 and 
its receptor IL-13R were found to promote the differentiation of T-helper cells into 
T-helper 2 cells (Skinnider et al.  2001  ) . Evidence suggests that changes in immuno-
surveillance allow HRS cells to survive; there is a shift from an antitumor T-helper 
1 response to a protumor T-helper 2 response (Tan and Coussens  2007  ) . HRS cells 
also express a variety of immunosuppressive factors, such as IL-10, TGF-ß, galectin-1, 
and prostaglandin E 

2
  (Gandhi et al.  2007 ; Newcom and Gu  1995 ; Chemnitz et al. 

 2006  ) . They also express the programmed cell death protein 1 ligand, which inhibits 
the cytotoxic function of T-cells (Yamamoto et al.  2008  ) .   

   Epigenetic Therapy: Histone Deacetylase Inhibitors 

 Post-transcriptional histone modi fi cation plays an important role in regulating gene 
transcription and is mediated by several enzymes, including histone acetyltrans-
ferases (HATs) and histone deacetylases (HDACs) (Glozak and Seto  2007  ) . These 
enzymes mediate acetylation and deacetylation of speci fi c lysine amino acid 
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residues on histone and non-histone proteins that regulate a variety of proteins 
involved in cell proliferation and survival, angiogenesis, and immunity (Heider 
et al.  2006 ; Wang et al.  2006 ; Brogdon et al.  2007  ) . To date, 18 HDACs have been 
identi fi ed in humans and grouped into two major categories: zinc-dependent HDACs 
and nicotinamide adenine dinucleotide (NAD)-dependent HDACs (Bolden et al. 
 2006 ; Minucci and Pelicci  2006  ) . HDACs are further classi fi ed into four major 
classes: Class I (HDACs 1, 2, 3, 8, and 11), Class II (HDACs 4, 5, 6, 7, 9, and 10), 
Class III (SIRTs 1–7), and Class IV (HDAC 11) (Fig.  2 ). Class III HDACs are NAD-
dependent, whereas class I, II, and IV HDACs are zinc dependent. Several clinical-
grade pharmacologic inhibitors of zinc-dependent HDACs are now being tested in 
clinical trials, but only two inhibitors, vorinostat and romidepsin, have been approved 
by the FDA for treating relapsed cutaneous T-cell lymphoma. Vorinostat (SAHA) 
and panobinostat (LBH589) inhibit class I and II HDACs (pan-HDAC inhibitors). 
MGCD0103 and entinostat (SNDX-275, formerly MS-275) preferentially inhibit 
class I HDACs (isotype-selective HDAC inhibitors).  

 There are several rationales for using HDAC inhibitors (HDACis) for the treat-
ment of HL. For example, although HRS cells are of B-cell origin, they infrequently 
express B-cell antigens (Schwering et al.  2003  ) . This loss of B-cell phenotype has 
been reported to be epigenetically regulated and may be therapeutically reversible 
(Ushmorov et al.  2004,   2006  ) . Further, several HDAC inhibitors have antiprolifera-
tive activity in HL-derived cell lines in vitro. In a recent study, vorinostat was shown 
to induce cell-cycle arrest and apoptosis in HL cell lines and to synergize with 

Coil
ed

-c
oil

 re
gio

n

Cat
aly

tic
 d

om
ain

HDAC 1

2

3

8

HDAC 4

5

9

7

10

HDAC 6

HDAC11

Class I

Class IV

Class IIB

Class IIA

Isotope-selective inhibitors
•Mocetinostat (MGCD0103)
•Entinostat (SNDX-275)

Pan-HDAC-inhibitors
•Vorinostat (SAHA)
•Panobinostat (LBH-589)
•Romidepsin

  Fig. 2    Human zinc-dependent histone deacetylases (HDACs) and their inhibitors. Isotope-selective 
inhibitors inhibit certain classes of HDACs, while pan-HDAC-inhibitors inhibit all of them       

 



188 Á. Jóna et al.

chemotherapy (Buglio et al.  2008  ) . Similarly, the isotype-selective MGCD0103 
(mocetinostat) has potent antilymphoma activity; it modulates the expression of a 
variety of survival proteins and results provide a mechanistic rationale for combining 
class I HDAC inhibitors with proteasome inhibitors by HDAC6-independent mech-
anisms (Buglio et al.  2010  ) . In vitro experiments with entinostat (SNDX-275) dem-
onstrated that this HDACi has a dual antiproliferative effect by downregulating 
XIAP and inducing apoptosis and possibly by modulating the immune response 
(Jona et al.  2010  ) . Furthermore, vorinostat has been shown to inhibit STAT6 phos-
phorylation and transcription in HL cell lines, an effect that was associated with a 
decrease in the expression and secretion of T-helper 2-type cytokines and chemok-
ines, including TARC/CCL17 and IL-5. It was also shown to increase T-helper 
1-type cytokines and chemokines, including a profound increase in IP-10 levels 
(Buglio et al.  2008  ) . HDACis, either alone or in combination with hypomethylating 
agents, have been shown to induce cancer testis antigen expression, including 
MAGE, SSX, and NY-ESO-1 family members, in a variety of tumors and therefore 
may induce a favorable antitumor immune response in vivo (Shichijo et al.  1996  ) . 

 The most successful HDACi compound for treating HL is panobinostat (LBH589) 
(Table  1 ). On the basis of promising results from a phase I study that included 13 
patients with relapsed HL (Dickinson et al.  2009  ) , a large international phase II 
study was initiated. In that pivotal study, oral panobinostat was administered at a 
dose of 40 mg three times per week, every week, in 21-day cycles. Dose delays and 
modi fi cations for the management of adverse events was permitted, but the lowest 
dose allowed on study was 20 mg. Ef fi cacy was evaluated every two cycles by imag-
ing studies. Patients were enrolled in the study for less than 1 year. The median age 
was 32 years (range, 18–75 years), and the median number of prior chemotherapeu-
tic regimens was four (range, 2–7 years). Importantly, the median time to relapse 
after the  fi rst autologous stem cell transplantation was only 8 months, which pre-
dicts a poor prognosis. Moreover, 37% of the patients had not responded to their last 
prior therapy. Twelve patients had also received a prior allogeneic transplant. In the 
 fi nal analysis, 129 patients were evaluable for a response or discontinued early. 
A total of 35 responses (5 complete responses [CRs] and 30 partial responses [PRs]) 
with an overall response rate (ORR) of 27% and a disease-control rate (CR + PR + stable 
disease [SD]) of 82% were observed. Preliminary PFS was more than 5.7 months. 
Common drug-related grade 1 and 2 adverse effects were diarrhea, nausea, fatigue, 
vomiting, and anorexia. Common drug-related grade 3 and 4 adverse events were 
thrombocytopenia, anemia, and neutropenia. The thrombocytopenia was manage-
able and reversible with dose hold and modi fi cation (Sureda et al.  2010  ) .  

 MGCD0103 is a novel oral nonhydroxymate benzamide–based HDACi that 
selectively inhibits HDACs 1 and 2 (and to a lesser extent, HDACs 3 and 11) (Khan 
et al.  2008  ) . Its IC 

50
  for inhibiting recombinant HDAC 1 activity is 0.082 mM com-

pared with >30 mM for HDAC6 (Beckers et al.  2007 ; Riester et al.  2007  ) . The safety 
and ef fi cacy of MGCD0103 given orally three times per week (85 mg to 110 mg 
starting doses) was recently evaluated in a phase II study in patients with relapsed 
and refractory HL. Patients were allowed to receive therapy for 1 year in the absence 
of disease progression or prohibitive toxicity. Of the 23 patients who were treated 
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with the 110-mg dose, eight (35%) achieved partial or complete remissions. 
However, this dose was poorly tolerated, resulting in dose interruptions and reduc-
tions and discontinuation of therapy after a median of 4.5 months. Subsequently, the 
study was revised to allow a lower starting dose of 85 mg at the same schedule. Six 
of the 28 (21%) patients enrolled on the reduced dose achieved partial remissions. 
Grade 3 and 4 toxicities were mainly thrombocytopenia and fatigue, which occurred 
in around 20% of the patients. Overall, 80% of the 30 evaluable patients had some 
decrease in their tumor measurements. Although none of the patients developed 
signi fi cant electrocardiogram abnormalities, two patients developed signi fi cant peri-
cardial effusions requiring discontinuation of therapy. Collectively, MGCD0103 was 
active as a single agent in patients with heavily pretreated relapsed/refractory HL. 
The response rate reported in this study is among the best for a single-agent HDACi 
in HL, especially in the context of the minimal hematological toxicity observed 
(Younes et al.  2010a  ) . Finally, the Southwest Oncology Group (SWOG) conducted a 
phase 2 trial of vorinostat in patients with relapsed HL (Kirschbaum et al.  2007  ) . 
Twenty- fi ve patients were treated with 200 mg vorinostat given orally twice per day 
for 14 days every 21 days. One patient (4%) achieved a partial remission. 

 The interim results of a phase II trial with entinostat (SNDX-275), another class 
1–selective HDACi, have been reported recently. Entinostat was administered at a 
dose of either 10 or 15 mg given orally every 14 days on a 28-day cycle. Of 27 
evaluable patients, three (11%) had a PR, and there were no CRs; however disease 
control (CR + PR + SD) was 63%. Common grade 3 and 4 adverse events were 
thrombocytopenia (59%), neutropenia (28%), and anemia (34%). Overall, entinostat 
was well tolerated and the preliminary ef fi cacy data are encouraging. The trial is 
being continued and patients are being enrolled into an alternative dosing schedule 
(Younes et al.  2010b  ) .  

   mTOR Inhibitor: Everolimus (RAD001) 

 The PI3K/Akt/mTOR signaling pathway (Fig.  3 ) is one of the most frequently 
dysregulated survival pathways in cancer, making it an important target for drug 
development (Ihle and Powis  2009 ; Franke  2008  ) . This pathway is negatively regulated 
by the tumor suppressor protein PTEN. Unlike most cancers in which PI3K activation 
is frequently associated with PTEN deletion or mutation, other mechanisms have 
been reported to activate this pathway in HL, including activation of the CD30, 
CD40, and RANK receptors, mutations in the p85a subunit of PI3K, and inactivation 
of PTEN by phosphorylation (Georgakis et al.  2006b ; Jucker et al.  2002 ; 
Morrison et al.  2004 ; Nagel et al.  2005 ; Renne et al.  2007 ; Dutton et al.  2005  ) . 
In vitro experiments have demonstrated that inhibition of PI3K, Akt, or mTOR with 
various small molecules can induce cell-cycle arrest, autophagy, and apoptosis in 
HRS-derived cell lines (Georgakis et al.  2006a,   c ; Jundt et al.  2005  ) . In addition to 
a direct antitumor effect, mTOR inhibitors may induce clinical responses by enhanc-
ing the immune response and inhibiting angiogenesis (Zheng et al.  2007 ; Del Bufalo 
et al.  2006  ) .  
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 The therapeutic value of inhibiting the PI3K/Akt/mTOR axis has been recently 
studied using the oral mTOR inhibitor everolimus (Fig.  3 ) (Johnston et al.  2010  ) . 
In one study, 19 evaluable patients with relapsed HL were treated with daily doses 
of 10 mg everolimus, and the ORR rate was 47%; eight patients achieved partial 
remission and one, complete remission (Table  1 ). Grade 3 adverse events included 
thrombocytopenia and anemia. If con fi rmed in a larger number of patients, everolimus 
may be considered one of the most active agents for treating relapsed HL. Because 
HRS cells frequently demonstrate aberrant and simultaneous activation of several 
survival pathways, including NF- k B, ERK, and PI3K/Akt (Fig.  3 ), rationally 
designed combination strategies will be required to improve the response rate and 
prolong the response duration of mTOR inhibitors. In vitro experiments have sug-
gested that mTOR inhibitors may synergize with chemotherapy, PI3K inhibitors, and 
HDACis in a variety of tumor models, including HL (Georgakis et al.  2006c ; 
Yazbeck et al.  2008 ; Lemoine et al.  2010  ) . A phase I/II clinical trial combining the 
HDAC inhibitor panobinostat with the mTOR inhibitor everolimus is currently 
enrolling patients with NHL and HL. To date 12 patients have been enrolled, and 10 
of 11 evaluable patients had their tumors reduced by 31 to 63%. Twenty milligrams 
panobinostat and 10 mg everolimus was used to determine the safety of these drugs. 
Adverse events were manageable, with the following being most commonly 
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  Fig. 3    The PI3 kinase/Akt/mTOR pathway is frequently activated in HRS cells. Pharmacologic 
inhibition of mTOR has produced clinical responses in patients with relapsed classical Hodgkin 
lymphoma (HL)       
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observed: thrombocytopenia (45%), neutropenia (45%), and fatigue (18%). This 
novel combination shows promising activity even at the lower doses. Once the max-
imum tolerated dose is evaluated, the phase II portion of the study will con fi rm the 
ef fi cacy of this regimen (Younes et al.  2010c  ) .  

   Proteasome Inhibitors (NF- k B) 

 NF- k B plays a central role in regulating the expression of various genes involved in 
cell survival, apoptosis, carcinogenesis, and in fl ammation, making it a potential 
therapeutic target (Baud and Karin  2009  ) . The NF- k B family is composed of  fi ve 
proteins: NF- k B1 (p50/p105), NF-B2 (p52/p100), RelA (p65), RelB, and c-Rel. 
These members exist as homodimers and heterodimers that are organized into two 
distinctive pathways: the classical (or canonical) and the alternative (non-canonical) 
pathways. Both pathways have been shown to be activated in primary and cultured 
HRS cells of HL and to be involved in promoting HRS cell survival (Küppers  2009 ; 
Younes et al.  2003a ; Staudt  2000 ; Bargou et al.  1996,   1997  ) . In addition to the auto-
crine and paracrine cytokine loops that can activate NF- k B in HRS cells, mutations 
in the I k B and A20 genes were also reported to be involved in the aberrant activa-
tion of NF- k B in HRS cells (Küppers  2009 ; Schmitz et al.  2009 ; Kato et al.  2009  ) . 
The  fi rst attempt to therapeutically inhibit NF- k B activation in HL patients used the 
proteasome inhibitor bortezomib. By inhibiting the degradation of cytoplasmic 
I k B a , bortezomib inhibits the activation of NF- k B. Furthermore, bortezomib has 
been reported to alter the levels of p21, p27, Bcl-2, Bax, XIAP, survivin, and p53, 
leading to cell-cycle arrest and apoptosis in several tumor types (Adams  2003  ) . 
In preclinical studies, bortezomib inhibited the proliferation of HL cells in culture 
and induced cell-cycle arrest and apoptosis in a time- and dose-dependent manner. 
Further, bortezomib was effective even in HL cell lines that harbored mutations in 
the I k B a  gene (Zheng et al.  2004  ) . Despite these favorable preclinical results, bort-
ezomib demonstrated no signi fi cant clinical activity when tested in patients with 
relapsed HL (Younes et al.  2006 ; Blum et al.  2007  ) . 

 On the basis of preclinical experiments that demonstrated synergy between bort-
ezomib and chemotherapy, two independent groups evaluated bortezomib-based 
combinations in patients with relapsed classical HL. In the  fi rst study, a phase I trial 
was conducted to evaluate the combination of bortezomib with the ifosomide, car-
boplatin, etoposide (ICE) regimen (Fanale et al.  2011  ) . Escalating doses of borte-
zomib were given on days 1 and 4 of each ICE cycle. Thirteen patients were enrolled, 
and six achieved PRs and four achieved CRs, for an ORR of 77%. The treatment 
was well tolerated and associated with reversible grade 4 neutropenia and thrombo-
cytopenia in 18 and 35% of the patients, respectively. On the basis of these encour-
aging data, a phase II randomized trial is currently enrolling patients to prospectively 
evaluate response rates to determine the PFS of patients treated with bortezomib-
ICE versus those treated with ICE alone. In a second study, bortezomib was com-
bined with gemcitabine for the treatment of patients with relapsed HL (Mendler 
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et al.  2008  ) . Bortezomib (1 mg/m 2 ) was given on days 1, 4, 8, and 11, and gemcitabine 
(800 mg/m 2 ) was given on days 1 and 8. Treatments were repeated every 21 days. 
The ORR in 18 patients was 22%. However, because of the relatively low response 
rate and treatment-related liver toxicity, the authors concluded that this regimen 
should not be further developed for the treatment of HL.  

   Brentuximab Vedotin (SGN-35) 

 The dense expression of CD30 by HRS cells coupled with its highly restricted 
expression to a relatively small population of activated B cells and T cells and a 
small portion of eosinophils, makes it an obvious target for a therapeutic monoclonal 
antibody (Younes and Carbone  1999 ; Younes and Aggarwall  2003  ) . Results from 
two clinical studies using  fi rst-generation naked anti-CD30 monoclonal antibodies 
in patients with relapsed HL have been disappointing, perhaps re fl ecting their poor 
antigen binding and/or effector cell activation properties (Table  1 ) (Ansell et al. 
 2007 ; Forero-Torres et al.  2009  ) . In an alternate strategy, the anti-CD30 antibody 
cAC10 was conjugated to a synthetic anti-microtubule agent, monomethyl aurista-
tin E, resulting in the novel immunotoxin conjugate brentuximab vedotin (SGN-35) 
(O fl azoglu et al.  2008  ) . Brentuximab vedotin was recently evaluated in two phase I 
clinical trials in patients with relapsed HL and anaplastic large-cell lymphoma. 
In the  fi rst phase I study, brentuximab vedotin was administered on a 3-week schedule. 
Forty- fi ve patients with relapsed HL and anaplastic large-cell lymphoma were 
treated with escalating doses (0.1 to 3.6 mg/kg) by intravenous infusions every 
3 weeks. The treatment was reasonably well tolerated, with neutropenia and hyper-
glycemia being the only dose-limiting toxicities. Neuropathy was also observed in 
some patients, especially after repeated dosing. Remarkably, 36 of 42 patients 
(86%), who could have been evaluated by computed tomography patients had reduc-
tions in their tumor size, and 17 of 45 patients (38%) achieved partial or complete 
remissions (Younes et al.  2010d  ) . 

 In a second phase I study, 37 patients (31 with HL) were treated with brentux-
imab vedotin that was administered on a weekly schedule for 3 consecutive weeks 
in 4-week cycles. Dose-limiting toxicities included grade 3 gastrointestinal toxicity 
and grade 4 hyperglycemia. The ORR was 46% (29% CRs) (Fanale et al.  2009  ) . 
These encouraging results led to a pivotal phase II trial, which recently completed 
enrollment of 102 HL patients who had undergone autologous stem cell transplanta-
tion. The patients    were then treated with 1.8 mg/kg brentuximab vedotin given 
every 3 weeks for up to 16 cycles. Tumor shrinkage was observed in 95% of patients. 
The most common adverse events of any grade were peripheral sensory neuropathy 
(43%), fatigue (40%), nausea (35%), neutropenia (19%), diarrhea (18%), and 
pyrexia (16%). The only Grade 4 treatment-related events were neutropenia (4%) 
and thrombocytopenia, abdominal pain, and pulmonary embolism (1% each). In the 
35 patients who had B symptoms (fever, night sweats and weight loss), at baseline, 
the symptoms resolved in 29 (83%) (Chen et al.  2010  ) .  
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   Rituximab 

 Although HRS cells are of B-cell origin, CD20 antigen is infrequently expressed in 
these cells (15–30% in classical HL). However, HRS cells express a variety of 
receptors, including CD30, CD40, and RANK. Hematopoietic cells in the microen-
vironment, including B and T cells, express the ligand for these receptors, which 
activates survival signals in different oncogenic pathways (NF- k B, Erk, and Akt). 
Rituximab is a monoclonal antibody against CD20, and the central hypothesis for 
using rituximab in HL patients, regardless of the levels of CD20 expression in HRS 
cells, is that eliminating the HL microenvironment may deprive the malignant cells 
of survival signals and make them more susceptible to chemotherapy. An additional 
rationale is that putative classical HL stem cells also express CD20. A recent study 
showed that a blood sample from HL patients consisted of a very small subpopulation 
of cells with a memory B-cell phenotype (Ig light chain, CD27, CD20, and the 
stem-cell marker aldehyde dehydrogenase). These cells were responsible for main-
taining the predominant HRS cell population. Interestingly this cell subpopulation 
could not be found in blood samples from healthy donors (Jones et al.  2009  ) . Finally, 
a study using tumor-bearing mice suggested that depleting normal B cells enhances 
the antitumor response while diminishing IL-10 production. The data suggested that 
rituximab may deplete reactive B cells, which would increase the host immune 
response against HL. However, to date, this hypothesis has not been validated in 
patients receiving rituximab (Inoue et al.  2006  ) . 

 Targeting CD20 may be bene fi cial for HL patients, despite the fact that CD20 
expression isn’t often seen in HRS cells, but eliminating the HL microenvironment 
may deprive the malignant cells of survival signals. In a study of CD20 expression 
in HRS cells and the in fi ltrating small B cells, the investigators hypothesized that 
higher CD20 expression correlates with better treatment outcome. Findings from 
that study con fi rmed that there is a correlation between an increased number of 
tumor-in fi ltrating CD20-positive small B cells and longer PFS ( p  = 0.02) and 
disease-free survival ( p  = 0.02). Increased number of CD20-positive small B cells 
coupled with low CD68 expression in tumor-in fi ltrating macrophages may identify 
a very favorable patient population who would bene fi t from minimizing treatment. 
However, no correlation was found between the number of CD20-positive HRS 
cells and treatment outcome (Steidl et al.  2010  ) . 

 In recent years, rituximab has been evaluated in patients with classical HL as 
single agent, in combination with gemcitabine, or in combination with ABVD che-
motherapy (Oki and Younes  2010  ) . In a pilot study, investigators from The University 
of Texas MD Anderson Cancer Center treated 22 patients with relapsed classical 
HL with 6 weekly doses of rituximab. Six (27%) of the 22 patients had HRS cells 
that expressed CD20 (Younes et al.  2003b  ) . Five (23%) patients achieved PR or CR, 
and eight additional patients had SD. Clinical remissions were observed in patients 
regardless of CD20 expression in HRS cells and were limited in patients whose 
disease was con fi ned to the lymph nodes. 

 A phase II study investigated the effect of the rituximab-gemcitabine combina-
tion in heavily pretreated HL patients. Thirty-three patients received rituximab at a 
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dose of 375 mg/m 2  given intravenously every week for 6 weeks and gemcitabine at 
a dose of 1,250 mg/m 2  given intravenously on days 1 and 8, with a week of rest on 
day 15 of a 21-day cycle. Sixteen patients (48%) showed objective response after 
two cycles regardless of whether the HRS cells expressed CD20 (Oki et al.  2008  ) . 
Further, an Italian group conducted a study investigating the combination of gem-
citabine and rituximab with other agents (R-GIFOX [rituximab, gemcitabine, ifosf-
amide, and oxaliplatin]) in patients with relapsed HL. Twenty-one patients received 
three courses of R-GIFOX followed by stem-cell mobilization and high-dose ther-
apy if eligible for autologous stem cell transplantation. Eighty-six percent of the 
patients responded, with two PRs and 16 CRs (Corazzelli et al.  2009  ) . 

 In another study, investigators at MD Anderson Cancer Center combined ritux-
imab with ABVD chemotherapy to treat patients with newly diagnosed classical HL 
(Wedgwood et al.  2007  ) . Fifty-two patients with newly diagnosed classical HL were 
treated in a phase II study. With a median follow-up of 32 months, the estimated EFS 
was 82% and OS was 100%. Importantly, the EFS was improved for all risk categories: 
for patients with a international prognostic score (IPS) from 0 to 1 the EFS was 92%; 
for prognostic scores of 2, the EFS was 86%; and for scores from 3 to 5, the EFS was 
73%. These data are currently being con fi rmed in a multicenter randomized study 
comparing ABVD alone with rituximab plus ABVD. In the  fi nal report of this study, 
104 patients, with a median age of 35 years, were enrolled. At a 5-year median follow-
up (range, 6–94 months), the projected EFS for R-ABVD was 87%, which is 
signi fi cantly better than institutional results with ABVD alone ( p  = 0.0036). 
Improvement in EFS was observed with R-ABVD in patients with an IPS from 0 to 
2 (EFS 89 vs. 71%,  p  = 0.0248) and those with an IPS >2 (80 vs. 55%;  p  = 0.0532). 
These data serve as the rationale for a multicenter randomized trial comparing ABVD 
with R-ABVD in newly diagnosed patients with stage III and IV classical HL with 
IPS >2. The study is currently enrolling patients (Copeland et al.  2009  ) .  

   Lenalidomide 

 Two independent groups have evaluated the safety and ef fi cacy of lenalidomide in 
patients with relapsed HL. In the  fi rst study, Fehniger et al. reported their experience 
with 25 mg/day of lenalidomide on days 1 to 21 of a 28-day cycle (Fehniger et al. 
 2009  ) . Treatment continued until progressive disease or an unacceptable adverse 
event occurred. Despite the liberal dose reductions that were allowed for hemato-
logic and non-hematologic toxicity, six of the 35 evaluable patients responded 
(one CR and  fi ve PRs). Grade 3 and 4 neutropenia was observed in 40% of patients, 
anemia in 24%, leukopenia in 21%, and thrombocytopenia in 16% of patients. In a 
second study, Kuruvilla and colleagues treated 15 patients who had relapsed HL 
using the same dose and schedule of lenalidomide as in the previous study (Kuruvilla 
et al.  2008  ) . Two patients achieved PRs and seven achieved SD, with a median time 
to progression of 3.2 months. Six patients discontinued therapy because of disease 
progression and  fi ve discontinued because of toxicity. Four patients developed grade 
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3 or 4 neutropenia and thrombocytopenia and  fi ve developed grade 1 or 2 skin rash. 
Collectively, these data suggest that lenalidomide has promising single-agent activ-
ity in relapsed HL. A French group conducted a small study of eight patients with 
refractory or relapsed HL receiving the etoposide, solumedrol, ara-C, cisplatin 
(ESAP) salvage regimen in combination with lenalidomide. Response was evalu-
ated by positron emission tomography or computed tomography. Seven CRs and 
one PR were seen. The toxicities seen were nearly all hematological (neutropenia 
and thrombocytopenia) (Tempescul et al.  2009  ) . 

 The German Hodgkin Study Group investigated the effect of lenalidomide in 
heavily pretreated relapsed or refractory HL patients. Patients were treated with 
25 mg lenalidomide given orally in 21- or 28-day cycles. Twenty-four patients were 
eligible for analysis. Eight of the analyzed patients had SD and 12 achieved clinical 
responses (11 PRs, 1 CR) as measured by computed tomography. No hematological 
or other toxicities above grade 2 were reported (Boll et al.  2010  ) .  

   Summary and Future Directions 

 Several compounds have been identi fi ed as promising agents for the treatment of 
patients with relapsed classical HL. Brentuximab vedotin and panobinostat are 
currently being examined in clinical trials seeking potential approval by the FDA. 
If approved, these compounds will be incorporated with conventional chemotherapy 
regimens that will likely change the standard of care for this disease. As more novel 
drugs are identi fi ed, future investigations should focus on identifying predictive 
markers that will lead to a more personalized therapeutic approach.      
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 The    myelodysplastic syndromes (MDS) are clonal hematopoietic stem cell disorders 
typically characterized by peripheral cytopenia(s) despite marrow hypercellularity, 
with associated morphologic dysplasia in one or more myeloid lineages. In their 
initial phases they display ineffective hematopoiesis; later, maturation arrest develops, 
resulting in the progression to acute myeloid leukemia in a sizable minority of 
patients. While pediatric MDS is increasingly recognized, they are prototypically 
diseases of the elderly with a majority (~85%) of the affected over the age of 60 years 
and a median age at diagnosis of 76 years. Of fi cially, the incidence is relatively low at 
3.5 per 100,000 overall (Rollison et al.  2008  ) ; however, this is likely an underesti-
mate, particularly since the incidence is gradually increasing with the average age of 
the United States population. Indeed, by the age of 70 it now approaches 75 per 
100,000 (Cogle et al.  2011  ) . Men are affected at a somewhat higher rate than women. 
There is no apparent geographical bias to the distribution of MDS; on an age-
adjusted basis, the incidence is similar throughout the world, although it should be 
noted that these studies were performed primarily in Western nations. 

 The World Health Organization (WHO) classi fi es MDS into subgroups with 
distinct characteristics and varying rates of progression to acute myeloid leukemia 
(Table  1 ). These subgroups include high risk (refractory anemia with excess blasts-2 
[RAEB-2]), intermediate risk (refractory cytopenia with multilineage dysplasia 
[RCMD] with or without ringed sideroblasts, and refractory anemia with excess 
blasts-1 [RAEB-1]) and low risk (refractory cytopenia with unilineage dysplasia 
[RCUD], 5q- syndrome and refractory anemia with ringed sideroblasts [RARS]). 
As seen in other chapters of this book, many hematologic disorders have well-de fi ned 
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or extensively described genetic and molecular alterations that shape the disease 
phenotype, such as the  BCR-ABL1  fusion in chronic myelogenous leukemia and 
 JAK2  mutations in myeloproliferative neoplasms such as polycythemia vera. By 
contrast, although associated with a spectrum of cytogenetically detectable and 
typically numeric chromosomal abnormalities, the molecular basis of MDS remains 
largely unclear. The diagnosis rests upon clinical/hematological and morphological 
features, requiring identi fi cation of dysplasia within the erythroid, myeloid or 
megakaryocytic lineages, in addition to karyotypic abnormalities, albeit evident in 
only ~50% of de novo cases. Although the molecular underpinnings of MDS are 
beginning to be elucidated, unifying alterations remain elusive. Regardless, the 
 distinct behaviors of the noted subtypes are likely due to genetic and epigenetic 
alterations in hematopoietic precursors. Understanding the development of the 
disease at a mechanistic level will aid in diagnosis, determination of prognosis, and 
in the generation of novel, directed therapies for MDS. To this end, this chapter 
will review the current cellular and genetic factors believed to be implicated in the 
genesis of MDS, followed by a description of both current therapies and newer 
directed therapies in development and their mechanisms.  

   Cellular Features of MDS 

 MDS has been thought to represent, iteratively, a group of diseases characterized by 
varying degrees of ineffective hematopoiesis, impaired differentiation and abnormal 
proliferation. In addition to the quantitative defects (cytopenias) of MDS, there are 
marked qualitative defects in MDS, both in terms of characteristic microscopically 
detectable morphologic changes (as detailed in Table  2 ) and defective function 
(e.g. diminished platelet and neutrophil function). These ineffective end functions 
of mature blood components suggest impaired differentiation as the principal defect 
in MDS; however, the hypercellular marrow of MDS suggests that the main disease 
process is instead atypical and ineffective proliferation. Ultimately, a variety of factors 
are currently believed to contribute to MDS, and are discussed below.  

   Impaired Apoptosis 

 Initial studies demonstrated that the development of MDS is associated with upregulated 
apoptosis (Raza et al.  1995a,   b  ) . Early, low-risk MDS is typi fi ed by markedly increased 
apoptosis in bone marrow cells, including CD34+ stem cells (Bouscary et al.  1997  ) . 
Mechanistically, this apoptosis may simply be a physiologic response to the abnormal 
differentiation of hematopoietic precursors. With progression to higher-risk types 
of MDS, mutations are thought to accumulate, overcoming apoptotic signals, shifting 
the balance toward increased proliferation (Bouscary et al.  1997 ; Parker et al.  1998, 
  2000  ) . 
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 Apoptosis can be induced through both intrinsic and extrinsic pathways. 
The extrinsic pathway begins at the cell surface with a signaling cascade often initiated 
by engagement of the Fas receptor (CD95) (Gersuk et al.  1996  ) . Hematopoiesis is 
negatively regulated by signaling molecules in the extrinsic pathway, which are 
activated following binding of ligands such as tumor necrosis factor (TNF)- a , Fas 
and TNF-related apoptosis-inducing ligand (TRAIL) (Zang et al.  2001 ; Gersuk 
et al.  1998  ) . These ligands are produced by CD68+ stromal macrophages in the 
marrow, implicating these cells in the pathogenesis of MDS (Kitagawa et al. 
 1997 ; Stifter et al.  2005  ) . In contrast, the intrinsic pathway is generally initiated in 
mitochondria and is mediated through caspases and BCL2-related proteins. In early 
MDS, these pro-apoptotic pathways are upregulated and there is increased activity 
of the individual members of the various pathways (Parker et al.  1998 ; Davis and 
Greenberg  1998  ) . 

 With the above observations, an examination of the extrinsic pathway demon-
strated altered modulatory adaptor proteins in MDS. For example, FLIP (FLICE 
[FAS-associated death-domain-like IL-1b-converting enzyme]-inhibitory protein) 
is a protein with long and short splice variants that is thought to block caspase 8 
activation. Increased expression of FLIP 

short
  has been associated with increased 

apoptosis; conversely, increased expression of FLIP 
long

  has been associated 
with decreased apoptosis. Interestingly, the levels of FLIP 

long
  correlate with disease 

progression, consistent with the observed decrease in apoptotic activity in late 
disease (Benesch et al.  2003 ; Seal et al.  2008  ) . Furthermore, low-risk MDS stem 
cells appear very sensitive to Fas mediated activation of caspase 3 (Mundle et al. 
 1999  ) . Unsurprisingly, the number of myeloblasts in MDS negatively correlates 
with the Fas expression on bone marrow stem cells (Bouscary et al.  1997  ) . Although 
speci fi c cause and effect associations are not well characterized, it appears that 
down regulation of Fas occurs as the disease progresses. This may hold true not only 
for Fas ligand but also for other pro-apoptotic signals. 

   Table 2    Characteristic dysplastic features   

 Lineage  Features 

 Erythroid  Nuclear features: Budding, internuclear bridging, karyorrhexis, 
multinuclearity and megalobastoid changes 

 Cytoplasmic features: Ring sideroblasts, vacuolization and periodic 
acid-Schiff positivity, either diffuse or granular 

 Megakaryocytic  Micromegakaryocytes 
 Nuclear hypolobation 
 Multinucleation 

 Myeloid  Small or unusually large size 
 Irregular nuclear hypolobation 
 Irregular hypersegmentation 
 Reduced granules or agranularity 
 Pseudo Chediak-Higashi granules 
 Auer rods 

  Adapted from WHO 2008 (Swerdlow et al.  2008  )   
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 TRAIL has an interesting differential effect pro fi le. Although inducing apoptotic 
effects on bone marrow progenitors, it appears to do so in a selective manner. TRAIL 
has only limited effects on normal bone marrow cells, but induces a marked 
apoptosis in clonal MDS cells (Zang et al.  2001 ; Plasilova et al.  2002  ) . The distinct 
responses may be mediated by differential surface expression of TRAIL receptors 
TRAIL-R1, TRAIL-R2, TRAIL-R3 and TRAIL-R4 (Zang et al.  2001  ) . 

 The intrinsic signaling pathway is initiated with the release of cytochrome c from 
mitochondria into the cytoplasm, activating caspase 9, which then in turn cleaves 
(and thus activates) caspase 3. Spontaneous relocation of cytochrome c to the cytoplasm 
and consequent constitutive activation of caspase 3 and caspase 9 has been demon-
strated in low-risk MDS (Boudard et al.  2000 ; Bouscary et al.  2000  ) . Although the 
mechanism behind cytochrome c release is unclear, G-CSF administration inhibits 
cytochrome c release. This rebalancing of apoptotic signals may partially explain 
the increase in peripheral blood counts in low-risk MDS following G-CSF adminis-
tration (Hellstrom-Lindberg et al.  1997a ; Tehranchi et al.  2003  ) . 

 NF-kB is an apoptosis-related transcription factor suggested to be involved in 
hematopoietic neoplasms. Increased expression of NF-kB is positively correlated 
with the expression of several anti-apoptotic genes in higher-risk MDS. Downstream 
targets of NF- k B, including members of the inhibitors of apoptosis family (including 
survivin, cIAP1, NAIP and XIAP), are markedly increased with progression to 
AML (Grosjean-Raillard et al.  2009 ; Sanz et al.  2002  ) . 

 It is thus clear that apoptosis plays a critical role in the development and progression 
of MDS. The MDS stem cell’s ability to limit apoptosis includes both the intrinsic 
and the extrinsic pathways. These altered apoptotic signals also may contribute to 
the altered differentiation seen in MDS.  

   Immune Dysfunction 

 Immune dysregulation has been proposed as an important step in the pathobiology 
of MDS. An autoimmune phenomenon has been suggested to result in the generation 
of polyclonal CD4+ T cell and oligoclonal CD8+ T cell responses both in the bone 
marrow and blood of some patients with MDS (Melenhorst et al.  2002  ) . These 
clones are associated with development of hematopoietic suppression in MDS 
(Voulgarelis et al.  2004 ; Epperson et al.  2001 ; Matsutani et al.  2003  ) . Such a hypothesis 
raises the possibility for immunosuppression as a potential treatment strategy in 
MDS patients. Effective treatment with immunosuppression requires careful patient 
selection. The patients in this cohort of low-risk MDS patients typically have bone 
marrow hypocellularity, HLA-DR15 phenotype, younger age, lower platelet counts, 
and a shorter duration of transfusion requirements (Sloand et al.  2008 ; Saunthararajah 
et al.  2002  ) . Interestingly, a cytogenetic abnormality, trisomy 8, is also associated 
with ineffective hematopoiesis with T cell autoreactive clones (Sloand et al.  2005  ) . 

 T regulatory (T 
reg

 ) cells with a CD4+ CD25+ FOXP3+ immunophenotype are 
physiologic immunosuppressive cells thought to be essential in limiting autoimmune 
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dysfunction. As such, they have a dual role in the setting of cancer; they may induce 
self-tolerance while at the same time reducing anti-tumor response. These cells 
have recently been shown to be dysfunctional in early MDS patients where CXCR4 
is down regulated, resulting in reduced homing of T 

reg
  cells to the bone marrow. 

By contrast, T 
reg

  cells are markedly increased in higher risk MDS in both bone 
marrow and blood, suggesting a role for T 

reg
  cells in generating a microenvironment 

conducive to MDS progression (Kordasti et al.  2007  ) . The expansion of T 
regs

  is coincident 
with increased IL-17 and a Th17 phenotype, as seen in solid tumors (Bouchliou 
et al.  2011  ) .  

   The Role of the Microenvironment 

 The microenvironment has been suggested to play a critical role in the development 
of MDS (Marcondes et al.  2009  ) . The speci fi c mechanisms by which the microen-
vironment promotes the development of MDS are uncertain. Some have proposed 
that the stromal cells themselves are abnormal and induce the creation of a 
hematopoietic clone. This theory is supported by a murine model that demonstrates 
the microenvironment alone is capable of generating a myeloproliferative pheno-
type (Walkley et al.  2007  ) . The role of bone marrow stromal cells in MDS, however, 
is still controversial. Some studies have suggested that they may have inherent 
defects, such as cytogenetic abnormalities (Blau et al.  2007 ; Flores-Figueroa et al. 
 2002  ) , whereas other studies support the idea that they are simply bystanders 
(Aizawa et al.  2000  ) . 

 Another theory is that the malignant clone effects changes upon the stromal cells, 
developing a microenvironment that in turn supports the proliferation of malig-
nancy. In the setting of MDS, proin fl ammatory cytokines such as IL-1 b , IL-32 and 
TNF- a  are upregulated and may play a role in limiting maturation and inducing 
apoptosis (Raza et al.  1996  ) . These cytokines have been demonstrated to change the 
gene expression patterns of stromal cell lines derived from normal bone marrow 
(Stirewalt et al.  2008  ) . These alterations in the stromal cells generate a pro-apoptotic 
environment, including expression of high levels of IL-32 and other cytokines, similar 
to that seen in early MDS. Contrastingly, the IL-32 level is low in myeloproliferative 
neoplasms, mirroring the differences in apoptosis (Marcondes et al.  2008  ) . Therefore 
the microenvironment may, in part, explain the disease phenotype. 

 The vascular environment also plays a prominent role in the development of 
MDS. Compared with control patients, the bone marrow of patients with MDS has 
a markedly increased microvascular density. The microvascular density is also 
increased as the disease progresses to acute myeloid leukemia (Korkolopoulou et al. 
 2001  ) . Interestingly, the microvascular density is increased beyond that of de novo 
acute myeloid leukemia. These changes in bone marrow vascularity are accompanied 
by increased expression of angiogenic factors, including vascular endothelial growth 
factor (VEGF), basic  fi broblast growth factor (bFGF), tumor necrosis factor alpha 
(TNF a ), hepatocyte growth factor (HGF), and angiopoietin-1 and -2 (Ang-1 and Ang-2) 
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(Stifter et al.  2005 ; Brunner et al.  2002 ; Alexandrakis et al.  2005  ) . Corresponding 
receptors are also increased, including VEGF receptor 2 (VEGFR2) and the tyrosine 
kinase receptor, TIE2 (Hu et al.  2004 ; Keith et al.  2007  ) . Both positive and negative 
changes in the expression of anti-angiogenic factor transforming growth factor- b  
(TGF- b ) have been demonstrated. Recently activation of downstream effectors have 
been demonstrated to be important in the pathogenesis of MDS (Zhou et al.  2008  ) . 
This suggests a role for it in inhibiting the vascular microenvironment of MDS. 

 The importance of these alterations in the vascular environment is highlighted 
by therapy driven changes in angiogenesis. A number of therapeutics, including 
lenalidomide, have anti-angiogenic effects that may contribute to their mechanism 
of action. Currently some therapeutic trials are speci fi cally aimed at altering the 
microenvironment in the treatment of MDS, including those for SCIO-469.   

   The Genetic Basis of MDS 

 The genetic alterations identi fi ed in MDS run the gamut from gross karyotypic 
abnormalities and copy number changes to gene speci fi c mutations targeting onco-
genes and tumor suppressors, epigenetic changes such as methylation status, and 
acquired uniparental disomy. These may occur (presumably) de novo, while in other 
scenarios they are associated with known genotoxic agents. In addition, there are a 
number of inherited bone marrow failure syndromes that are associated with an 
increased risk for the development of MDS. The genetic factors and scenarios 
associated with the genesis of MDS as well as different testing modalities are 
discussed below. 

   DNA-Damaging Environmental Factors and Therapeutic Agents 

 MDS can be either de novo or secondary. Some of the de novo cases are associated 
with exposure to certain agents including benzene, cigarettes, solvents, pesticides, 
building materials, and hair dyes. Most of the agents are thought to be mutagens that 
allow hematopoietic precursors to accumulate genetic alterations that are permissive 
for the development of MDS. 

 Secondary MDS (therapy related-MDS, or t-MDS), on the other hand, typically 
follows better-de fi ned pathways following exposure to speci fi c types of chemotherapy 
(Leone et al.  2010  ) . Although there is a correlation with ionizing radiation (Iwanaga 
et al.  2011  ) , typical courses of limited  fi eld radiation therapy are associated with a 
low risk of t-MDS. Within the category of chemotherapy, alkylating agents and 
topoisomerase II inhibitors, in particular the former, have been associated with 
increased risk of developing MDS, in addition to AML (Pedersen-Bjergaard and 
Philip  1991  ) . AML associated with alkylating agents typically evolves through a 
preceding MDS phase. By contrast, topoisomerase II inhibitors often lead directly 
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to AML, although a subset of cases do have a preceding period of MDS. The rates 
of developing a therapy-related myeloid neoplasm with the use of these drugs is 
remarkably high with upwards of 10% of patients developing one within 10 years. 
These rates are lower for patients that are being treated for solid tumors than those 
treated for hematopoietic neoplasms (Pedersen-Bjergaard et al.  2006  ) . 

 Alkylating agents, such as melphalan and cyclophosphamide, mechanistically 
damage DNA through cross-linking separate DNA strands and through methylation 
of DNA. A 5–7-year latency between treatment and the development of MDS is 
typical. Patients who develop t-MDS associated with these drugs have classical 
cytogenetic abnormalities (see below), including monosomy 5/5q- and/or monosomy 
7/7q-. Historically, patients with t-MDS were grouped with respect to treatment 
(alkylating agents vs. topoisomerase II inhibitors). However, since many patients 
are exposed to both types of drugs simultaneously or sequentially, this separation is 
no longer emphasized (Pedersen-Bjergaard et al.  2006  ) . 

 In addition, studies have subclassi fi ed these t-MDS cases into different molecular 
pathways (Pedersen-Bjergaard et al.  2006  ) . Patients who develop −5/5q- in the 
absence of chromosome 7 abnormalities will often have concurrent monosomy 
17/17p-, dicentric chromosomes, duplication or ampli fi cation of chromosome band 
11q23 and a complex karyotype. These patients commonly have mutations within 
 TP53  (Christiansen et al.  2001  ) . A second class of patients has -7/7q- abnormalities, 
with chromosome 5 unaffected. In contrast to the  fi rst pathway, these patients 
often have  CDKN4B  gene promoter methylation alterations and  RUNX1  mutations. 
The clinical importance of separating these two groups is uncertain, although they 
may suggest common pathways in the development of certain de novo cases of 
MDS as well. 

 Topoisomerase II is a gyrase that supercoils or relaxes the supercoiling of DNA 
through the generation of a strand breakage of double stranded DNA. Topoisomerase 
II inhibitors, such as doxorubicin, etoposide and teniposide, function through 
blocking the religation of the DNA strands, resulting in a DNA breakage. These 
strand breaks often result in cell death, but in rare instances the cell may be “saved” 
through the formation of a chromosomal translocation. These translocations may 
predispose to the development of MDS and/or AML. Unlike treatment with alkylating 
agents, the post-treatment latency for development of AML is typically only 
1–3 years (Pedersen-Bjergaard et al.  2006 ; Christiansen et al.  2001  ) . 

 The use of topoisomerase II inhibiters prototypically leads to the development of 
t-AML with 11q23 translocations, affecting the  MLL  gene (Bloom fi eld et al.  2002  ) . 
By contrast, t-MDS develops along two alternative primary pathways. One pathway 
involves the t(3;21)(q26;q22) translocation linking the  EVI1  and  RUNX1  genes 
(Slovak et al.  2002  ) . These cases typically also show monosomy 7 or 7q-. A second, 
rarer pathway involves balanced translocations of 11p15 involving the  NUP98  gene. 
 NUP98  encodes a nuclear pore complex protein; like  MLL , it is a promiscuous 
translocation site that may involve numerous partners (Arai et al.  1997  ) . Beyond 
these pathways, however, there are a number of patients that progress to MDS without 
any of these hallmark cytogenetic changes (or any cytogenetic abnormalities at all) 
(Pedersen-Bjergaard et al.  2006  ) .  
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   Inherited Bone Marrow Failure Syndromes 

 There are a number of constitutional genetic syndromes associated with the 
development of MDS, including Fanconi anemia (FA), Diamond-Blackfan syn-
drome (DBA), Dyskeratosis congenita (DC), and Shwachman-Diamond syndrome 
(SDS). Additionally, GATA1 mutations are also associated with MDS, with the 
mutations directly causing myelodysplasia. 

 Fanconi anemia (Cioc et al.  2010  )  is an autosomal recessive disorder (with the 
exception of FANCB, which is X-linked) characterized by, amongst other features, 
bone marrow failure, genomic instability and predisposition to hematologic and/or 
solid tumors. Although patients with FA are prone to the development of MDS, their 
diagnosis is complicated by the frequent presence of baseline dysplastic changes. 
The  fi nding of dyserythropoiesis is sometimes complicated by the presence of 
treatment-related changes seen with frequent dosing with G-CSF and other bone 
marrow stimulants. MDS in FA most commonly involves only the red cell lineage. 
Thirteen different genes have been associated with FA, most commonly DNA repair 
genes. Eight of the proteins (FANCA, FANCB, FANCC, FANCE, FANCF, FANCG, 
FANCL and FANKM) form the FA core complex, an ubiquitin ligase. This complex 
ubiquitinates other FA proteins, FANCD2 and FANCI. 

 Diamond Blackfan anemia is an autosomal dominant disorder typi fi ed by a 
macrocytic anemia usually with normal leukocytes and platelets, congenital malfor-
mations and growth retardation. The vast majority (90%) display hematologic man-
ifestations as infants, and have a greatly increased risk of MDS as well as AML and 
solid tumors. Nine proteins have been associated with DBA, all of which are ribo-
somal. However, only just over one-half (53%) of patients with DBA have an 
identi fi able mutation. The most commonly identi fi ed mutations are within  RPS19  
(25%) with  RPL5 ,  RPS10 ,  RPL11 ,  RPL35A ,  RPS26 ,  RPS24 ,  RPS17  and  RPS7  being 
less frequently affected. The proteins encoded by these genes are all members of 
either the 40S or 60S ribosomal subunits, and haploinsuf fi ciency of one of the sub-
units leads to improper ribosomal function and increased apoptosis in the bone mar-
row,  fi ndings that are similar to those seen in MDS (Choesmel et al.  2007  ) . 

 Schwachman-Diamond syndrome (Hashmi et al.  2011  )  is an autosomal recessive 
syndrome affecting multiple organ systems. In addition to pancreatic and bone 
abnormalities, there are marked associated hematopoietic phenotypes, including 
cytopenia, MDS and AML. The genetic de fi ciency is a mutation in  SBDS  on 7q11.21. 
SBDS is a ribosomal maturation protein that couples GTP hydrolysis by the GTPase 
elongation factor-like 1 (EFL1) on the ribosome to eurkaryotic initiation factor 6 
(EIF6) release. Mutations of  SBDS  lead to inhibition of this enzymatic activity, with 
the generation of a ribosomopathy, somewhat analogous to DBA (Finch et al.  2011  ) . 

 Dyskeratosis congenita is a condition with a classic triad of dysplastic nails, oral 
leukoplakia and a lacy reticular hyper- or hypopigmentation of the upper chest/
neck. These patients are prone to develop bone marrow failure, MDS (median age 
of onset of 35 years) or AML, and solid tumors. Patients with DC have a dramatically 
increased risk for the development of MDS (>2,000-fold). DC has been associated 



213Myelodysplastic Syndromes

with mutations within six genes,  DKC1 ,  TERC ,  TERT ,  TINF2 ,  NHP2 , and  NOP10 , 
with mutations in  DKC1  and  TINF2  being both the most prevalent and severe. The 
inheritance of dyskeratosis congenita is dependent on the gene with  DKC1  being 
X-linked, TINF2 and  TERC  being autosomal dominant,  TERT  being autosomal 
dominant or autosomal recessive and  NHP2  and  NOP10  being autosomal recessive. 
These proteins are all telomere associated and patients with DC have shortened 
telomeres for their age. Interestingly, in light of the frequent ribosomal abnormalities 
noted above, DKC1, NHP2 and NOP10 are involved in processing rRNA. TERT 
and TERC are both involved in chromosome lengthening through the addition of 
TTAGGG nucleotide repeats to telomeres.  TINF2  encodes part of shelterin, the 
telomere protection complex. This disorder has unique aspects in regards to the 
relationship between telomere length and MDS. A few studies have recently begun 
to examine the length of telomeres in the development of de novo MDS and have 
found that telomere lengths often shorten preceding the development of MDS and 
then lengthen prior to the development of AML (Chakraborty et al.  2009  ) . 

  GATA1  is a gene located on chromosome Xp11.23 encoding a GATA zinc  fi nger 
transcription factor. It is highly expressed in a number of hematopoietic precursors, 
including mast cells, erythroid precursors, megakaryocytes and eosinophils. It plays 
a critical role in erythropoiesis and megakaryocytopoiesis by coordinating lineage-
speci fi c genes to induce differentiation and by inhibiting genes that promote 
retention of the undifferentiated state. Acquired  GATA1  mutations have been noted 
in Down syndrome patients who develop transient abnormal myelopoiesis and acute 
megakaryoblastic leukemia. 

 Certain inherited  GATA1  mutations (V205M, G208R, G208S, D218G and D218Y) 
result in severe macrothrombocytopenia and dyserythropoietic anemia. These muta-
tions are found in a highly conserved region of  GATA1  and prevent the association 
with friend of GATA1 (FOG1), and with zinc  fi ngers 1, 6 and 9, although interactions 
with palindromic DNA sites remain intact. V205M, G208R and D218Y mutations 
induce a more severe phenotype than the G208S and D218G mutations. Although 
all of the mutations inhibit the GATA1-FOG1 interaction, the milder mutations are 
thought to interfere less with the protein binding (Ciovacco et al.  2008  ) .  

   The 5q- Syndrome 

 Within the general classi fi cation of MDS, only one is (cyto)genetically de fi ned: 
the 5q- syndrome. WHO de fi nes the 5q- syndrome as an isolated 5q- cytogenetic 
abnormality, associated with macrocytic anemia, a normal or elevated platelet count, 
unilobular megakaryocytes and a low propensity to progress to AML. Importantly, 
however, the chromosomal aberration 5q- is not per se limited to the 5q- syndrome 
MDS. In fact, it is the most common cytogenetic abnormality in MDS, found 
in around 15% of all cases. Interestingly, the commonly deleted regions (CDR) in 
“conventional” (i.e., not 5q- syndrome) MDS and 5q- syndrome MDS are subtly 
distinct, with 5q32-5q33.3 (CDR2) most commonly targeted in the speci fi c entity of 
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the 5q- syndrome while 5q31.1-5q31.3 (CDR1) is typically deleted in other forms 
of MDS (and AML). However, this distinction is not absolute as both regions may 
be deleted in these clinically and hematologically distinct scenarios. 

 Critical genes in the CDRs of both “conventional” MDS and 5q- syndrome have 
been identi fi ed. The 5q- region, however, more broadly encodes numerous proteins 
important for hematopoiesis, including IL-3, IL-4, IL-5, IL-9, IL-13, IL-17, 
GM-CSF, CSF-1R, PDGFRA and PDGFRB. Initial studies explored patients with 
5q- syndrome by looking for mutations in the other allele within the deleted region. 
These studies proved largely unilluminating, due to the lack of mutations in the 
complementary allele. Additionally, uniparental disomy is not observed, suggesting 
the mechanism is not through biallelic inactivation of a tumor suppressor gene. 
Therefore, more recent studies have begun to look at haploinsuf fi ciency as the 
driving mechanism for the 5q- syndrome and for other forms of MDS with 5q-. 
Thus far, these studies have found a number of candidate genes, including  RPS14  
(5q33, CDR2),  SPARC  (5q33, CDR2),  EGR1  (5q31.2, CDR1),  CTNNA1  (5q31.2, 
CDR1),  CDC25C  (5q31, CDR1),  APC  (5q22, neither CDR) and  NPM1  (5q35.1, 
neither CDR). 

  RPS14 , found at the distal aspect of the CDR2, encodes ribosomal protein S14, 
part of the 40S subunit of the ribosome. 5q- syndrome patient samples have been 
demonstrated to have haploinsuf fi ciency of the RPS14 protein and reduced expression 
of  RPS14  through an RNAi screen leads to impaired erythropoiesis and relatively 
retained non-erythroid hematopoiesis (Ebert et al.  2008a ; Pellagatti et al.  2008  ) . 
Forced expression of RPS14 in patient derived bone marrow cells rescues erythro-
poiesis. Combined, these aspects suggest that  RPS14  is the leading candidate gene for 
the development of MDS in patients with a 5q- or monosomy 5. The ribosomopathy 
is generated by haploinsuf fi ciency of RPS14 though inhibition of HDM2, resulting 
in erythroid speci fi c accumulation of p53 (Barlow et al.  2010 ; Dutt et al.  2011  ) . 
As noted above, ribosomal proteins have been linked to the generation of MDS in a 
number of congenital bone marrow disorders, like Diamond-Blackfan anemia and 
Shwachman-Diamond syndrome. Together, these  fi ndings suggest a central patho-
genetic role for ribosomopathies in the development of MDS. 

  SPARC , another gene found at the distal aspect of the CDR2, encodes osteonectin. 
Osteonectin is a tumor suppressor gene that has been linked to ovarian cancer and 
leukemia, in addition to other cancers (Tai and Tang  2008  ) . Osteonectin has diverse 
functions, including inhibiting VEGF, resulting in blocked angiogenesis (Kupprion 
et al.  1998  ) . Cells from MDS patients with 5q- typically have  SPARC  transcript levels 
that are markedly decreased as compared with those of healthy controls (Lehmann 
et al.  2007 ; Boultwood et al.  2007  ) . Notably, as osteonectin inhibits angiogenesis, 
proliferation and cellular adhesion, it has an effector pro fi le similar to that of lenali-
domide, an approved therapy for MDS (Kupprion et al.  1998  ) . Additionally, patients 
with deletion of the CDR2 region (containing  SPARC ) respond well to lenalidomide. 
Lenalidomide treatment results in increased expression of  SPARC , returning the 
transcript levels to those of normal controls (Pellagatti et al.  2007  ) . 

  EGR1  is found in CDR1 on 5q and encodes a zinc- fi nger transcription factor. 
It is involved in stem cell quiescence and prevents stem cells from leaving the bone 
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marrow compartment. Deletion or haploinsuf fi ciency of EGR1 renders murine 
models more susceptible to myeloid neoplasms when treated with DNA-alkylating 
agents (Joslin et al.  2007  ) . 

  CTNNA1 , found at 5q31.2, has reduced expression in cells from patients with 
MDS and AML with 5q-. Additionally, overexpression of CTNNA1 in HL-60 cells 
reduces proliferation and increases apoptosis, perhaps generating a survival advan-
tage (Liu et al.  2007  ) .  CTNNA1  is methylated not only within the 5q- population but 
also within patients with high-risk MDS, suggesting that CTTNA1 suppression may 
support progression to AML (Ye et al.  2009  ) . 

  CDC25C  and  PP2A , both found at 5q31, encode phosphatases that control entry 
into the cell cycle. As with the proteins above, they have reduced expression in cell 
lines with loss of 5q. Both phosphatases are inhibited by lenalidomide in the 
haploinsuf fi cient state allowing cell cycle arrest and apoptosis (Wei et al.  2009  ) . 

  APC  is a tumor suppressor gene located at 5q23, proximal to both CDR1 and 
CDR2, that is commonly deleted or mutated in colorectal carcinomas. Loss of at least 
one copy of  APC  is found in over 95% of patients with 5q- (Pedersen  1996  ) . Mice 
with heterozygous  APC  deletion have severe macrocytic anemia and dyserythropoi-
esis, similar to that of MDS patients with 5q- (Lane et al.  2010  ) . In addition to its 
function as a tumor suppressor, reduced expression of APC can lead to bone marrow 
failure, suggesting a role in the hematopoietic stem cell (Wang et al.  2010  ) . 

  NPM1  is found on 5q35 outside the CDRs noted above.  NPM1  mutations are 
frequently identi fi ed in AML and are associated with a normal karyotype and good 
prognosis.  NPM1  deletions are relatively uncommon in patients with 5q- (Pedersen 
 1996  ) . Mice with  NPM1  haploinsuf fi ciency develop a variety of hematopoietic 
malignancies, including some with a phenotype suggestive of MPD/AML (Sportoletti 
et al.  2008  ) .  

   Karyotypic Abnormalities 

 Karyotypic abnormalities, that is, those detected by traditional metaphase chromosomal 
analysis (see Fig.  1 ), are found in ~50% of all cases of de novo MDS; patients with 
secondary MDS are more likely to harbor cytogenetic aberrations (~80%) (Olney 
and Le Beau  2007  ) .  

 In contrast to many other hematologic neoplasms that are typi fi ed (and indeed 
sometimes de fi ned) by characteristic translocations, such genetic phenomena are 
the exception in MDS; rather, numeric abnormalities, in particular deletions, are 
much more common. Interstitial deletion of chromosome 5 (5q-), the most common 
deletion, is found in around 15% of all cases (Haase et al.  2007  ) . Other frequently 
encountered abnormalities are 7q-/monosomy 7 (~10%) and trisomy 8 (~10%) (Haase 
et al.  2007  ) . Less common are loss of 18q-/monosomy 18, 20q-, monosomy 5, loss 
of chromosome Y, 17p-/monosomy 17/isochromosome 17q (all at about 5%) 
(Haase et al.  2007  ) . Complex karyotypes ( ³ 3 cytogenetic abnormalities) are found 
in 10–20% of patients with primary MDS at the time of diagnosis (Olney and 
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Le Beau  2007  ) . Although multiple translocations have been described in MDS, they 
are infrequent; their main utility to date is in providing presumptive evidence of 
MDS in patients with refractory cytopenia and an absence of dysplasia. Cytogenetic 
abnormalities in MDS are not static, rather they tend to accumulate with disease 
progression. 

  Fig. 1    Cytogenetics in MDS. A. Karyogram with the two most common aberrations in MDS, 
5q- and monosomy 7, highlighted by  arrows . B. Karyogram with a 20q-, highlighted by  arrow , 
and complete loss of chromosome 4       
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 MDS cytogenetic abnormalities are recognized to have an important role in 
disease progression with many having prognostic implications. Cytogenetics are 
considered in most prognostic systems, including the IPSS (Greenberg et al.  1997  )  
and the WPSS. A retrospective analysis of a large cohort of patients suggested that 
the IPSS underweighted cytogenetics and that poor prognostic cytogenetics are 
of equivalent risk as a high blast count (Schanz et al.  2011  ) . The recently published 
IPSS revision (IPSS-R) addresses these concerns, by stratifying cytogenetics into 
 fi ve different prognostic groupings. These prognostic groupings include very good, 
good, intermediate, poor and very poor (See Table  3 ) and have very distinct risks of 
progression to AML.      

 Other than for 5q- detailed above, there remains little mechanistic understanding 
of the role of these cytogenetic abnormalities in the development of MDS. It is 
not known whether they are primary or secondary events that are accumulated in 
the progression of the disease. Monosomy 7 and loss of 7q have been examined for 
critical genetic regions. Three commonly deleted regions have been found, but the 
corresponding genes remain unidenti fi ed. Trisomy 8, the only commonly seen 
ampli fi cation in MDS, is seen in about 10% of patients. Interestingly, however, 
patients with this karyotype often respond well and have sustained responses to 
immunomodulatory therapy. Once again, however, the molecular mechanism behind 
trisomy 8 remains unclear.  

   FISH 

 Fluorescence in situ hybridization (FISH) is an alternative method for determining 
the cytogenetics of a neoplasm. Initial smaller studies generally demonstrated a role 
for FISH in facilitating a diagnosis of MDS (Bernasconi et al.  2003 ; Romeo et al. 
 2002  ) . More recently, larger studies have demonstrated that they detect around 70% 
of the abnormalities detected by cytogenetics (Coleman et al.  2011  ) . Furthermore, 
FISH had only limited ability to detect abnormalities that are undetectable by 

   Table 3    Prognostically important karyotypic abnormalities in de novo MDS   

 Prognostic 
subgroup  Cytogenetic abnormality 

 Frequency 
(%) 

 Survival/Risk of progression 
to AML 25% (years) 

 Very good  -Y, del(11q)   4  5.4/NR 
 Good  Normal, del(5q), del(12q), del(20q), 

double including del(5q) 
 72  4.8/9.4 

 Intermediate  Del(7q), +8, +19, i(17q), any other 
single or double independent clones 

 13  2.7/2.5 

 Poor  -7, inv(3)/t(3q)/del(3q), double including 
-7/del(7q), complex: 3 abnormalities 

  4  1.5/1.7 

 Very poor  Complex: >3 abnormalities   7  0.7/0.7 
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metaphase cytogenetics (2.7%) with >20 cells analyzed. The primary utility of 
FISH is in the setting of inadequate cell yield in cytogenetics (Coleman et al.  2011 ; 
Mallo et al.  2008 ; Pitchford et al.  2010 ; Yang et al.  2010  ) .  

   Mutations 

 Molecular alterations occurring in speci fi c genes in MDS are currently not well 
understood. Although mutations are found in about half of MDS patients, no speci fi c 
mutation is present in more than about 20% of patients with MDS (Bejar et al.  2011  ) . 
Patients with t-MDS have mutation rates that exceed those of de novo MDS. The 
genes most frequently affected by point mutations include  TET2 ,  RUNX1 ,  TP53 , 
 NRAS  and  ASXL1 , and less commonly  CBL  and  EZH2  (Table  4 ). Each of these 
genes is also commonly mutated in AML; despite this, their role in the pathogenesis 
of MDS is not well understood.  

 Mutations within  TET2  are among the most common mutations found in MDS 
(20%), although the mechanism by which  TET2  mutations lead to disease is 
unknown (Delhommeau et al.  2009 ; Langemeijer et al.  2009  ) . TET2 functions as 
an alpha ketoglutarate-dependent dioxygenase and converts 5-methylcystosine to 
5-hydroxymethylcystosine. This enzymatic activity alters the product of DNA 
methyl transferases (DNMTs). As is thematic below, they are not unique to MDS 
since mutations are also found in MPN, CMML and AML. The presence of  TET2  
mutations in a spectrum of hematopoietic neoplasms with dysplasia and their asso-
ciation with low risk MDS suggests a role in the early development of myeloid 
neoplasms (Smith et al.  2010  ) . Following progression to AML,  TET2  mutations 
are associated with a poor prognosis, but their prognostic role in non-transformed 
MDS is uncertain (Bejar et al.  2011 ; Smith et al.  2010 ; Kosmider et al.  2009  ) .  TET2  
mutations have been associated with response to azacitidine (Itzykson et al.  2011  )  

 RUNX1 is one component of a core-binding factor protein complex that plays a 
central role in hematopoiesis. The gene is involved by translocation in both the 
t(8;21) in AML and t(12;21) in ALL. These translocations are not typically seen 
in MDS; rather  RUNX1  typically acquires point mutations altering the DNA- or 
protein-binding domains of the protein. These mutations are found in around 15% 
of MDS and are associated with increased risk of progression to AML (Chen et al. 
 2007 ; Dicker et al.  2010  ) . They are found in not only MDS, but also in AML, CMML, 

   Table 4    Common mutations in MDS   

 Gene  Protein function  Frequency (%) 

  TET2   Alpha ketoglutarate-dependent dioxygenase  ~20 
  RUNX1   Member of transcription factor protein complex  ~15 
  TP53   Multiple: DNA damage repair, apoptosis  ~10–15 
  ASXL1   Chromatin binding protein  ~10–20 
  NRAS   GTPase signal transducer controlling cell growth  ~10 
  CBL   Tyrosine kinase associated ubiquitin ligase  ~1 
  EZH2   Histone methylating protein  ~6 
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and less commonly in MPN (Harada and Harada  2011  ) . N-terminal mutations 
affecting DNA binding are found in MDS, MDS/AML, de novo AML and the 
familial RUNX1 disorder and are often found in therapy related MDS. C-terminal 
mutations affect the trans-activation domain, are typically frame shift mutations, 
and are speci fi c for high risk MDS and MDS/AML (although not de novo AML or 
therapy related MDS). Mutations in  RUNX1  are associated with a signi fi cantly 
worse prognosis (Bejar et al.  2011 ; Harada et al.  2004  ) . 

 Similar  RUNX1  point mutations are associated with an autosomal dominant 
disorder, familial platelet disorder with propensity to myeloid malignancy. These 
patients have hematopoietic abnormalities, including myeloid dysplasia, thrombo-
cytopenia and dysfunctional platelets (Song et al.  1999  ) . As leukemia is a late occur-
rence,  RUNX1  mutations are thought to represent an early event with additional 
mutations being required for progression (Osato  2004  ) . Interestingly, different 
 RUNX1  point mutations in murine models demonstrate different hematologic 
phenotypes characterized by multilineage dysplasia. Those that have transcripts 
with early termination in the RUNT homology domain frequently have an MDS-
like phenotype with more prominent myeloid dysplasia, leukocytosis and marked 
hepatosplenomegaly with increased rates of progression to AML with cooperative 
high expression of EVI1. Mutations found in the C-terminal portion of RUNX1, 
also associated with progression to AML, were noted to have more prominent eryth-
roid dysplasia and pancytopenia (Watanabe-Okochi et al.  2008  ) . 

 Mutations within the tumor suppressor  TP53  occur in roughly 10–15% of MDS 
patients and typically result in inhibition of the tumor suppressor function of 
the protein (Padua et al.  1998 ; Kita-Sasai et al.  2001 ; Misawa et al.  1998  ) . These 
mutations are frequently found in patients with complex cytogenetics and seem to 
be associated with chromosomal instability (Kaneko et al.  1995  ) . These patients 
are typically resistant to therapy and have a poor prognosis (Bejar et al.  2011  ) . 
There are typically MDS subclones with  TP53  mutations and it is possible these 
subclones selectively persist post-therapy, possibly explaining instances of refrac-
tory disease (Jadersten et al.  2009  ) . 

  ASXL1 , additional sex-comb like-1, is mutated in 10–20% of cases of MDS, with 
a typical distal heterozygous frame shift mutation. Once again, these mutations are 
commonly found in MPN, AML and CMML (Gelsi-Boyer et al.  2009  )  and por-
tend a poor prognosis (Bejar et al.  2011 ; Thol et al.  2011  ) . ASXL1 is a chromatin 
binding protein and modulates gene expression at an epigenetic level. It interacts 
with both an acetyltransferase, SRC-1 (Cho et al.  2006  ) , and a histone demethylase, 
LSD1 (Lee et al.  2010  ) , to affect gene expression. 

  NRAS  mutations are found in approximately 10% of MDS patients (Bacher et al. 
 2007  ) . These mutations generally disrupt GTPase activity leading to constitutive 
activation of the serine/threonine kinase. These patients have increased rates of 
progression to AML and decreased survival (Bejar et al.  2011  ) . 

  CBL , which encodes a tyrosine kinase associated ubiquitin ligase, is mutated in 
less than 1% of MDS but is mutated in around 10% of MPN/MDS diseases such 
as CMML (Makishima et al.  2009  ) . The mutations inhibit the ubiquitin ligase activ-
ity of the protein, but are of uncertain functional and prognostic signi fi cance. 
Germline  CBL  mutations have recently been described in patients with juvenile 
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myelomonocytic leukemia (Perez et al.  2010  ) , suggesting that it plays a role in the 
development of this MDS/MPN. 

  EZH2  encodes a histone methylating protein that is mutated in approximately 
6% of MDS patients. It is encoded on 7q36.1 and likely plays a role in the poor 
prognosis noted in MDS patients with monosomy 7 and 7q-. These mutations reduce 
the function of the histone 3 lysine 27 methyltransferase activity (Nikoloski et al. 
 2010  ) . EZH2 and other polycomb group genes RING1 and BMI1 are often overex-
pressed in MDS and are also associated with a worsened prognosis (Xu et al.  2011  ) . 
Why both inactivating mutations and overexpression of EZH2 is found in MDS is 
not currently understood. 

  JAK2  mutations, which have a key role in the development of MPN, are found 
mutated in 79% of cases of RARS-T, a provisional entity in the 2008 WHO 
classi fi cation scheme. These mutations, like those seen in MPNs, result in constitutive 
activation of tyrosine kinase functionality and are likely related to the thrombocytosis 
seen in this overlap MDS/MPN category, with the mutation and elevated platelet 
count much more MPN-like than MDS-like (Gurevich et al.  2011  ) . 

 A large study looking at mutations in MDS has recently con fi rmed the above 
 fi ndings and suggested using a mutation within  TP53, EZH2, ETV6, RUNX1  or  ASXL1  
as an independent prognostic factor. In addition to poor prognosis, these mutations 
were associated with distinct clinical phenotypes and may be, in part, responsible for 
the patient-to-patient variability seen in MDS. Two genes,  ETV6  and  GNAS , cited in 
the study had not previously been identi fi ed as targets in MDS. ETV6 is a transcrip-
tion factor that found in a number of leukemia associated translocations and GNAS is 
an oncogene encoding the stimulatory G-protein alpha subunit (Bejar et al.  2011  ) . 

 Further sequencing studies have highlighted the numerous mutations in the RNA 
spliceosome in patients with MDS 22 . These studies have demonstrated high rates of 
mutations within U2AF35 23 , ZRSR2 24 , SRSF2 and SF3B1 25 . These  mutations were 
found in 45 to 85% of myelodysplasia patients, the variation depending upon the 
particular subtype of disease. The role of RNA splicing is particularly interesting 
given the relationship of RNA machinery to MDS, with haploinsuf fi ciency of RPS14 
in isolated del(5q) syndrome and the mutations in MDS related syndromes including 
Shwachman-Bodian-Diamond and Diamond-Blackfan anemia. A number of other 
mutations have been described in genes that are also seen in AML. These mutations, 
however, are rarely found in MDS, and include  ATRX  (Gibbons et al.  2003  ) ,  NPM1  
(Bains et al.  2011  ) ,  IDH1  (Thol et al.  2010  ) ,  IDH2  (Kosmider et al.  2010  ) ,  CEBPA  
(Shih et al.  2005  ) ,  WT1  (Hosoya et al.  1998  ) ,  MLL  (Dicker et al.  2010  ) ,  PTPN11  
(Loh et al.  2005  ) ,  FLT3  (Bains et al.  2011  ) , and  KIT  (Lorenzo et al.  2006  ) . These 
mutations are typically of uncertain signi fi cance, however, a number of them, includ-
ing  IDH1 ,  IDH2 ,  FLT3 , and  KIT  are associated with more advanced disease and 
progression to AML. As such, these mutations may be more characteristic of the 
evolving AML than of the MDS itself. 

 High-throughput DNA sequencing may help to  fi nally elucidate the underpin-
nings of MDS at a more comprehensive molecular level. These studies will be able 
to pick out important mutations that have been missed in the more directed searches 
that have been performed to date. Additionally, they will be better able to examine 
the non-exonic sequences that may be crucial in the development of the disease.  
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   Mitochondrial Mutations 

 Mitochondria have been demonstrated to have aberrant phenotypes in the hematopoietic 
cells of MDS. Ultrastructurally, the mitochondria have abnormal iron deposition 
in addition to the abnormal leakage of apoptotic proteins (van de Loosdrecht 
et al.  2001  ) . The iron deposition in ring sideroblasts is largely contained in mito-
chondria. These alterations may be secondary to changes in mitochondrial DNA 
(MtDNA). Interestingly, mutation scanning in MDS has demonstrated mutations 
that severely reduced expression of ABCB7, a protein responsible for transporting 
iron from the mitochondria to the cytoplasm and associated with inherited ringed 
sideroblast formation (Nikpour et al.  2010  ) . Mutation scanning of the MtDNA of 
MDS patients has demonstrated mutation rates approaching 60%, with a higher 
incidence in older patients and those with advanced disease. The mutations do not, 
however, correlate with phenotype and were not enriched in particular regions of 
the MtDNA (Wulfert et al.  2008  ) . Reduced expression of mitochondria encoded 
proteins has been demonstrated in MDS, although these changes are of uncertain 
signi fi cance.  

   Single Nucleotide Polymorphism Arrays 

 Single nucleotide polymorphism (SNP) arrays have extraordinary power to recog-
nize loss of heterozygosity within tumors. SNP array analysis of MDS represents 
a technique to complement metaphase cytogenetics in identifying cytogenetic 
abnormalities. SNPs have the ability to recognize acquired uniparental disomy 
(aUPD) and as well as smaller regions of deletion that would be otherwise invis-
ible by conventional cytogenetics. Roughly 75% of patients with MDS have chro-
mosomal abnormalities detected by SNP array, increasing the typical 50% yield 
by conventional cytogenetics. Stated another way, upwards of 50% of patients 
with normal karyotypes have occult changes that are unmasked by SNP arrays. 
These patients also have been demonstrated to have a worse prognosis than 
patients with normal cytogenetic pro fi les. The true strength of SNP arrays will 
come in the analysis of the commonly deleted regions within MDS patients. 
Among patients with low risk MDS, a 500k SNP array demonstrated that UPD 
occurs in 46% of low-risk patients and 4q abnormalities are the most prominent, 
being seen in 25% of RARS cases, 12% of RCMD with normal cytogenetics 
cases, 17% of RAEB cases, and 6% of 5q− syndrome cases (Mohamedali et al. 
 2007  ) . It should be noted, however that at least some of the prognostic utility of 
these studies is already encapsulated in conventional stratifying strategies like 
IPSS. Further studies will be needed to compare the results of SNP-de fi ned losses 
of poor prognostic chromosomes like chromosome 7 with those identi fi ed by con-
ventional cytogenetics. Further studies have begun to use SNPs to examine speci fi c 
chromosomal regions for mutations and UPDs. One study revealed that 26% of 
patients had  TET2  mutations present in the vast majority of their hematopoietic 
compartments, including lymphoid cells. This suggests that it is a common 
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 mutation that may represent an early event in the development of some MDS 
(Langemeijer et al.  2009  ) . SNP arrays are likely to become a complementary 
method to FISH and conventional cytogenetics in the analysis of diagnostic MDS 
specimens. A recent study has demonstrated the independent clinical utility of 
SNP analysis with its own prognostic import (Tiu et al.  2011  ) . Additional studies 
have examined hypocellular MDS with respect to aplastic anemia and identi fi ed 
distinct cytogenetic abnormalities, suggesting a potential diagnostic use for SNP 
analysis in distinguishing these two disorders (Afable et al.  2011  ) .  

   Comparative Genomic Hybridization 

 Comparative genomic hybridization has been used in a similar fashion to SNP 
arrays to examine copy number in MDS, albeit with a lower degree of resolution 
and inability to detect aUPD. Studies have demonstrated an ability to detect cryptic 
chromosomal duplications and losses that are of prognostic utility and thus they 
have been primarily been used to evaluate MDS patients with a normal karyotype. 
Cryptic deletions are frequently located at the sites of known common cytogenetic 
alterations, including 4q24 ( TET2 ), 5q31.2, 7q22.1, 21q22.12. These cryptic 
 alterations were present in nearly 40% of patients with normal cytogenetics and 
were associated with inferior survival (Thiel et al.  2011  ) . These  fi ndings echo those 
of previous studies in patients with low-risk MDS (Starczynowski et al.  2008  ) .  

   Epigenetic Changes 

 Epigenetic changes are modi fi cations in chromatin altering the expression of genes 
without changing DNA sequence; DNA methylation and histone acetylation are two 
of the most prominent epigenetic modi fi cations. These physiologic mechanisms 
play a role in the process of hematopoiesis; however, they are also implicated in the 
development of cancer, often by silencing of tumor suppressor genes. 

 Genes frequently have CG repeats in their promoter sequence (CpG islands) that 
can be methylated by DNA methyltransferases. Methylation at these sites results in 
reduced binding of transcription factors to the CpG islands, Reducing expression of 
the affected gene. Within cancer in general and MDS more speci fi cally, there is a 
global reduction in methylation. Simultaneously, however, there is increased meth-
ylation at previously unmethylated regions, often corresponding to tumor 
 suppressors and other regulators of proliferation. The increased methylation is 
mediated through DNMTs. Inhibition of these proteins is increasingly becoming a 
key treatment modality for MDS. 

 Alterations in DNA methylation have been demonstrated in MDS in particular. 
Reversion induced LIM ( RIL ) in the 5q31 region was identi fi ed as being hyperm-
ethylated in 36% of MDS patients in a search for tumor suppressors associated with 
MDS. In intermediate and high risk patients, approximately 50% of patients have 
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altered methylation of the  RIL  gene with an apparent altered prognosis. Aberrant 
 RIL  methylation is associated with an inferior survival of 55 weeks compared to 
119 weeks for a patient with typical methylation (Boumber et al.  2007  ) . Additional 
genes with altered methylation in MDS include the cell-cycle regulators  CDKN2A  
and  CDKN2B .  CDKN2B  inhibits cyclin-depedent kinases 4 and 6, negatively 
regulating the cell cycle. Reduced expression of these genes is rarely due to deletion 
or mutation, but is instead due to increased methylation. Altered methylation of 
 CDKN2B  is associated with a worse prognosis and correlates positively with blast 
percentage, signaling disease progression.  CDH1 ,  ER ,  HICI1  (Aggerholm et al. 
 2006  )  , SOCS1  (Wu et al.  2006  ;  Brakensiek et al.  2005  )  , FHIT  (Lin et al.  2008  )  and 
 KLF11  (Potapova et al.  2010  )  are also noted to have altered methylation in patients 
with MDS and appear to correlate with disease progression and poor prognosis. Not 
all hypermethylated genes, however, are associated with adverse prognosis. The 
methylation of  DAPK1  (Qian et al.  2010  ) ,  DDIT3  (Lin et al.  2010  )   MYOD1 ,  MAFB,  
and  KLF5  (Potapova et al.  2010  )  in MDS appears not to affect outcomes. 
Unsurprisingly, given the frequent association of individual gene methylation with 
poor prognosis, hypermethylation at ten different gene sites was also associated 
with poor prognosis (Shen et al.  2010  ) . 

 More recent studies have examined the methylation status of MDS on a larger 
scale and found that abnormal promotor methylation is present in more than one-
sixth (138 of 807) of the analyzed genes in high risk MDS but less common (60 of 
807 genes) in low risk MDS, although this difference was not signi fi cant. A total of 
51 CpG sites were hypermethylated in more than 50% of patients.  ALOX12 ,  GSTM1 , 
 HIC1 ,  FZD9  and  HS3ST2  were hypermethylated in over 70% of high risk MDS 
patients examined (Jiang et al.  2009  ) . These genes are involved in DNA repair, cell-
cycle control, and regulation of development, differentiation, and apoptosis. It 
has also been shown that the aberrant methylation in MDS segregates to particular 
chromosomal locations, including more frequently in Alu-poor genes. Additionally, 
this study demonstrated that treatment with DNMT inhibitors results in global 
reduction in promoter methylation; this effect is both profound and persistent, lasting 
at least a month following the cessation of treatment (Figueroa et al.  2009  ) .  

   microRNA 

 MicroRNAs (miRNAs) are short single stranded RNA molecules that post-
transcriptionally regulate protein expression levels. By binding complementary 
sequences in mRNA transcripts they induce an RNA-induced silencing complex 
(RISC) containing Dicer that destroys them. MiRNAs have been demonstrated to 
be involved in physiologic hematopoiesis. More recent studies have implicated 
them in playing an epigenetic role in the development of MDS. A recent study, 
using miRNA arrays, compared the expression levels between normal patients and 
those with MDS and those with AML that had progressed from MDS. A panel of 13 
upregulated and 9 down regulated miRNAs were identi fi ed in MDS/AML patients. 
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There was further differentiation between patients that had MDS and those progressing 
to AML (Dostalova Merkerova et al.  2011 ; Sokol et al.  2011 ; Zuo et al.  2011  ) .   

   Treatment of MDS 

 Most currently used treatments for MDS are supportive in nature, and in fact the 
 fi rst drugs released for the treatment of MDS received FDA approval only recently. 
The drugs approved for the treatment of MDS include lenalidomide, a derivative of 
thalidomide, and azacitidine and decitabine, which are hypomethylating agents. 
These medications have altered the natural course of the disease, improving survival 
and reducing supportive measures required for treatment. Additional therapies are 
currently being developed that, despite demonstrating promise, have yet to be 
proven effective in the treatment of MDS and thus are not currently FDA approved. 
To date, the only potentially curative procedure in the treatment of MDS is bone 
marrow transplant. 

   Supportive Care 

 Supportive care is often required for the chronic cytopenias experienced by MDS 
patients. Symptomatic chronic anemia is an indication for blood transfusion, and 
as a result MDS patients with erythroid dysplasia frequently are transfusion depen-
dent. Transfusion dependency is associated with numerous potential dif fi culties, 
including the production of antibodies against alloantigens. The alloantibodies 
complicate matters not only by creating the potential for hemolysis with every blood 
transfusion, but also by limiting the pool of acceptable donors to those not express-
ing the given alloantigen. Furthermore, transfusion of as few as 20 units of packed 
red blood cells (pRBCs) can lead to the development of iron overload. Deposition 
in the liver, heart and endocrine organs can result in impaired function or even organ 
failure; unsurprisingly, iron overload is associated with a decreased overall survival 
in MDS patients. 

 To ameliorate the effects of iron overload, iron chelation remains a standard therapy. 
Traditionally iron chelation entailed intravenous or subcutaneous deferoxamine; 
more recently an oral agent has become available (deferasirox), greatly easing 
the treatment for patients. The most common side effects of deferasirox include 
gastrointestinal side effects and skin rash; however, deferasirox has also been noted 
to have more severe adverse effects including renal and liver toxicity, precluding its 
use in those with renal or liver failure (Gattermann et al.  2010  ) . The side effects are 
pronounced with high rates of treatment withdrawal, as high has 50% in MDS patients 
(Gattermann et al.  2010  ) . Unfortunately, deferasirox is contraindicated in patients with 
platelet counts below 50,000, limiting its use in some MDS populations. Although 
iron chelators have been demonstrated to reduce ferritin levels and iron deposits in 
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liver biopsies in MDS, to date iron chelators have not shown a corresponding decrease 
in mortality. Iron chelation therapy should be adjusted with respect to the patient’s 
ferritin levels and use limited to transfusion dependent patients with greater than 
1-year life expectancy.  

   Hematopoietic Stimulants 

 Bone marrow stimulants can also be used to treat cytopenias. There are two red 
blood cell stimulants (erythropoietic stimulatory agents, ESA) currently on the market, 
recombinant human erythropoietin (rhEpo) and darbapoetin alfa, and they are 
considered functionally equivalent (Rizzo et al.  2010  ) . Whereas rhEpo has a short 
half life and requires administration every few days, darbapoetin can be given every 
1–3 weeks. A major erythroid response, de fi ned as an increase in hemoglobin of 
2 g/dl, is seen in around 40% of patients. Response rates are highly dependent on the 
risk status of the patient. Patients with low-risk MDS who have not been previously 
treated have response rates approaching 60%, whereas less well optimized patients 
that are intermediate risk with previous exposure to erythroid stimulating agents 
show responses in 20% (Kelaidi and Fenaux  2010 ; Moyo et al.  2008  ) . Low serum 
EPO levels and transfusion independence are also associated with higher response 
rates (Park et al.  2008  ) . The overall survival bene fi t of taking ESAs remains 
uncertain, some studies have demonstrated an effect in carefully selected patient 
populations (Park et al.  2008 ; Greenberg et al.  2009 ; Jadersten et al.  2008  ) , while 
others have not (Musto et al.  2010  ) . 

 Granulocyte-colony stimulating factor (G-CSF) can also be given in combination 
with ESAs. Interestingly, G-CSF may have a synergistic effect when administered 
in conjunction with erythropoietin, increasing both the erythroid response and the 
survival bene fi t, but this  fi nding is not consistent in all studies (Park et al.  2008 ; 
Hellstrom-Lindberg et al.  1998  ) . An online calculator has been developed that 
predicts response in low-, intermediate- and high-risk groups (Hellstrom-Lindberg 
et al.  1997b ;   http://www.qxmd.com/calculate-online/hematology/epo-gcsf-response-
in-myelodysplastic-syndrome    ). 

 Romiplostim (AMG-531) is a platelet stimulating medication approved by the 
FDA (2008) for treatment of chronic idiopathic thrombocytopenic purpura. It consists 
of a thombopoietin analog fused to an Fc fragment. It stimulates the thrombopoietin 
receptor and is being used in the treatment of low-risk MDS. Delivered subcutane-
ously weekly, the medication has a favorable adverse event pro fi le, with fatigue and 
headache being the most common. Over an 8 week trial period, 57 and 8% of 
patients had complete (platelet count increased to >100 × 10 9 /L) or partial/major 
(platelets count increases by >30 × 10 9 /L) responses, respectively (Sekeres et al. 
 2011  ) . The patients that respond require fewer platelet transfusions and had fewer 
bleeding events (Sekeres et al.  2011 ; Kantarjian et al.  2010a  ) . Another study, examining 
platelet transfusion requirements in the setting of treatment with the hypomethylating 
agent azacitidine (see below), demonstrated a trend toward reduced clinically 

http://www.qxmd.com/calculate-online/hematology/epo-gcsf-response-in-myelodysplastic-syndrome
http://www.qxmd.com/calculate-online/hematology/epo-gcsf-response-in-myelodysplastic-syndrome
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signi fi cant thrombocytopenic events and platelet transfusions in patients administered 
romiplostim, however perhaps due to small sample size was not statistically signi fi cant 
(Kantarjian et al.  2010b  ) .  

   Lenalidomide 

 Lenalidomide is a derivative of thalidomide that is effective in the treatment of 
plasma cell myeloma. Thalidomide, although effective against MDS, is limited by 
high toxicity (Moreno-Aspitia et al.  2006  ) . Compared to thalidomide, lenalidomide 
has fewer side effects and greater potency. Although originally shown to be effec-
tive in 5q- syndrome (List et al.  2005,   2006  ) , more recently lenalidomide has dem-
onstrated effectiveness in lower risk MDS patients without 5q abnormalities (Raza 
et al.  2008  ) . It has anti-angiogenic and immunomodulatory activity. Studies have 
demonstrated high response rates, with 67% (99/148) of patients becoming transfu-
sion independent within 4.6 weeks and lasting over 2 years. Nearly half (45%) of 
patients achieved a complete cytogenetic remission (List et al.  2006  ) . These 
responses were less likely in patients with thrombocytopenia or high transfusion 
requirements (List et al.  2006  ) . 

 Unfortunately, response rates in patients lacking the del(5q) are lower. 43% of 
patients achieved complete or partial responses, with 26% achieving transfusion 
independence after 4.8 weeks. The duration of response was also considerably 
shorter at only 41 weeks (Raza et al.  2008  ) . Therefore, in this patient population, it 
is most helpful as a secondary or supplemental medication. The side effects of 
lenalidomide, although less severe than those of thalidomide, remain signi fi cant. 
Patients with del(5q) are more likely to develop neutropenia (55%) or thrombocy-
topenia (44%) than other MDS patients (25 and 20%, respectively). These effects 
arise early in the course and often force drug reduction or interruption. As with 
thalidomide there is a potential risk of teratogenicity, so lenalidomide is adminis-
tered under a restricted distribution program. 

 The mechanism of action of lenalidomide is probably multifactorial. In patients 
with del(5q), it is thought to speci fi cally suppress the clone. The precise mechanism 
is uncertain, although it is likely through interactions with the speci fi c genes associ-
ated with del(5q). Lenalidomide appears to block proliferation through G 

1
  arrest 

mediated indirectly through Cdc25A and PP2A (Wei et al.  2009  ) . PP2A inhibition 
results in decreased MDM2 which the results in decreased p53, perhaps counter-
acting the p53 accumulation seen in 5q syndrome (Wei et al.  2009  ) . In patients 
lacking the 5q abnormality, lenalidomide has a number of effects. In addition to its 
inhibition of angiogenesis (Lu et al.  2009  ) , a prominent factor in the progression 
of MDS, it also seems to alleviate the ineffective erythropoiesis of MDS. Gene 
expression pro fi ling of MDS patients treated with lenalidomide has demonstrated 
that drug responsive patients often have pro-erythroid targets of STAT5 and 
GATA1 down-regulated (Ebert et al.  2008b  ) . In addition, lenalidomide promotes 
erythropoiesis in vitro.  
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   Hypomethylating Agents 

 Targeted hypermethylation is quite common in MDS, leading to the suppression of 
normal regulatory genes, including those limiting entry into the cell cycle. This may 
be decreased or reversed by blocking methylation enzymes, allowing expression of 
tumor suppressors and proteins promoting differentiation. 

 Two medications approved by the FDA for use in MDS to inhibit methylation are 
azacitidine and decitabine (Kaminskas et al.  2005  ) . These pyrimide nucleoside 
analogues permanently inhibit DNA methyltransferase (DNMT) following incorpo-
ration. Azacytidine was originally developed for the treatment of leukemia as a 
cytotoxic agent when used at high doses; at lower doses it is effective for the treatment 
of MDS. Patients treated with azacitidine have demonstrated complete response 
rates (IWG 2006 criteria:  £ 5% myeloblasts with normal maturation of all cell lines 
in bone marrow; Hgb  ³ 11 g/dL, platelets  ³ 100 × 10 9 /L, neutrophils  ³ 1.5 × 10 9 /L, 0% 
blasts in blood) in around 20%, partial response rates (IWG 2006 criteria: as with 
complete response, but with blasts decreased by 50%) in around 10% and additional 
improvement in around 20% of patients (Silverman et al.  2006 ; Muller-Thomas 
et al.  2009 ; Lyons et al.  2009  ) . These patients also have lower rates of AML trans-
formation, higher survival rates, and improved quality of life (Silverman et al.  2002 ; 
Kantarjian et al.  2007a ; Gurion et al.  2010  ) . These studies have demonstrated sur-
vival rates of 24.5 months with treatment compared to 15 months for patients receiv-
ing best supportive care. Azacitidine was the  fi rst drug to demonstrate overall 
survival bene fi t in the treatment of MDS (Kantarjian et al.  2007a ; Gurion et al. 
 2010  ) . 

 Decitabine operates in a similar manner to that of azacitidine, however, unlike 
azacitidine, which contains a ribose sugar moiety, decitabine contains a deoxyribose 
moiety. As such, decitabine is more commonly integrated into DNA. The response 
rate in initial trials is similar to that of azacitidine (Garcia et al.  2010 ; Kantarjian 
et al.  2007b,   2008 ; Kumar et al.  2010  ) . Unlike azacitidine, however, decitabine 
has not demonstrated a survival bene fi t or decreased transformation to AML in a 
randomized trial. Additionally, no prospective comparison between azacitidine and 
decitabine has been performed, hindering the comparison. 

 These medications are well tolerated, even in the elderly population. As with 
many of the MDS drugs, the most common adverse effect is myelosuppression. 
Interestingly, in patients who respond, the myelosuppression decreases as therapy is 
continued and concurrent treatment with growth factors can shorten the duration of 
myelosuppression. 

 Hypomethylating agents are typically useful in patients with high risk MDS. 
They have reduced effectiveness, however, in patients with complex cytogenetics. 
Notably, treatment with azacitidine or decitabine can lead to the loss of −7 with a 
return to a normal karyotype. (Jadersten et al.  2009 ; Kantarjian et al.  2008 ; Lubbert 
et al.  2001 ; Ades et al.  2009  ) . Additionally, it has been demonstrated that the 
hypermethylation of genes associated with poor prognosis in MDS have decreased 
levels of methylation following treatment with DNMTs and this decreased methylation 
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is associated with clinical response (Shen et al.  2010  ) . Treatment with DNMTs 
results in global reduction in promoter methylation; this effect remains intact even 
a month after treatment is stopped (Figueroa et al.  2009  ) . 

 A current goal is to develop prognostic factors that can predict response to 
demethylation agents. Some potential targets have recently been identi fi ed.  miR-29b  is 
a microRNA that targets DNMTs modulating their expression (Garzon et al.  2009  ) . 
It has been demonstrated in preliminary studies that higher pretreatment levels 
of  miR-29b  are associated with a clinical response to decitabine (Blum et al.  2010  ) . 
A more recent analysis has failed to replicate this result, however (Yang et al.  2011  ) . 
The expression of phosphoinositide-phospholipase C beta1 (PLCB1) has also been 
suggested to be a prognostic factor. A reduction of PLCB1 methylation correlates 
with the response to azacitidine (Follo et al.  2009  ) . These initial  fi ndings of prognostic 
elements in relation to treatment with DNMTs require further investigation, especially 
in the setting of MDS.  

   HDAC Inhibitors 

 The success of drugs altering the methylation status of genes has raised interest in 
histone deacetylase (HDAC) inhibitors. These drugs, with similar effects on protein 
expression to DNMTs, operate in a complementary manner. Histones are proteins 
critical to the quaternary structure of DNA. They are extensively post-translation-
ally modi fi ed, allowing modulation of the accessibility of DNA to transcription at 
an epigenetic level. The major post-translational modi fi cation that occurs on his-
tones is acetylation. Acetylation of residues K9 and K14 in histone 3, catalyzed by 
histone lysine acetyltransferases, can result in increased transcription of the associ-
ated DNA. These acetyl groups are removed by histone deacetylases, which may be 
inhibited by certain drugs. 

 Although the general mechanism of HDAC inhibitors is understood, the speci fi c 
mechanism for altering MDS progression is not. Indeed, no speci fi c genes are cur-
rently recognized as having reduced acetylation in MDS. HDAC inhibitors, although 
they most notably affect the acetylation status of histones, may also affect the acety-
lation status of a number of other proteins. Therefore, the hypothesis that HDAC 
inhibitors directly increase expression of tumor suppressors may not be the com-
plete story. Rather, they may operate through additional cellular mechanisms. 

 Vorinostat and Romidepsin are two HDAC inhibitors that have been approved by 
the FDA in 2006 and 2009, respectively, for treatment of cutaneous T-cell lymphoma. 
In addition to these agents, there are numerous other drugs that are currently under-
going study for treatment of a variety of solid and hematologic malignancies. These 
medications have a diverse range of speci fi cities, including only class I HDACs 
(entinostat) or broadly inhibitory (panobinostat). The signi fi cance of class speci fi city 
as it relates to both treatment effectiveness and side effect pro fi le is currently under 
study. By tailoring the speci fi city to MDS, it may be possible to limit the common side 
effects, such as gastrointestinal symptoms, severe fatigue and thrombocytopenia. 
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Interestingly, a number of medications initially developed for other purposes have 
been found to have effects on the HDAC axis, including valproic acid and sodium 
phenylbutyrate. 

 Initial studies have demonstrated HDAC inhibitors to have bone marrow suppression 
as a primary side effect, occurring in about 40% of patients, in addition to constitutional 
and gastrointestinal side effects. As single-agent drugs, many of the HDAC inhibitors 
that have been developed appear to have limited activity, with a few studies demon-
strating a maximal response rate of about 10% (response de fi ned as follows: 
complete response: absolute neutrophil count of 1 × 10 9 /L or more, platelet count of 
100 × 10 9 /L or more, no blasts in the peripheral blood, bone marrow cellularity of 
20% or more with normal trilineage maturation, bone marrow blasts of 5% or less, 
and absence of extramedullary involvement. Partial response: normalization of 
peripheral blood counts as for CR, and the complete disappearance of peripheral 
blasts was observed with more than 5%, but less than 25% blasts in the marrow) 
(Garcia-Manero et al.  2008  ) . Valproic acid, a mood-stabilizer and anticonvulsant, 
also has activity as an HDAC inhibitor. Two recent studies have demonstrated hema-
tologic responses (IWG 2000 criteria: Hgb increase of >1.5 g/dL (pretreatment of 
<11 g/dL); >4 unit decrease in RBC transfusions/8 weeks versus pretreatment; 
platelets increased by >30 × 10 9 /L (pretreatment of 20–100 × 10 9 /L) or platelets 
increased by >100% to above 20 × 10 9 /L (pretreatment of <20 × 10 9 /L); neutrophils 
increased by >100% to >0.5 × 10 9 /L (pretreatment <1 × 10 9 /L)) in 25–30% of patients 
with MDS (Kuendgen et al.  2005 ; Pilatrino et al.  2005  ) . In addition to the single-
agent setting, multi-drug therapy in tandem with azacitidine or decitabine shows 
promise as an effective treatment for MDS. A number of  in vitro  studies have dem-
onstrated that treatment with DNMTs with subsequent treatment with HDACs is 
necessary for optimal re-expression of silenced genes (Cameron et al.  1999  ) . A 
number of small studies have begun to explore combination therapy and have dem-
onstrated partial or complete response (by IWG 2006 criteria) in about 30% patients 
(Gore et al.  2006 ; Voso et al.  2009  ) .  

   Immunosuppressive Therapy 

 In a subset of MDS patients, the cytopenias are thought to be secondary to immuno-
suppression by clonal T cells. These patients typically are younger with low or 
intermediate-1 disease, with hypocellular bone marrows, shorter duration of RBC 
transfusion requirements, express HLA-DR15 or harbor a paroxysmal nocturnal 
hemoglobinuria clone (Sloand et al.  2008 ; Saunthararajah et al.  2002  ) . This distinct 
purported mechanism of disease is particularly interesting in light of treatment with 
immunosuppressive therapy with antithymocyte globulin (ATG) with or without the 
addition of cyclosporine and/or corticosteroids. Around 30% of unselected patients 
respond, as de fi ned by transfusion independence, with variable lengths of remission 
(Molldrem et al.  2002 ; Passweg et al.  2011  ) . The criteria for selecting appropriate 
patients for this treatment are relatively strict due to the high incidence of side-effects 
and low tolerance of ATG in many patients.  
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   Halogenated Purine Nucleoside Analogs 

 Halogenated purine nucleoside analogs, including clofarabine, cladribine and 
 fl udarabine, are chemotherapeutic agents with two primary mechanisms of action. 
In addition to the commonly recognized apoptosis secondary to incorporation into 
DNA, they also inhibit DNA synthesis and ribonucleotide reductase. Cladribine 
and  fl udarabine have both been approved by the FDA for treatment of lymphoid 
neoplasms, like hairy cell leukemia and chronic lymphocytic leukemia. Although 
more prominently studied in lymphoid neoplasms, they also have shown some 
ef fi cacy against myeloid neoplasms, including MDS. Clofarabine has been exam-
ined in high-risk MDS in a small study of 32 patients that demonstrated an overall 
response rate of 43% (CR: neutrophils  ³ 1 × 10 9 /L, platelets  ³ 100 × 10 9 /L with 
 £ 5% marrow blasts. Hematologic Improvement: all criteria for CR except for 
platelet  ³ 100 × 10 9 /L. Clinical bene fi t: 50% increase of platelets to more than 
30 × 10 9 /L; and/or 100% neutrophil increase and to more than 1 × 10 9 /L; and/or 
hemoglobin increase by 2 g/dL; and/or transfusion independence.). The side 
effects were typically gastrointestinal or liver and not severe (Faderl et al.  2010 ; 
Steensma  2010  ) .  

   Glutathione Analogs 

 Ezatiostat (TLK199) is a tripeptide glutathione analog that affects the mitogenic 
Jun-N-terminal kinase (JNK) pathway. TLK199, a precursor drug, is metabolized 
to TLK117 and binds Glutathione S-transferase P1-1 (GST P1-1), preventing its 
inhibition of Jun-N-terminal kinase (JNK) and favoring cell growth and activation 
of the JNK pathway. Its role in the treatment of MDS is, therefore, as a novel bone 
marrow stimulant; studies comparing it to the above bone marrow stimulants are 
necessary. 

 Preliminary studies have demonstrated some effectiveness. A small study using 
intravenous liposomal ezatiostat showed ef fi cacy in MDS with a response, according 
to IWG 2000 criteria (detailed above), in 25–50% of patients, depending on the cell 
lineage affected (best in platelet counts, least in hemoglobin) (Raza et al.  2009a  ) . 
The side effects were relatively infrequent and mild. 

 An oral preparation has been developed for lower-risk MDS patients with 
hematologic improvement noted (as de fi ned by IWG, 2000) in about one-third of 
patients with only mild, primarily gastrointestinal, side effects (Raza et al.  2009b  ) . 
Ezatiostat has also demonstrated effectiveness in a patient refractory to treatment 
with lenalidomide in a recent case report (Quddus et al.  2010  ) . Its role as a pro-
proliferative agent raises concerns for potential AML development in patients 
with MDS, but, to date, with the caveat of small sample size, no studies have found 
evidence to support this. Therefore ezatiostat is a promising new therapeutic in the 
treatment of MDS and further studies, including ones with combination therapy, are 
being considered.  
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   Farnesyltransferase Inhibitors 

 Tipifarnib (R115777, Zarnestra) and lonafarnib are farnesyltransferase inhibitors 
that inhibit multiple proteins that require farnesylation, a form of posttranslational 
modi fi cation. The prototypical protein affected, and the most likely target is Ras, a 
small GTPase involved in proliferation signal transduction. The drug inhibits cell 
growth in multiple cell lines, including those without Ras overexpression, which is 
not surprising since they block farnesylation of proteins other than Ras. Despite 
being denied approval for the treatment of AML in 2005, studies are now examining 
its use in MDS. 

 Recent studies have demonstrated that in patients with intermediate and high risk 
MDS, oral tipifarnib results in a complete response rate of about 20% (bone marrow 
blasts <5%, no identi fi able karyotypic abnormalities and peripheral blood counts 
reaching and holding at: hemoglobin >11 g/dL, neutrophils >1 × 10 9 /L and platelets 
>100 × 10 9 /L without transfusion or bone marrow stimulants) (Fenaux et al.  2007  ) . 
Lonafarnib appears to have similar ef fi cacy and side effects (Feldman et al.  2008  ) , 
although a smaller study failed to show bene fi t (Ravoet et al.  2008  ) . The most common 
adverse effects include myelosuppression and gastrointestinal distress, but these 
agents are much better tolerated at lower doses (Kurzrock et al.  2004  ) . A recent 
study suggests that due to differential ef fi cacy between MDS progenitors and nor-
mal progenitors at low concentration of drug, lower doses may remain effective 
while improving the side effect pro fi le (Kotsianidis et al.  2008  ) .  

   SCIO-469 

 SCIO-469 is a selective small molecule inhibitor of the serine/threonine kinase, p38 
MAPK. p38 MAPK is a mitogenic protein involved in multiple pathways for 
cytokine signaling. SCIO-469 is thought to primarily act through inhibition of 
CD34+ stem cell apoptosis. A recent study, however, has demonstrated that it 
also limits production of proin fl ammatory cytokines  in vitro  and may affect the 
bone marrow microenvironment (Navas et al.  2008  ) . The drug is currently in phase 
I/II trials.       
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         Introduction       

 The elucidation of the molecular pathogenesis of a variety of serious or life-threatening 
conditions has led to the expectation that the development of safe and effective 
therapies will soon follow. This principle has previously been demonstrated in 
malignant hematology by the effectiveness of  ABL  kinase inhibitors in chronic 
myelogenous leukemia (CML). A new opportunity to deliver on this premise is 
underway in the closely related non-CML myeloproliferative neoplasms (MPNs). 

 The MPNs are a group of hematologic malignancies characterized by the clonal 
or oligoclonal proliferation of one or more myeloid lineages that arise from a poly-
clonal stem cell pool. The WHO classi fi cation (Swerdlow et al.  2008  )  of MPNs 
includes chronic myelogenous leukemia (CML), polycythemia vera (PV), essential 
thrombocythemia (ET), primary myelo fi brosis (PMF), chronic neutrophilic leuke-
mia, chronic eosinophilic leukemia not otherwise speci fi ed, mastocytosis, and MPN 
unclassi fi able. This chapter will focus on the insights, research developments, and 
recent clinical trial results related to PV, ET, and PMF. 

 The modern classi fi cation of PV, ET, and PMF can be traced back to the descrip-
tion in 1892 by Louis Henri Vasquez of a patient with marked erythrocytosis and 
hepatosplenomegaly (Vasquez  1892  ) . Vasquez postulated that this polycythemia 
vera resulted from a hematopoietic cell proliferation. Gustav Hueck added to the 
 fi eld the  fi rst description of the presence of bone marrow  fi brosis and extramedul-
lary hematopoiesis (Hueck  1879  ) . In 1934, Emil Epstein and Alfred Goedel 
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(Epstein and Goedel  1934  )  described a distinct clinical syndrome characterized by 
thrombocytosis in the absence of marked erythrocytosis. The association of these 
three diseases as a set of phenotypically related “myeloproliferative disorders” was 
contributed by William Dameshek  (  1951  ) , who also noted that PV patients can 
later develop bone marrow  fi brosis, leuko-erythroblastic changes, and increasing 
splenomegaly. Dameshek drew the conclusion that these changes were consistent 
with progression to “terminal myelo fi brosis” and that it may be useful to consider 
the myeloproliferative disorders as “closely interrelated” disorders of bone marrow 
proliferation related to an “undiscovered stimulus.” 

 The discovery of the Philadelphia chromosome and its later re fi nement as a 
balanced 9;22 translocation and the BCR/ABL transcript provided direction for 
understanding the molecular pathogenesis of CML (Nowell and Hungerford  1960 ; 
Rowley  1973  ) . Subsequently, the stem cell origin of the malignant clone in CML 
could be clearly demonstrated by the detection of either the characteristic t(9;22) 
cytogenetic abnormality and its BCR/ABL transcript in all hematopoietic lineages 
by  fl uorescent in situ hybridization (FISH) or reverse transcription-polymerase 
chain reaction (RT-PCR) techniques. Targeting of the BCR/ABL transcript served 
as the rationale for the development of imatinib. Imatinib therapy has subsequently 
been shown to result in a reversal of the clonal dominance supported by the BCR/
ABL fusion protein and results in normalization of cell morphology, peripheral 
blood counts, and molecular cytogenetics (including RT-PCR). A dramatic improve-
ment in survival has been demonstrated with most therapy-compliant patients having 
sustained clinical remission, many with chromosomal and molecular remission. 
The increased understanding of the etiology of CML and the eventual therapeutic 
developments for CML drew a clear diagnostic and management separation between 
CML and the other classically described MPDs. 

 The magnitude of success that stemmed from targeting the BCR/ABL fusion 
protein offers promise that that this approach can be successful if applied to other 
clonal diseases associated with a unique somatic genetic lesion. To be true, three 
key requirements should be met. The  fi rst is the identi fi cation of a drugable target 
that is responsible for initiating and maintaining the disease phenotype. To achieve 
maximal bene fi t, interference with the function of that target must result in both 
cessation and reversal of the disease process (i.e. tumor cells can no longer survive 
or replicate and relevant disease associated consequences need to be reversible). 
Second, the intended target must be a common event present in most of the indi-
viduals affected by that disease. The frequency of the disease needs to be suf fi cient 
enough to support the clinical, scienti fi c, and  fi nancial challenges that are inherent 
in drug development and clinical practice. A third key feature is the ability to selec-
tively interfere with the unique processes and metabolism of the tumor and thus 
avoid unintended consequences (Walgren et al.  2005  ) . The ease of achieving this 
requirement is target dependent and tissue dependent. Some targets may play 
signi fi cant roles in both normal homeostasis and in the neoplastic process. Other 
targets may have little that differentiates them from non-mutated or closely homologous 
forms. An inability to selectively target the form involved in the disease process 
may lead to dose limiting toxicities and thereby reduce the ability to maximize clinical 
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effectiveness. This is a potential challenge that may have two different effects when 
one considers genetic lesions. On one hand, the ability to selectively target only the 
aberrant cellular protein or process limits toxicity, improves ef fi cacy rates, and 
potentially enhances the ability to modulate (for example silence) the target for 
improved ef fi cacy in a selected population. On the other hand, this high degree of 
selectivity potentially restricts therapeutic bene fi t to only those patients with that 
particular target. The sections that follow will  fi rst brie fl y review characteristics of 
PV, ET, and PMF and then discuss the ongoing research efforts while attempting to 
illustrate how well these therapeutic challenges are being addressed for the non-
CML MPN patients.  

   Non-CML MPN Disease Characteristics 

   Polycythemia Vera 

 Polycythemia vera is a chronic neoplasm of the blood that is characterized by 
increased red blood cell production that occurs independently of normal regulatory 
mechanisms. PV has been described to have three phases:

    1.    a prodromal phase during which a mild erythrocytosis may be detected (often 
retrospectively). However, some patients with early PV have normal blood counts 
yet may present with typical PV complications such as Budd-Chiari syndrome 
and the full PV phenotype eventually develops.  

    2.    an overt polycythemic phase with a noticeably increased red blood cell mass and 
common symptoms and signs such as rubor and pruritus.  

    3.    a post-PV myelo fi brotic phase (post-PV MF, a form of secondary MF) in which 
patients exhibit disease transformation characterized by progressive cytopenias, 
bone marrow  fi brosis, and extramedullary hematopoiesis.     

 Prominent clinical features of PV include hypertension, vascular abnormalities 
such as rubor due to high RBC mass, venous or arterial thromboses such as MI, 
stroke, DVT, PE, portal or splenic vein thrombosis, headache, visual disturbances, 
protracted dizziness, pruritus, gout, and erythromelalgia. The clinical phenotype of 
PV is dominated by the vascular complications. A minority of PV patients may also 
experience an evolution of their disease into post-PV MF (the third phase of the 
disease) or acute leukemia (Passamonti et al.  2004  ) . 

 Original reports of disease survival suggested a median survival of less than 
2 years in non-phlebotomized patients (Tefferi  2003  ) . Changes in medical practice 
now facilitate much earlier diagnosis and with modern therapies and improved sup-
portive care the median expected survival is reported in the range of 10 years or 
more. However, even with these improvements in care, patients with PV have been 
reported to have a 1.6-fold higher risk of death than the general population and a 
3.3-fold higher risk of death has been reported for patients who are younger than 
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50 years of age at the time of disease diagnosis (Passamonti et al.  2004 ; Gruppo 
Italiano Studio  1995 ; Anía et al.  1994  ) . Moreover, all currently available therapies 
have signi fi cant side effects. For example, alkylating myelosuppressive agents are 
associated with a >3-fold increase in cancer-related mortality (see Current Therapy 
Section for further discussion) (Gruppo Italiano Studio  1995  ) . While transformation 
to acute leukemia is a rare event in PV patients, occurring with an estimated inci-
dence of about 5 per 1,000 person-years, the outcome is disappointingly poor when 
leukemic transformation does occur, with a median survival of 2.9 months, indepen-
dent of treatment strategy chosen (best supportive care or intensive chemotherapy) 
(Passamonti et al.  2005  ) . The short median survival of these patients impedes their 
ability to successfully identify a suitable donor and receive hematopoietic stem cell 
transplant.  

   Essential Thrombocythemia 

 Similar to PV, essential thrombocythemia is a chronic neoplasm of the blood. 
However, ET is associated with marked elevation of peripheral platelet counts in the 
absence of an increased red blood cell mass. Beginning with the onset of the disease, 
there is an increased frequency of both major hemorrhagic events and major throm-
botic events. In the absence of opportunities for routine complete blood cell count 
screening, many ET patients will  fi rst present with a potentially life threatening 
vascular complication. Major thrombotic events have been found to be prevalent in 
7.6–29.4% of ET patients upon diagnosis and in 5.3–30.7% of patients during follow-
up, with the occurrence of arterial thrombosis accounting for more than two-thirds 
of thrombotic events. Ischemic stroke still remains the most common thrombotic 
event among patients with ET (Papadakis et al.  2010  ) . A retrospective study by 
GIMEMA (Gruppo Italiano Malattie Ematologiche dell’Adulto) found the recur-
rence of thrombosis in PV or ET patients with a history of major thrombosis (n = 494) 
to be high, with a probability of 17.7% at 2 years after the  fi rst thrombotic event. The 
risk of recurrence increased further to 30.8% at 5 years, and 49.9% at 10 years. 
Despite medical diagnosis and management of the ET patients, the nature of recurrent 
thrombosis continues to be life threatening. In their study, De Stefano et al. report 
that the most frequent  fi rst recurrent thrombosis was cerebrovascular disease (i.e. 
ischemic stroke or transient ischemic attacks) in 191 cases, followed by venous 
thromboembolism (160/494), acute coronary syndrome (106/494), and peripheral 
arterial thrombosis (44/494) (De Stefano et al.  2008  ) . 

 The survival of patients with ET is primarily de fi ned by disease-related compli-
cations, the primary ones being vascular disease (thrombosis and hemorrhage) and 
transformation to either myelo fi brosis or leukemia (Cervantes et al.  2008  ) . In a 
study conducted in Olmsted County, Minnesota, 5 and 10-year survival were a 
respectable 74.4 and 61.3%, correspondingly, but both were signi fi cantly lower than 
expected for age-matched controls. The cause of death was related to complications of 
ET, such as leukemia transformation, thrombotic complications, and gastrointestinal 
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hemorrhage (Mesa et al.  1999  ) . Similar to the disease history of PV, as the time 
from diagnosis extends, the cumulative risk of transformation to leukemia and 
myelo fi brosis is increased for patients with ET. In one study (Tefferi  2003  ) , the 
cumulative probability for AML transformation was reported to be 1.4% at 10 years 
and 8.1% at 20 years, with a median time to AML transformation of 13.8 years. 
A higher risk was seen for transformation to myelo fi brosis (i.e. post-ET MF) of 
3.8% at 10 years and 19.9% at 20 years with a median time to transformation of 
12.4 years.  

   Primary Myelo fi brosis 

 Primary myelo fi brosis (PMF) is a clonal neoplasm of the blood which is characterized 
by a progressive evolution or worsening of bone marrow  fi brosis. The bone marrow 
of PMF patients may also have proliferation of megakaryocytes and granulocytes. 
In the  fi brotic stage of the disease, the bone marrow has marked reticulin or collagen 
 fi brosis often with osteosclerosis. Concurrently, the  fi brotic stage may be character-
ized by leukoerythroblastosis and extramedullary hematopoiesis associated with 
splenomegaly caused by clonal circulating progenitor cells as demonstrated by the 
concordance between bone marrow and splenic cytogenetic clones (Mesa et al. 
 2001 ; Wolf and Neiman  1987  ) . Some clinical investigators recognize an early stage 
of the disease, termed the “pre fi brotic phase”, that may present with a hypercellular 
bone marrow, thrombocytosis, and atypical megakaryocytes with minimal or no 
appreciable reticulin  fi brosis. 

 A diagnosis of PMF is associated with a poorer prognosis than that for PV or ET. 
PMF is associated with a substantial reduction in life expectancy, on the order of 
31% compared to gender- and age-adjusted controls (Cervantes et al.  2008 ; Rozman 
et al.  1991  ) , with reports of median overall survival ranging from 3.5 to 7 years 
(Cervantes et al.  1997,   2001,   2008,   2009 ; Cervantes and Barosi  2005 ; Tefferi and 
Elliott  2007  ) . The largest prognostic study reported for PMF included over 1,000 
patients from 7 institutions with a reported median overall survival of 5.7 years. 
At the time the study was reported, 517 deaths had occurred. Among the 276 cases 
where the cause of death was reported, the most frequent cause of death was trans-
formation to acute leukemia (86 cases, 31%), followed by progression of 
myelo fi brosis without leukemic transformation (50 cases, 18%), thrombosis and 
cardiovascular complications (37 cases, 13%), infection (n = 29, 11%), bleeding 
outside of the setting of acute transformation (n = 14, 5%), portal hypertension 
(n = 12, 4%), and other causes (n = 48, including 12 cases of second neoplasias) 
(Cervantes et al.  2009  ) . 

 A study of 337 patients with primary or secondary myelo fi brosis in chronic phase 
found the risk of progressing into blast phase (persistent elevation of blasts  ³ 20% in 
blood or bone marrow) to be 4, 11, and 22% at 1, 3, and 5 years, respectively (Tam 
et al.  2009  ) . The results are more disappointing when one considers that progression 
into blast phase is uniformly fatal (Vaidya et al.  2009  ) . Analysis of the PMF population 
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from the Olmsted County, MN study reveals a median time to progression (de fi ned 
as a decrease in hemoglobin of 2 g/dL, progressive splenomegaly, or onset of hyper-
catabolic symptoms) of 7 months, and 3-year survival of 52.4%, which was 
signi fi cantly lower than expected for age-matched controls (Mesa et al.  1999  ) . Also 
concerning is the observation that the risk of developing a second disease of the 
marrow is high in PMF patients. In a Swedish study of 1,368 patients with PMF 
spanning the interval from 1958 to 2004, the standardized incidence ratio (SIR; 
calculated as the ratio of observed to expected number of cases) for any second 
leukemia was 26.6 with a median time of 2 years. Of the reported secondary leuke-
mias, acute myeloid leukemia was the most frequent and was diagnosed a median 
of 3 years after PMF, with a SIR of 73.0 (Hemminki et al.  2009  ) . 

 Allogeneic or syngeneic hematopoietic stem cell transplantation (HSCT) is the 
only identi fi ed curative treatment for patients with PMF (Hoffman et al.  2007  ) . 
There are a number of associated challenges that limit the widespread use of HSCT 
including availability of a suitable matched donor, selection of appropriate condi-
tioning or graft versus host disease (GVHD) prophylaxis regimens, and selection of 
recipients. In addition, the average age at diagnosis for PMF is 67, and even nonmy-
eloablative allogeneic HSCT is rarely done after age 65. Unfortunately, no random-
ized prospective clinical trials are available to facilitate these decisions and the 
optimal use of HSCT is not clear. Retrospective analyses of published data indicate 
that HSCT risks are signi fi cant (reviewed in Mesa  2010  )  and depend on patient age, 
donor compatibility, conditioning regimen, and other factors. The frequency of 
treatment related mortality ranges between 10 and 30%. Rates of acute GVHD and 
chronic GVHD are higher at 10–60% and up to 85% respectively, and overall sur-
vival ranges from 30 to 60%. Interestingly, the use of HSCT has been associated 
with resolution of two key chronic features of MF – splenic enlargement and bone 
marrow  fi brosis (Ciurea et al.  2008  ) . In a small case series, there was a progressive 
resolution of bone marrow  fi brosis noted at 3 and 12 months post-HSCT (reducing 
from a median pre-treatment of grade 2–3 to a 12 month median < grade 1). 
Similarly, spleen sizes were noted to have “progressively decreased in every patient 
evaluable at each time point.” While HSCT has not yet become an optimized or even 
a broadly applicable treatment modality, these observations suggest that with effec-
tive elimination of the PMF clone these two key chronic and debilitating features of 
PMF may be reversible.   

   MPN Research 

 In 1974, the observation was made that bone marrow cells from PV patients, but not 
normal volunteers, were able to give rise to erythroid colonies in the absence of 
exogenous cytokines. This capacity is de fi ned as endogenous erythroid colony 
(EEC) formation (Prchal and Axelrad  1974  ) . EEC formation was also observed in 
subsets of ET and PMF patients. These results provided new insights into the 
pathophysiology of MPNs and served to con fi rm the clinical conjectures from the 
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proceeding century. The wider availability of sequencing and array techniques in 
the past decade provided new opportunities to gain insight into the pathophysiology 
of MPN. Studies examining gene expression pro fi les led to the identi fi cation of 
several genes that were dysregulated in MPN such as  MPL  (Moliterno et al.  1998  ) , 
 BCL-XL  (Silva et al.  1998  ) , and  PRV-1  (Temerinac et al.  2000  ) . In 2005, results 
emerged from several labs that pointed toward one frequent genetic lesion as a com-
mon etiology across PV, ET, and PMF. 

 Using a liquid culture system to study CD34+ PV cells, Ugo et al  (  2004  )  observed 
that whereas erythroid differentiation was an erythropoietin (EPO)-independent 
phenomenon, it was still mediated by signaling pathways identical to those in EPO-
induced differentiation. This signaling pathway was sensitive to inhibitors of 
EPO-induced differentiation such as the PI3K inhibitor LY294002, the Src kinase 
family inhibitor PP2, and the JAK2 1  inhibitor AG490. As the highest upstream 
kinase identi fi ed, the role of JAK2 gained further attention. Use of short interfering 
RNA (siRNA) decreased JAK2 protein levels, and in cells from PV patients, JAK2 
siRNA impaired spontaneous erythroid differentiation while markedly inhibiting 
EEC formation thus con fi rming the results seen with the small molecule inhibitors 
(James et al.  2005  ) . These results prompted the same group, led by William 
Vainchenker, to look for activating mutations in the  JAK2  gene and directly lead to 
the identi fi cation of a G-to-T mutation at nucleotide 1849. This coding mutation 
leads to a substitution of phenylalanine for valine at position 617 (V617F). 
Con fi rmation of this result demonstrated that the same mutation was present in 
samples from 40 to 45 PV patients. However, the mutation was not observed in 15 
controls, nor was it found in samples from 35 patients with secondary erythrocyto-
sis. Further examination showed that this mutation was an acquired phenomenon. 

 Independently, Anthony Green and his colleagues (James et al.  2005  )  sequenced 
the coding exons of  JAK2  in 73 PV patients, 51 ET patients, 16 PMF patients, and 
90 controls. The V617F mutation was not observed in any controls, but it was 
identi fi ed in 97, 57, and 50% of the PV, ET, and PMF patients, respectively. Their 
results also agreed that the gain of this mutation is an acquired event that arose in a 
multipotent progenitor that is capable of giving rise to erythroid and myeloid cells. 
They were able to demonstrate that the V617F mutation was present in all EPO-
independent erythroid colonies. 

 Based on the speculation that loss of heterozygosity (LOH) could be a molecular 
basis of PV, Kralovics et al.  (  2002  )  found that LOH on the short arm of chromosome 
9 (9pLOH) was a recurrent event in MPN suggesting that 9p could harbor a mutation 
responsible for the clonal expansion of hematopoietic cells in MPN. To test their 
hypothesis, Kralovics et al.  (  2005  )  performed microsatellite mapping of the 9pLOH 
region and DNA sequencing in 244 patients with myeloproliferative disorders 

   1   Using HUGO Gene Nomenclature, human gene symbols are italicized, with all letters in upper-
case ( JAK2 ). Protein designations are the same as the gene symbol but are not italicized (JAK2). 
Mouse gene symbols are italicized, with only the  fi rst letter in uppercase ( Jak2 ). Murine proteins 
are designation in the same fashion but are not italicized (Jak2).  
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(128 PV, 93 ET, and 23 PMF). Their mapping identi fi ed a 9pLOH region that 
included  JAK2 . When the 9pLOH was present,  JAK2  had a homozygous G to T 
transversion, resulting in the V617F substitution. All 51 patients with 9pLOH had 
the V617F mutation. Their functional studies indicated that the V617F mutation 
provided hematopoietic precursors with proliferative and survival advantages. 
Furthermore, the patients they studied with the V617F mutation had a signi fi cantly 
longer duration of disease, a higher rate of complications ( fi brosis, hemorrhage, and 
thrombosis), and more frequently required treatment with cytoreductive therapy 
than patients with wild-type  JAK2 . 

 Using a high-throughput DNA resequencing technique to evaluate the kinome of 
MPN patients, a group lead by Gilliland also reported this recurrent non-synony-
mous variant of the  JAK2  gene (Levine et al.  2005  ) . Their results demonstrated that 
the  JAK2  V617F mutation was present in 74% of their granulocyte DNA samples 
from 164 PV patients and approximately one-third of these individuals were 
homozygous for the mutation. In their sample set, the mutation was also present in 
granulocyte DNA samples from 37 of 115 ET and 16 of 46 PMF patients, but was 
not observed in 269 normal individuals. 

 Regardless of the approach used, each group arrived at the conclusion that an 
acquired point mutation in  JAK2  resulting in a valine to phenylalanine substitution 
was a common event in PV, ET, and PMF. The exact frequency of this mutation in 
each disease is debatable as evidenced by the reported frequencies in these initial 
reports. In part, this may be due to factors such as sample sizes, referral biases, and 
methods of detection. Subsequent studies suggest that frequencies may be higher 
(Table  1 ). In terms of feasibility for new therapy development, it was suggestive 
that the frequency of this mutation was suf fi cient to warrant additional research 
investment from academic and industry groups. However, did this observation 
reduce the attractiveness of this indication as a potential target or did this poten-
tially drugable target have a large enough population to support trial enrollments 
and recovery of development costs? This translates to the basic question of how 
many patients have this disease? Data on the incidence and prevalence of MPNs 
are limited. Availability of this information in the European Union is variable 
across member nations. US population-based registries (SEER and the NAACR) 
began monitoring MPDs in 2001 when these disorders were of fi cially reclassi fi ed 

   Table 1    Incidence rate and frequency of mutation of MPD   

 Disease  US age-adjusted incidence rate/100,000 a   V617F mutation frequency 

 CML  1.5 
 Non-CML MPN  1.57 
  (PV + ET + PMF) 
 PV  0.79  ~95% b  
 ET  0.53  60% b  
 PMF  0.25  63.5% c  

  Data source:  a SEER and NAACCR (Rollison et al.  2008 ; Ries et al.  2008  )  
  b GIMEMA-MPD WP (Vannucchi et al.  2007  )  
  c GIMEMA-Italian Registry of MF (Barosi et al.  2007  )   
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as neoplasms. As a result, these sources are able to provide incidence rates but are 
not yet able to provide prevalence rates. The age-adjusted incidence of PV, ET, and 
PMF are similar and the combine incidence approximates that of CML (Table  1 ) 
(Rollison et al.  2008  ) . In contrast to the prognosis of CML before imatinib therapy, 
the median survival of MPNs is longer, especially for PV and ET, and as a result 
the prevalence of MPNs is likely larger based on the multiple of incidence and 
median survival time. Hence, the results reported in 2005 demonstrated the exis-
tence of a new potential therapeutic target for a majority of MPN patients and new 
questions began to feed research interests.  

   Wild-Type and Mutant JAK2 Function 

 The JAK protein family is a group of cytosolic non-receptor tyrosine kinases that 
facilitate signal transduction from activated cytokine receptors. Upon cytokine stim-
ulation, JAK protein interaction with the ligand bound receptor results in autophos-
phorylation of the JAK protein at its activation loop, in the kinase domain, resulting 
in an activated JAK. Activated JAK proteins subsequently phosphorylate the cyto-
plasmic domains of cognate receptors and additional signalling proteins such as sig-
nal transducer and activator of transcription family (STAT), the MAPK pathway, and 
PI3K-Akt (Yamaoka et al.  2004 ; Vainchenker et al.  2008  ) . The mammalian JAK pro-
teins, comprising JAK1, JAK2, JAK3, and TYK2, are structurally unique among 
protein tyrosine kinases (PTK) and are characterized by sharing a complex multi-
domain structure which consists of seven distinct domains termed the JAK homology 
(JH1–JH7) domains. Two of these domains at the C-terminal end (JH1 and JH2) are 
similar but not identical domains. The JH1 domain is a highly conserved PTK domain 
that is responsible for ATP binding and is critically important for the protein’s physi-
ological function. The cis JH2 domain, also called the pseudokinase domain or 
kinase-like domain, lacks catalytic activity but plays a crucial role in the regulation 
of the JH1 PTK domain (Boudeau et al.  2006 ; Saharinen and Silvennoinen  2002 ; 
Saharinen et al.  2000,   2003  ) . When expressed  in vitro , the JAK2 V167F protein has 
constitutive kinase activity in the absence of cytokines and is constitutively phospho-
rylated unlike wild-type JAK2 protein (Levine et al.  2005  ) . The wild-type JAK2’s 
phosphotransferase activity of the kinase domain is inhibited by the JH2 domain and 
deletion of this region in JAK2 or JAK3 signi fi cantly increases kinase activity. This 
JH2-mediated inhibition appears to be an inherent structurally dependent feature of 
the JAK protein family that does not require other regulatory proteins. The aminoter-
minal FERM domain plays an additional role in regulating JAK2 function both 
through interactions with the EPO-receptor (Funakoshi-Tago et al.  2008  ) . The JH2 
domain is capable of inhibiting the kinase activity noncompetitively, decreasing the 
enzyme’s maximum velocity ( V  

max
 ) without changing the substrate af fi nity ( K  

m
 ) 

(Saharinen et al.  2000  ) . The non-synonymous V617F mutation in this autoinhibitory 
JH2 pseudokinase domain abrogates this cis negative regulation by lowering its  K  

m
  

value for substrates (Zhao et al.  2010  )  (Fig   .  1 ).  
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 Using biochemical methods to characterize enzymatic activity of JAK2 wild type 
and V617F mutant enzymes, Zhao et al  (  2010  )  demonstrated that the  K  

m
  of the 

V617F mutant was much lower than that of either the intact wild-type protein or the 
JH1 fragment across a number of substrates. In the case of STAT5 the  K  

m
  was 67  m M 

for JAK2 V617F, 306  m M for JAK2, and 239  m M for the JH1 domain. A similar 
trend was seen for a JAK2-derived peptide (a surrogate for measuring autophospho-
rylation). Interestingly, while the wild-type construct lacking the FERM domain 
was more active than the intact wild-type JAK2 (suggesting the FERM domain has 
an autoinhibitory role in JAK2), the activity of the JAK2 V617F mutant construct 
lacking the FERM domain was dramatically lower than the intact JAK2 V617F. 
Collectively, these results help to explain the constitutive activity seen in the V617F 
mutant through the demonstration that under normal intracellular conditions where 
concentrations of substrates are typically below saturation, the JAK2 V167F enzyme 
exhibits hyperactivity compared to the wild-type JAK2 enzyme. Moreover, the 
demonstration of selectivity in af fi nity between the wild-type and mutant proteins 
raises the possibility for selective inhibition of the mutant at the catalytic site. 

 How the JH1 and JH2 domains interact is not known precisely. Only a portion of 
the Jak2 (murine) kinase domain has been crystalized (Lucet et al.  2006  ) . Computa-
tional models have been generated to aid in understanding this knowledge gap, and 
they suggest a possible JH1-JH2 interface between residues D994-E1024 in the JH1 
domain and V617-E621 in the JH2 autoinhibitory domain (Lindauer et al.  2001 ; 
Giordanetto and Kroemer  2002  ) . 

 An additional reported change in the regulation of JAK2 V617F is the ability to 
escape normal negative feedback regulation. For example, the suppressor of cytokine 
signalling proteins, SOCS1 and SOCS3, are normally capable of binding to wild-
type JAK2 and inhibiting its kinase activity (Nicholson et al.  1999 ; Sasaki et al. 
 2000  ) . In stark contrast, expression of SOCS3 appears to paradoxically increase 

     Fig. 1    JAK2   (V617F) has a lower K 
m
  towards a STAT5-derived peptide than JAK2 or JAK2 kinase 

domain (From Zhao et al.  (  2010  ) ) ( a ) Comparison    of  V  
max

  values for HA–JAK2, HA–JAK2(V617F) 
and HA–JH1. Data were normalized to maximal wild-type JAK2 activity. ( b ) Comparison of  K  

m
  

values for HA–JAK2, HA–JAK2(V617F) and HA–JH1. The activity of the kinases was normal-
ized to the maximal activity of each construct       
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JAK2 V617F protein stability resulting in increased SOCS3 phosphorylation and 
increased JAK2 V617F phosphorylation (Hookham et al.  2007  ) .  

   Three Diseases from One Genetic Lesion? 

 Based on the observation that the  JAK2  V617F mutation is not present in all of the 
PV, ET, and PMF patients one could question if this is a causal lesion. However, in 
aggregate the data suggest that there are multiple pathways for activation of JAK2 
that appear to give rise to a functionally similar etiology that is de fi ned by dysregu-
lation of JAK2. The source for three different disease manifestations of this acquired 
genetic lesion appears to rest on two contributors – genetic background and gene 
dosage. 

 One consideration that has implications on this question is the diversity of roles 
that JAK2 plays in normal hematopoiesis. JAK2 is a binding partner for numerous 
Type I and Type II cytokine receptors (Table  2 ). Given the range of cytokine recep-
tors and associated ligands that rely on JAK2, either alone or in combination with 
other Janus kinases, it is easy to see the crucial role that JAK2 can play in hematopoiesis 
starting from the level of long-term and short-term hematopoietic stem cell differ-
entiation to the more lineage committed differentiation (Fig.  2 ). It is interesting to 
note that the role JAK2 plays is more limited along the avenues of differentiation 
that give rise to lymphocytes, both T-cells and B-cells.   

 A number of studies have demonstrated that retroviral expression of Jak2 V617F 
in murine bone marrow transplant assays results in signi fi cant PV-like phenotype in 
the transplant recipient mice (James et al.  2005 ; Lacout et al.  2006 ; Wernig et al. 
 2006 ; Zaleskas et al.  2006 ; Bumm et al.  2006  ) . Recipient animals demonstrate a 
peripheral erythrocytosis which can progress to myelo fi brosis, but thrombocytosis 
was not demonstrated in these studies. Leukocytosis was observed in the Balb/C 

      Table 2    Cytokine receptors and Janus kinase binding preferences   

 Receptor sub-type  Cytokine receptor  Janus kinase 

  Type I  
 Homodimeric cytokine receptors  EPOR, TPOR, GHR, PRLR, 

G-CSFR 
 JAK2 

 Cytokine receptors sharing  b c 
subunit 

 IL-3R, IL-5R, GM-CSFR  JAK2 

 Cytokine receptors sharing gp130 
subunit 

 IL-6R, IL-11R, OSMR, LIFR  JAK1, JAK2, TYK2 

 Cytokine receptors sharing  g c 
subunit 

 IL-2R, IL-4R, IL-7R, IL-9R, 
IL-15R, IL-21R 

 JAK1, JAK3 

  Type II  
 Interferon & others  IFN a , IFN b , IFN g , IL-10R, 

IL-19R, IL-20R, IL-22R, 
IL-24R, IL-28R, IL-29R 

 JAK1, JAK2, TYK2 
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strain but was not present in studies with the C57Bl/6 strain. It has been suggested 
that the failure to observe an ET-like phenotype in these studies together with the 
observed difference in susceptibility to leukocytosis between genetic strains could 
stem from the need for additional genetic events to support the development of the 
different MPN phenotypes. Potential criticisms of these studies include their use of 
a murine  Jak2  cDNA in which the G to T mutation at codon 617 was introduced and 
the failure to evaluate the role of the natural promotor for  JAK2 . To address these 
issues, Tiedt et al.  (  2008  )  employed an inducible transgenic technique to demon-
strate that human  JAK2  V617F is also capable of inducing an MPN phenotype in 
mice. Through the use of a combination of inducible promotor systems, they were 
able to develop transgenic strains with varying human JAK2 V617F expression levels. 
In mice with expression levels of JAK2 V617F that were lower than the endogenous 
wild-type Jak2, the resulting phenotype bore resemblance to ET with elevated platelet 
counts and moderate neutrophilia. In a transgenic strain that expressed JAK2 V617F 
at a level approximating that of the wild-type Jak2, a PV-like phenotype was 
observed with increased hemoglobin, thrombocytosis, and neutrophilia. 

 Employing a transgenic approach combined with the use of a tissue speci fi c 
promoter, Xing et al.  (  2008  )  generated murine lines that model ET, PV, and PMF. 
 JAK2  V617F copy number varied in these three derived transgenic lines and was 
determined to be 13 ± 1.4, 1.9 ± 0.3, and 24 ± 2.7, respectively, for their A, B, and C 
mice. Transgenic line A mice, which had a high level of JAK2 V617F expression, 
demonstrated a marked increase in platelet number as well as increases in white 
blood cell counts, hemoglobin, and hematocrit, thus having a phenotype resembling 
that of ET or PV. The transgenic line B mice exhibited more moderate elevations in 
cell counts that did not reach the levels more characteristic of ET or PV. Spleen 
weights in the line A mice were 2 to 8-times larger than control animals and 10 of 
26 line A mice developed  fi brosis in the bone marrow and spleen after 30 weeks 
of age. These  fi ndings were not noted in examination of animals less than 30 weeks of 
age. Development of  fi brosis was reported to be a much less frequent event in the 
lower copy number line B mice. The line C founder mouse, which had the highest 
gene copy number, demonstrated a more aggressive phenotype, and this animal died 
at 4 weeks. At that time the line C mouse was noted to have a spleen 10 times the 
size of comparably aged control mice. 

 Examination of heterozygous  Jak2  V617F Gene knock-in mice demonstrated 
constitutive Jak2 activation and autonomous erythroid progenitor cell growth. 
These mice manifested a severe PV-like disorder that progressed to PMF with 
decreased bone marrow cellularity and splenomegaly associated with marked 
increases in erythroid (88-fold) and myeloid (82-fold) precursors (Marty et al. 
 2010  ) . Interestingly, the embryonic development of this disease was not fatal; 
however, the authors noted that the severity of the disease could contribute to 
embryo-lethality of a similar inherited disorder in humans. Akada et al.  (  2010  )  
independently employed a Gene knock-in mouse model yielding heterozygous 
and homozygous Jak2 V167F expression patterns. Heterozygous expression 
resulted in a phenotype characterized by polycythemia due to excessive produc-
tion of erythrocytes despite low serum EPO levels, increased hematocrit and 
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hemoglobin, leukocytosis with neutrophilia, thrombocytosis, and extramedullary 
hematopoiesis with splenomegaly. These results demonstrate that heterozygous 
Jak2 V617F expression is suf fi cient for induction of PV. Homozygous expression 
was associated with greater increases in reticulocytes and peripheral cell counts as 
well as a more pronounced  fi brosis of the bone marrow and splenomegaly. Basal 
activation of the Stat5, Akt, and Erk1/2 pathways was greater in the homozygous 
state suggesting that wild-type Jak2 may be able to compete with the mutant Jak2 
V617F when coexpressed. 

 Greater understanding of the in fl uence of genetic complexity of MPN is also 
emerging. Standard karyotyping techniques have shown abnormal cytogenetics are 
present in approximately 30% of MPN patients, occurring more frequently in PMF 
but less frequently in PV and ET (Gangat et al.  2008,   2009 ; Hussein et al.  2009 ; 
Panani  2007 ; Reilly  2008  ) . As previously described in this chapter, microsatellite 
studies identi fi ed uniparental disomy of the short arms of both chromosomes 9 and 
1 (9pUPD and 1pUPD), contributing to the identi fi cation of  JAK2  V617F and muta-
tions in  MPL  respectively (Kralovics et al.  2002  ) . The sensitivity of cytogenetic 
evaluation that is now possible has increased with the availability of high-resolution 
DNA microarrays. This has facilitated identi fi cation of deletions and UPDs of 4q 
associated with  TET2  (Delhommeau et al.  2009 ; Tefferi et al.  2009  ) , as well as 
abnormalities in 11q associated with  CBL  (Dunbar et al.  2008 ; Sanada et al.  2009  ) . 
In contrast with the 9p and 1p UPDs, which are known to be associated with enhance 
JAK2 signaling, the in fl uence of mutations in  TET2  and  CBL  is presently not clear. 
Additional mutations in  ASXL1  (Carbuccia et al.  2009  )  and  IDH1/2  (Green and 
Beer  2010  )  and deletions in  IKZF1  (Jager et al.  2010  )  have been identi fi ed in asso-
ciation with leukemic transformation (post-MPN AML). 

 When higher resolution techniques have been employed the frequency of genomic 
aberrations appears to be more common. In a sample of 408 MPN patients (162 PV, 
80 ET, 79 PMF, 29 post-MPN AML, and 58 patients with secondary MF or acceler-
ated phase) analyzed by high-resolution SNP microarrays only 37.5% of patients 
had a wild-type karyotype and the remainder harbored at least one chromosomal 
aberration (Klamp fl  et al.  2011  ) . Of these patients, 297 (72.8%) exhibited a  JAK2  
mutation and all patients with 9pUPD (n = 169) were positive for the  JAK2  V167F 
mutation. Six of the seven patients with 1pUPD were positive for  MPL  W515L. 
An additional 25 aberrations were recurrent in 3 or more patients. 

 When Klamp fl  et al.  (  2011  )  further examined the frequency of chromosomal 
aberration and other disease factors, they noted no association with disease dura-
tion. However, patient age at the time of sample collection was positively associated 
with the number of defects. Interestingly, patients with  JAK2  mutations were not 
found to carry more chromosomal aberrations then their  JAK2 V617F  negative 
counterparts. No aberration was speci fi cally associated with  JAK2  V617F negative 
MPN.  JAK2  V617F homozygosity (9pUPD) was associated with secondary 
myelo fi brosis or accelerated phase (sMF/AP) suggesting that gene dosage may pre-
dispose for a higher risk of secondary myelo fi brosis in both PV and ET (post-PV 
MF or post-ET MF). Chromosome 1q ampli fi cations, all of which ampli fi ed  MDM4 , 
were also associated with sMF/AP as well as post-MPN AML. The  MDM4  gene 
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product is an inhibitor of p53 and its ampli fi cation may set the stage for MPN 
disease progression as loss of p53 function is associated with a number of malig-
nancies and has been shown to participate in leukemic transformation in MPN (Beer 
et al.  2010 ; Laurie et al.  2006 ; Riemenschneider et al.  2003  ) .   

   Current Therapy 

   Polycythemia Vera (PV) 

 Current treatment practices do not cure PV but, rather, attempt to control the disease 
related symptoms and decrease the likelihood of complications. Historically, agents 
such as radioactive phosphorus and alkylating agents (melphalan and busulfan) 
were used to reduce red blood cell mass. Use of these agents is associated with an 
increased risk of leukemic transformation (Gruppo Italiano Studio  1995  ) , and as a 
result, these agents are typically reserved for use in patients >70 yo. Currently, phle-
botomy is the frontline modality employed by many practitioners with the goal of 
reducing the hematocrit to  £ 45%. However, a prospective study of 1,638 PV patients 
found no difference in risk of death, thrombotic events, or hematologic progression 
when hematocrits were in a range between 35 and 55. Thus, the role of hematocrit 
in PV thrombosis and bene fi ts of phlebotomies are unclear (Di Nisio et al.  2007  ) . 
Findings from this same population did suggest that high platelet counts might be 
associated with a decreased risk of hematologic transformation and myelo fi brosis. 
When compared to patients with a platelet count of  £ 300 × 10 9 /L, patients whose 
platelet counts were in the range of either 301–500 × 10 9 /L or >500 × 10 9 /L, the risk of 
myelo fi brosis was 54% lower (HR 0.46; 95% CI: 0.21–1.02,  P  = 0.550) and 66% lower 
(HR 0.34; 95% CI: 0.12–0.97,  P  =0.431), respectively. This later  fi nding is of particular 
interest in light of the previously discussed murine MPN model studies that dem-
onstrated loss of thrombocytosis and more rapid progression of myelo fi brotic 
features in models with higher gene dosage. However, when platelet count exceeds 
100 × 10 10 /L, there is an increased risk of bleeding attributable, at least in part, to an 
acquired von Willebrand disease (Michiels  1999  ) . 

 After the initial reduction in red blood cells is achieved, patients are typically 
treated with maintenance phlebotomy with the goal to maintain the same target 
hematocrit. During maintenance therapy, the frequency of phlebotomy requirements 
will typically decline as patients develop an intentional iatrogenic iron de fi ciency 
state. The development of iron de fi ciency may assist in subsequent control of red 
blood cell counts. Phlebotomy may increase the number of platelets, and while it 
may attenuate some disease related symptoms, it typically does not reduce the size 
of an enlarged liver or spleen. Thus, even patients who respond to phlebotomy may 
also require pharmacologic intervention. 

 Non-speci fi c cytoreductive therapy can be achieved with hydroxyurea (hydroxy-
carbamide). Myelosuppression with hydroxyurea offers a greater reduction in symp-
toms than phlebotomy. Although hydroxyurea can help to decrease splenomegaly, 
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it rarely results in complete resolution. Treatment with hydroxyurea usually is well-
tolerated but does require routine monitoring of cell counts and often requires dose 
modi fi cation or holidays to avoid signi fi cant myelosuppression. In some studies 
hydroxyurea therapy has been associated with poor tolerance due to the development 
of leg ulcers, buccal aphthous ulcers, gastric pain, or diarrhea (Najean and Rain 
 1997a,   b  ) . In addition, when used for many years there is concern that hydroxyurea 
therapy may increase the risk of transformation to leukemia. Despite numerous 
attempts to de fi ne this risk it remains the subject of debate (Finazzi et al.  2005  ) . It is 
unclear whether this leukemogenesis is secondary to hydroxyurea or results from 
progression of the underlying MPN disease. 

 Alternative drugs for lowering the number of platelets, such as interferon-alpha 
and anagrelide, are sometimes used in younger people who may need treatment for 
long periods. The use of interferon and its pegylated forms for the management of 
MPNs is an area of active research. In exploratory studies, pegylated interferon-
alpha has been reported to result in hematologic improvements in up to 80% of PV 
and ET patients. Pegylated interferon-alpha may reduce the allele burden of  JAK2  
V617F and may restore polyclonal hematopoiesis with extended therapy (Liu et al. 
 2003 ; Kiladjian et al.  2006,   2008 ; Quintas-Cardama et al.  2009  ) . 

 Low-dose aspirin is frequently used in PV as an antiplatelet therapy intended 
to reduce the risk of thrombotic events. However, use of aspirin has been contro-
versial. At one time aspirin therapy was avoided due to the observation by the 
Polycythemia Vera Study Group that a high incidence of gastrointestinal bleeding 
occurred in patients who received 900 mg of aspirin daily (Tartaglia et al.  1986  ) . 
A pilot study (Gruppo Italiano Studio Policitemia (GISP)  1997  )  suggested that the 
use of low-dose aspirin was not associated with bleeding complications in PV 
patients, and these results enabled further study of low-dose aspirin by the 
European Collaboration on Low-Dose Aspirin in Polycythemia Vera (ECLAP) 
(Finazzi  2004 ; Landol fi  et al.  2004  ) . The ECLAP projected included 1,638 
patients, enrolling 1,120 into a prospective, observational cohort study. The 
remaining 518 patients were enrolled in a parallel randomized, double-blinded, 
placebo-controlled trial to assess the ef fi cacy and safety of enteric coated low-
dose aspirin (100 mg per day). Patients were excluded from the randomized trial 
and directed to the observational study if they had a recognized need for anti-
thrombotic therapy, a contraindication to aspirin, or were unwilling to participate 
in the randomized study. In the observational study (Finazzi  2004  ) , 40% of deaths 
were due to a cardiovascular event, and the incidence of fatal, major and minor 
thrombosis was 5.5 events per 100 patients per year. Factors associated with an 
increased risk of cardiovascular events included age greater than 65 years, history 
of thrombosis, smoking, hypertension, and congestive heart failure. Antiplatelet 
therapy was the only variable associated with a lower risk of thrombosis. In 
ECLAP’s randomized study (Landol fi  et al.  2004  ) , treatment with aspirin was 
associated with a reduced, but not statistically signi fi cant, risk of nonfatal myo-
cardial infarction, nonfatal stroke, or death from cardiovascular causes (RR 0.41, 
95% CI 0.15–1.15;  P  = 0.09). However, when secondary analysis also included 
pulmonary embolism and major venous thrombosis in the combined endpoint, the 
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relative risk was signi fi cantly decreased (RR 0.40, 95% CI 0.18–0.91;  P  = 0.03). 
This study did con fi rm the pilot study’s  fi nding that low-dose aspirin was not 
associated with a signi fi cant risk of major bleeding episodes (RR 1.62, 95% CI 
0.27–9.71). In a systematic review of the literature that include the ECLAP study, 
Squizzato et al.  (  2008  ) , concluded that the use of aspirin in PV was associated 
with a lower, but not statistically signi fi cant, risk of fatal thrombotic events in PV 
patients (OR 0.20, 95% CI 0.03–1.14). 

 Stemming from increased turn-over of nucleic acids and an associated increased 
production of uric acid, PV and other MPN patients may develop hyperuricemia, 
gout, or renal injury that can be managed with allopurinol therapy. Other drugs may 
be considered to assist in management of symptom burden such as treatment of itching 
with antihistamines, and use of NSAIDs for headaches, bone pain, and burning 
sensations in the hands and feet.  

   Essential Thrombocythemia (ET) 

 Therapy for ET is primarily focused on management of peripheral cell counts with 
cytotoxic agents and reduction of arterial and venous thrombotic events. Drugs fre-
quently used include hydroxyurea, anagrelide, and interferon-alpha. Treatment with 
one of these drugs and aspirin is typically started when clotting complications 
develop. Therapy may be initiated prophylactically when indicated by a risk assess-
ment. Independent predictive risk factors include: age, platelet count >1,000 × 10 9 /L, 
leukocyte count >12 × 10 9 /L, prior history of thrombosis, smoking, and diabetes (De 
Stefano et al.  2008 ; Tam et al.  2009 ; Landol fi  et al.  2006 ; Elliott and Tefferi  2005  ) . 
While not yet independently validated, De Stefano et al  (  2008  )  have also reported 
the presence of the  JAK2  V617F mutation to be associated with a 3.8-fold enhanced 
risk for thrombosis in patients less than 60 years of age. If drug treatment does not 
suf fi ciently slow platelet production in emergent situations drug therapy may be 
replaced by platelet pheresis. 

 The use of either hydroxyurea and aspirin or anagrelide and aspirin has been 
compared in a large randomized study. In high-risk patients with ET, hydroxyurea 
with aspirin was demonstrated to have an overall superiority at the composite end-
point of risk of arterial thrombosis, venous thrombosis, serious hemorrhage, or 
death from thrombotic or hemorrhagic causes (Harrison et al.  2005  ) . While both 
treatment assignments were equivalent in long-term control of platelet counts, the 
anagrelide plus aspirin treatment was associated with signi fi cantly higher rates of 
arterial thrombosis (OR 2.16, 95% CI 1.27–3.69,  P  = 0.004), serious hemorrhage 
(OR 2.61, 95% CI 1.27–5.33,  P  = 0.008), and transformation to myelo fi brosis (OR 
2.92, 85% CI 1.24–6.86,  P  = 0.01). Hydroxyurea plus aspirin was noted to be better 
tolerated with a lower treatment discontinuation rate. In contrast, anagrelide was 
noted to have better activity preventing venous thrombosis (OR 0.27, 95% CI 0.11–
0.71,  P  = 0.006). Looking at the risk of hematologic transformation, 16 of 405 ET 
patients receiving anagrelide plus aspirin transformed to post-ET MF compared to 
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5 of 404 on the hydroxyurea plus aspirin arm. The estimated actuarial risk of 
 secondary myelo fi brosis 5 years after trial entry was 2% for the hydroxyurea group 
(95% CI 0–5) and 7% for the anagrelide group (95% CI 3–10).  

   Myelo fi brosis (MF) 

 Although classi fi ed differently by the WHO, primary myelo fi brosis (PMF) and 
 secondary myelo fi brosis are clinically managed similarly. Generally speaking, out-
comes in MF are determined by the degree of retained bone marrow function, the risk 
of arterial and venous cardiovascular events, and by the risk of leukemic transforma-
tion. MF may progress slowly as some individuals may live for 10 years or longer. In 
others with higher risk or lower levels of bone marrow function, the disorder can 
worsen rapidly. A number of risk strati fi cations techniques are available to help indi-
vidualize a patient’s risk assessment and treatment strategy. The Lille scoring system 
has been a widely used method of risk strati fi cation based on two adverse prognostic 
factors (Dupriez et al.  1996  ) . Scoring based on the presence of a hemoglobin <10 g/
dL and a WBC of either <4 or >30 × 10 9 /L, allows separation into one of three groups 
with  low  (0 factors),  intermediate  (1 factor), and  high risk  (2 factors), associated with 
respective median survivals of 93, 26, and 13 months. Other more recent risk 
strati fi cation tools for MF include the International Prognostic Scoring System (IPSS) 
(Cervantes et al.  2009  ) , the Dynamic International Prognostic Scoring System (DIPSS) 
(Passamonti et al.  2010  )  and the Dynamic International Prognostic Scoring System 
Plus (DIPSS Plus) (Gangat et al.  2011  ) . The IPSS uses  fi ve adverse risk factors 
determined at the time of diagnosis. Age >65 years, the presence of constitutional 
symptoms, hemoglobin <10 g/dL, leukocyte count >25 × 10 9 /L, and circulating blasts 
 ³ 1%. Each risk factor is assign 1 adverse risk point. Detection of 0, 1, 2, and  ³ 3 risk 
factors de fi nes  low ,  intermediate-1 ,  intermediate-2 , or  high-risk  and the corresponding 
association with median survivals of 11.3, 7.9, 4, and 2.3 years. The limitation of 
this tool is its restriction for use only at the time of initial diagnosis. 

 The introduction of the DIPSS, which was also developed by the International 
Working Group for Myeloproliferative Neoplasms Research and Treatment, allows 
application of the tool throughout the course of disease (Passamonti et al.  2010  ) . 
DIPSS scoring assesses the same risks used in the IPSS, but DIPSS assigns a risk 
score of 2 points for hemoglobin <10 g/dL and adjusts the assignment of risk cate-
gory to the following score totals:  low  (0 adverse points),  intermediate-1  (1 or 2 
points),  intermediate-2  (3 or 4 points), and  high risk  (5 or 6 points). With the DIPSS, 
the corresponding median survivals were not reached for the low risk group, and 
were 14.2, 4, and 1.5 years respectively for intermediate-1, intermediate-2, and high 
risk scores. Whereas the DIPSS was validated for use during clinical course to assist 
in treatment decisions, the DIPSS does not allow modi fi cation of risk scoring for 
cytogenetic abnormalities, platelet counts, or transfusion status. These de fi ciencies 
have been addressed in the DIPSS Plus with the assignment of 1 point each for 
unfavorable karyotype, platelets lower than 100 × 10 9 /L, and need for red cell 
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 transfusion (Gangat et al.  2011  ) . Unfavorable karyotypes were de fi ned as complex 
karyotype or single or two abnormalities including +8, −7/7q−, i(17q), −5/5q−, 
12p−, inv(3), or 11q23 rearrangement. In this tool, categories were assigned as  low 
risk  with 0 points,  intermediate-1  with 1 point,  intermediate-2  with 2–3 points and 
 high risk  with 4 or more points. The median survival times associated with each 
DIPSS Plus risk group are 180, 80, 35, and 16 months respectively. Each of these 
models has merits for application with current treatment options, and yet each has 
omitted potentially predictive factors in order to reduce complexity and maintain 
usability. The future will undoubtably present new re fi nements to these models and 
new models are likely, especially as new treatment options and re fi nements in 
 disease understanding become available. 

 Once the risk is assessed, treatment options for MF are limited and not satisfac-
tory. Currently, only stem cell transplantation can cure the disorder. However, HSCT 
is not a treatment option for most MF patients and is often performed under research 
protocols. Alternate treatments used in MF are intended to relieve symptoms or pre-
vent complications and little is available to delay the progression of the disorder. 

 A prominent disease feature requiring treatment is anemia. Anemia in MF is 
often a challenge to treat due to its complex origins. In a disease characterized by 
excessive JAK2-STAT signalling it is not surprising that EPO stimulating agents are 
often ineffective (Huang and Tefferi  2009  ) . Use of single agent or combination use 
of an androgen and/or prednisone temporarily lessens the severity of the anemia in 
about one third of people with myelo fi brosis (Cervantes et al.  2007  ) . The immuno-
modulatory IMiDs (i.e. thalidomide, lenalidomide, and pomalidomide) which 
inhibit TNF- a  and have been tested for their ability to improve anemia in myelodys-
plastic syndrome are being explored for use in MF (Begna et al.  2011 ; Lacy and 
Tefferi  2011 ; Mesa et al.  2010  ) . Use of the DNA hypomethylating agent 5-azaciti-
dine has also been examined in phase II studies in MF patients. Despite demonstrat-
ing the induction of global hypomethylation, 5-azacitidine therapy was associated 
with limited clinical activity in MF patients (Mesa et al.  2008 ; Quintas-Cardama 
et al.  2008  ) . Although potential therapies for anemia are available, the ef fi cacy of 
these therapies in MF is limited, and many patients will require red blood cell trans-
fusions. Platelet transfusions may also be required to treat thrombocytopenia with 
bleeding. The degree of transfusion requirements may also be a confounding issue 
for individuals who are transplant candidates due to the development of transfusion-
associated allosensitization. As with other neoplasms, MF related myelosuppres-
sion can predispose patients to bacterial infections and the resultant need for 
antibiotic therapy. 

 Symptomatic splenomegaly is another characteristic problem in MF that is 
thought to develop from a combination of factors including sequestration of imma-
ture circulating myeloid progenitors and proliferation of extramedullary hematopoi-
esis (Mesa et al.  2001 ; Zhang and Lewis  1989  ) . Available treatment options include 
hydroxyurea, surgery, and splenic irradiation. Use of hydroxyurea has been dis-
cussed in the sections on PV and ET above. Many of the same tolerability and safety 
issues apply in the management of MF and may even be exacerbated by the need to 
use higher doses of hydroxyurea (i.e. 2–3 g/day) (Mesa  2009  ) . The resulting cytopenias 
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may in fact be problematic limiting the ability to continue high doses. Even with the 
use of higher doses, it is not common to achieve a sustained 50% reduction in spleen 
size which is a bench mark criteria for clinical improvement as de fi ned by the 
International Working Group for Myelo fi brosis Research and Treatment (Tefferi 
et al.  2006  ) . Therapy with alkylating agents can be considered for control of splenic 
enlargement in some MF patients. This approach should be undertaken with caution 
due to the potential risk of therapy associated leukemia. With oral melphalan therapy, 
two-thirds of patients may have reductions in spleen size, but in one study, 26% of 
treated patients developed acute leukemia (Petti et al.  2002  ) . 

 Therapeutic splenectomy is another potential option. Removal of the spleen may 
increase the number of red blood cells and reduce the need for transfusions in some 
patients. Splenectomy has no clear positive impact on survival or disease course and 
may, in fact, have a net negative effect due to the associated rates of complication 
(27.7%) and fatality (6.7%) (Mesa et al.  2006  ) . 

 A third option for management of splenomegaly is radiotherapy. Extramedullary 
hematopoiesis is as sensitive to radiation as is medullary hematopoiesis. Thus, involved 
sites such as the spleen, lungs, or paraspinal masses are sites suitable for external 
beam radiotherapy. Unfortunately, the associated myelosuppression from this proce-
dure can be severe, the long term bene fi t is often limited, and adjacent tissue injury 
can create additional problems (e.g. abdominal visceral adhesions) (Mesa  2009  ) .   

   Evolution in Therapeutic Understanding 

 Whether JAK2 dysregulation is the initial disease de fi ning event or a consequence 
remains unanswered. However, the evolving  in vivo  pre-clinical data does clearly 
illustrate that constitutive activity of JAK2 V617F is suf fi cient to recapitulate the 
MPN phenotypes. As such, there is interest in determining whether inhibition 
of JAK2 or selective inhibition of JAK2 V167F could result in clinical bene fi ts. 
In 2007, the  fi rst JAK inhibitor was tested in MF patients. This is a relatively quick 
response time compared to that for CML where decades passed between the 
identi fi cation of the genetic lesion and the introduction of a targeted inhibitor. The 
ability to rapidly move an experimental therapeutic into an MPN focused clinical 
trial was facilitated by the availability of multitargeted kinase inhibitors that had 
activity against the Janus kinase family. At the time that JAK inhibitors started clinical 
testing it was unclear whether responses in MPN patients would parallel that 
observed in CML with imatinib. To date this has not been the case. However, lack 
of selectivity may limit the ability to adequately inhibit the mutant clones due to 
toxicities stemming from non-selective inhibition. Recognizing this possibility, 
other drug development groups have taken an approach of identifying new mole-
cules that possess higher degrees of selectivity for JAK2 (TG101348) or for the 
JAK2 V617F mutant (LY2784544) (Hood et al.  2007 ; Ma et al.  2010  ) . 

 Non-clinical testing of the JAK2 inhibitors has been based on a combination of 
 in vitro  enzymatic biochemical assays,  in vitro  cell based assays,  in vitro  model testing, 
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and  ex vivo  testing of patient samples such as the endogenous erythroid progenitor 
(EEC) assay. Testing of potential candidate molecules typically begins with bio-
chemical enzyme screening. Molecules of interest are then selected for further test-
ing. Most cell based proliferation studies have veri fi ed  in vitro  enzyme assay results, 
demonstrating effective inhibition of JAK2 V617F expressing cells. The observed 
potency in enzymatic assays is often higher (i.e. lower IC 

50
 ) than what is observed 

in cell based assays (Table  3 ). Interrogations of signalling pathways, also, typically 
con fi rm reductions in JAK2 dependent signalling pathways such as STAT3 or 
STAT5 phosphorylation. Several agents (including TG101348 (Lasho et al.  2008  ) , 
CEP-701 (Hexner et al.  2008  ) , SGI-1252 (Ahmed et al.  2011  ) , LY274544  (  Florensa 
et al. 2010  ) , CYT387 (Pardanani et al.  2009  ) ) have demonstrated the ability to inhibit 
growth-factor independent progenitor cell growth in patient derived samples.  

 Much of the available non-clinical study results for the JAK2 targeting molecules 
currently in clinical development come from  in vitro  work and less information is 
available regarding testing in the  in vivo  murine models. In part, this is a re fl ection 
of the fact that development of many of these molecules occurred before the devel-
opment of the murine models. As a result, few of these agents have been tested in 
the context of different gene dose levels or across multiple genetic backgrounds. 

 Using a transgenic mouse model, ruxolitinib (INCB018424), an inhibitor of 
JAK1 and JAK2 (Table  3 ), was shown to decrease splenomegaly and eliminate neo-
plastic cells from the bone marrow, spleen and liver (Fridman et al.  2007  ) . XL019 
and SGI-1252 have been studied in a tumor xenograft model with human erythroid 
leukemia cells (HEL), a  JAK2  V617F homozygous cell line, injected subcutane-
ously in athymic nu/nu mice. In this model, a reduction in STAT5 phosphorylation 
but not total STAT5 levels was observed when SGI-1252 was dosed at 400 mg/kg 
orally 3 times a week (Ahmed et al.  2011  ) . Dosing with XL019 twice daily led to an 
increase in apoptosis and decreased tumor vasculature (Verstovsek et al.  2007  ) . 
TG101348 was studied in mice who had received bone marrow cells from donor 
mice after the cells had been retrovirally transfected with either  Jak2  wild-type or 
 Jak2  V617F. Transplanted mice who received TG101348 at 120 mg/kg oral gavage 
twice a day demonstrated a decrease in hematocrit, splenomegaly, and reticulin 
 fi brosis in the bone marrow and had a prolonged survival (Wernig et al.  2008  ) . 

 Another MPN model employs the use of SCID mice injected with GFP-positive 
BaF/3 cells expressing JAK2 V617F. With this model, normal murine peripheral 
blood cell counts (i.e. endogenous wild-type bone marrow derived cells) are 
 suppressed. In addition, BaF/3  JAK2  V617F cells preferentially localize to the spleen, 
resulting in splenomegaly. Oral treatment with TG101209 at 100 mg/kg twice daily 
for 10 days prolonged survival and reduced STAT5 phosphorylation (Lasho et al. 
 2008  ) . Oral administration of LY2784544 for 7 or 14 days in the BaF/3  JAK2  V617F 
xenograft model demonstrated dose-dependent reductions in STAT5 phosphoryla-
tion, reductions in splenic enlargement, and a decreased BaF/3  JAK2  V617F-GFP 
tumor burden with a TED50 of 13.7 mg/kg (Ma et al.  2010  ) . LY2784544, demon-
strated an apparent dose dependent selectivity for the mutant JAK2 V617F kinase 
(Table  3 ) and in the BaF/3  JAK2  V617F xenograft model, treatment with LY2784544 
showed no effect on normal murine erythroid progenitors (CD71/Ter119 positive 
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cells) or neutrophils/monocytes (CD11b/Gr-1 positive cells) after treatment for 
7 days. Treatment with LY2784544 at 80 mg/kg restored the murine platelet counts 
to the levels seen in untreated non-tumor bearing animals. 

 In a murine model of MPN in which lethally irradiated Balb/c mice were 
transplanted with bone marrow donor cells that had been retrovirally transduced 
with  JAK2  V617F, twice daily oral gavage treatment with CYT387 was associated 
with a dose-dependent reduction or normalization of white cell counts, hematocrit, 
and spleen size (Tyner et al.  2010  ) . Treatment at the highest dose (50 mg/kg twice 
daily) was associated with a statistically signi fi cant reduction in mutant positive 
cells in the spleen but failed to eliminate the  JAK2  V617F/GFP-positive cell 
population. 

   Emerging Clinical Trial Results 

 Clinical trial results for a number of the JAK2 targeting agents are emerging in 
abstract form, and peer-reviewed results have been published describing the explor-
atory experience in primary and secondary MF with three of these agents (lestaurtinib, 
ruxolitinib, and TG101348) (Verstovsek et al.  2010b ; Pardanani et al.  2007 ; Santos 
et al.  2009  ) . 

 Clinical development of lestaurtinib (CEP-701) in MF began in phase II prior to 
development as a FLT-3 inhibitor for use in AML. Studies in AML had previously 
de fi ned a recommended oral dose regimen of 80 mg daily with the most frequently 
observed adverse events being nausea, emesis, anorexia, and diarrhea (Smith et al. 
 2004  ) . In the  fi rst MPN phase II study of lestaurtinib (NCT00494585) 22  JAK2  
V617F positive primary or secondary (post-PV or post-ET) MF patients were stud-
ied (Santos et al.  2009  ) . All but two had received prior therapy. Six previously 
treated subjects had a clinical improvement response by the International Working 
Group Myelo fi brosis Research and Treatment criteria (IWG-MRT). The IWG-MRT 
is a composite set of MF disease response criteria that de fi ne complete remission 
(CR), partial remission (PR), clinical improvement (CI), progressive disease (PD), 
stable disease (SD), and relapse based on physical examination, laboratory, and 
histologic evaluation elements (Tefferi et al.  2006  ) . Of the patients who received 
CEP-701 and achieved a response, three had a decrease in spleen size greeter than 
50%, two became transfusion independent, and another had a greater than 50% 
decrease in spleen size with an improvement in platelet and neutrophil counts. No 
patients had improvements in bone marrow  fi brosis. Three of the patients who 
achieved a response had an abnormal karyotype, but none demonstrated a cytoge-
netic response to therapy. The lestaurtinib therapy study also failed to demonstrate 
an effect on  JAK2  V617F allele burden. GI toxicities were the most commonly 
reported study related adverse event with 72% having diarrhea of any grade, 50% 
nausea (grade 1–2), 27% vomiting (grade 1–2) and 23% with  fl atulence (grade 1–2). 
Of those treated, eight experienced grade 3 or 4 toxicities of thrombocytopenia 
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(23%), anemia (14%), and diarrhea (9%) with both thrombocytopenia and diarrhea 
resulting in dose reductions in some patients. 

 Ruxolitinib (INCB018424) was examined in a phase I-II trial (NCT00509899) in 
primary or secondary MF patients regardless of  JAK2  V617F status (Verstovsek 
et al.  2010b  ) . Study participation required being refractory to or relapsing after prior 
therapy, or having intermediate or high risk according to the Lille risk score (Dupriez 
et al.  1996  ) , or having splenomegaly or hepatomegaly if post-splenectomy. Dose 
exploration began with a standard 3 + 3 dose escalation schema but transitioned to a 
dose titration paradigm after establishing maximum tolerated doses of 25 mg twice 
daily or 100 mg once daily. Thrombocytopenia was identi fi ed as the dose limiting 
toxicity and at the 100 mg daily dose level, 2 of 6 patients developed clinically 
signi fi cant thrombocytopenia during the second month of therapy. Further explora-
tion established that a 15 mg twice daily oral starting dose followed by individual-
ized dose titration was the most tolerated regimen. Of the studies patients treated 
with this regimen, 52% achieved a  ³ 50% reduction in splenomegaly (occurring dur-
ing the  fi rst 3 months of therapy) with <10% experiencing grade 3 or 4 toxicities. 
Splenic responses were durable beyond 1 year in the subset of patients with data for 
1.5–2 years of follow-up. Although the best splenic response was seen in the group 
who received 25 mg twice daily, 60% of these patients required a dose reduction due 
to thrombocytopenia. Subgroup analysis revealed no differences in response 
between patients with or without the  JAK2  V617F mutation. No difference was seen 
among patients with primary or secondary MF. In addition to the objective improve-
ments observed in spleen size, ruxolitinib therapy was associated with signi fi cant 
improvements in total and individual symptom scores as collected by the 
Myelo fi brosis Symptom Assessment Form (MFSAF). These symptom improve-
ments were durable through 6 months of therapy. 

 Within the group of patients receiving the highest ruxolitinib dose intensity regi-
mens (either 15 mg twice daily or 25 mg twice daily), 28 patients were transfusion 
dependent at baseline. Four of these patients achieved transfusion independence 
after a median duration of 12 weeks. Study eligibility criteria excluded MF patients 
with a platelet count of  £ 100 × 10 9 /L and those with an absolute neutrophil count of 
 £ 1.5 × 10 9 /L. As a result the study could not evaluate the ability of ruxolitinib ther-
apy to improve these two disease associate features. Across all assigned doses, 23% 
of the patients who were transfusion-independent at baseline developed anemia. 
A dose dependent association was suggested by the observation that the frequency 
of study related anemia ranged from 8% among the patients treated at 15 mg twice 
daily to 27% among the patients who received 25 mg twice daily. 

 Results of the TG101348 phase I dose escalation study have been reported 
(NCT00724334) (Pardanani et al.  2007  ) . This trial also employed a 3 + 3 cohort 
design followed by a cohort expansion for dose-con fi rmation to study once daily 
oral administration of TG101348 in high- or intermediate-risk primary or secondary 
MF patients across the range of doses from 30 to 800 mg. Intrapatient dose escala-
tion was permitted after completion of three treatment cycles at the assigned starting 
dose. Risk assessment was determined by the Mayo PSS (Elliott et al.  2007  )  which 
is similar to the previously described risk assessment tools. The Mayo PSS de fi nes 
high-risk as having two criteria and intermediate-risk as having one criteria where 
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criteria include: hemoglobin <10 g/dL, WBC count <4 or >30 × 10 9 /L, platelet count 
<100 × 10 9 /L, absolute monocyte count  ³ 1 × 10 9 /L. The study enrolled 59 patients 
(75% PMF, 20% post-PV MF, and 5% post-ET MF), and the majority (86%) were 
 JAK2  V617F positive. 

 The study’s declared maximum tolerated dose was 680 mg daily based on the 
development of reversible grade 3 or 4 hyperamylasemia at 800 mg. Across all 
patients, the most common adverse events were related to the gastrointestinal system. 
In the MTD cohort (680 mg/d), frequent GI events included nausea (77.5% grade 
1–2, 5% grade 3–4), diarrhea (62.5% grade 1–2, 12.5% grade 3–4), and vomiting 
(67.5% grade 1–2, 2.5% grade 3–4). Hyperlipasemia was also frequent at this dose 
level (37.5% all grades, 15% grade 3–4). Treatment related grade 3 and 4 hemato-
logic adverse events were observed. Of the patients treated with 680 mg per day 
who were not transfusion dependent at baseline, 54.2% developed grade 3 or 4 ane-
mia and 27.5% developed grade 3 or 4 thrombocytopenia. 

 Sixty-one percent of the cohort who received 680 mg per day experienced a 
minimum 25% decrease in palpable splenomegaly within the  fi rst two cycles and 
45% of patients receiving this dose had spleen size reduction qualifying as a crite-
ria for clinical improvement by IWG-MRT (i.e. at least a 50% reduction lasting at 
least 8 weeks). This response was durable at cycle 12 with 50% having a clinical 
improvement (CI) de fi ned by the spleen response. In addition, 72% of the patients 
with a baseline leukocytosis who received 680 mg/d for 6 cycles (13/18) achieved 
a normal WBC. 

 The TG101348 phase I trial is the  fi rst to report a statistically signi fi cant reduction 
in  JAK2  V617F allele burden. In patients harboring the  JAK2  V617F mutation, the 
allele burden at base line ranged from 3 to 100% with a median of 20%. Across all 
baseline values, without respect to study drug dose, there was a statistically 
signi fi cant reduction of allele burden to 17% ( P  = 0.04) and 19% ( P  = 0.01) after 6 
and 12 cycles respectively. Looking only at those individuals with a baseline allele 
burden above 20%, the median was 60% prior to therapy and decreased to 31% after 
6 cycles ( P  = 0.002) and 32% at 12 cycles ( P  = 0.002). In this group 45% (9 patients) 
had a  ³ 50% reduction in  JAK2  V617F allele burden, but 20% exhibited an 
increase.   

   Conclusions and Path Forward 

 Each of the three early clinical development studies for patients with MF discussed 
illustrate that the  fi rst group of experimental JAK2 inhibitors may offer clinical 
bene fi ts through reductions in disease related symptoms and control of splenomeg-
aly. To date, the studies have failed to demonstrate evidence of disease modi fi cation. 
These three studies have not yet reported a clinically signi fi cant ability to improve 
histiologic changes in bone marrow  fi brosis, nor have they demonstrated a signi fi cant 
positive impact on cytopenias. Apparent compound-related adverse events are being 
observed during use of these agents. 
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 The MPNs remain diseases where the approved therapy is primarily palliative, 
minimally effective, and complicated by safety concerns. In this setting the advances 
seen with the  fi rst wave of JAK2 inhibitors in development are suggestive of signi fi cant 
therapeutic progress and may offer new hope to patients. The results have led to inter-
ests in the study of combination therapies as a next step in the advancement of MPN 
therapy. The iterative effort of combining non-selective JAK2 inhibitors with other 
agents currently being studied in MPN such as the IMiDs or hypomethylation agents 
is a promising approach. However, our growing awareness of the molecular pathophys-
iology of this disease suggests that these efforts may not cure the MPNs, and these 
combinations are likely to be accompanied by at least additive side effect pro fi les. 

 The results of our current clinical data set may be looked at in a different light. 
HSCT has shown that effective eradication of the malignant clone can improve 
disease related symptoms, splenomegaly, and reverse the accumulated bone marrow 
 fi brotic injuries. JAK2-directed therapy has demonstrated that disease symptoms 
are improved with inhibition of the JAK2/STAT pathway and the resultant modula-
tion of cytokine signaling. In addition, JAK2 therapies have demonstrated that there 
is a relationship between dose, target inhibition, improvements in splenomegaly, 
and modulation of peripheral cell counts. Thus, it appears that maximally effective 
disease modi fi cation will require two things: (1) selective inhibition or eradication 
of the tumor cells and (2) retention or restoration of normal marrow reconstitution. 
Achieving both may lead to reversal of the disease manifestations similar to what 
has been demonstrated in HSCT. In the published clinical trials reviewed here, the 
ability to test this hypothesis was limited by target dependent inhibition of normal 
marrow. The observed dose limiting toxicities suggest that effective disease targeting 
will require exploration of the role of selective  JAK2  V617F inhibitors. 

 A potential additional confounder for de fi ning effective therapy is the underlying 
heterogeneity of the MPN phenotypes. A single therapy used only at a single dose 
or regimen may not achieve the same degree of clinical effect in all subjects. This 
observation is supported by the observed genetic variability of the disease as well 
by the variability of responses seen with the available JAK2 therapies. This hetero-
geneity suggests that tailoring of therapy will be required for optimal care. Different 
patients may require potentially different therapies for  fi rst- or second-line therapy. 
With introduction of effective therapy it is predictable that some patterns of resis-
tance will be identi fi ed requiring combination therapy or changes in drug selection. 
Genetic heterogeneity has implications for trial designs, regulatory approval, and 
companion diagnostic needs. There is debate about the appropriateness of current 
diagnostic classi fi cations systems and whether they should be reconsidered in light 
of the new understandings of molecular pathogenesis (Harrison  2010  ) . 

 There are additional challenges related to patient selection and evaluation of 
clonal burden reductions. Newer risk models such as the DIPSS and DIPSS Plus 
offer promise for risk assessments and benchmarks for evaluating the effect of ther-
apy on overall survival. This is an important consideration given the duration of 
time and number of patients needed to demonstrate an improvement in overall 
survival or progression-free survival in MPN. An unavoidable challenge in the 
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 evaluation of any potentially disease modifying therapy is the need to evaluate the 
long term effects of therapy. This is especially true for the MPNs where there is 
diversity in overall survival times and potential heterogeneity for disease respon-
siveness. It is clear that the most advanced MF patients have a signi fi cant reduction 
in overall survival. It is not clear, if the disease process is equally amenable to 
therapy for both a newly diagnosed MPN patient or for an advanced MPN patient. 
In the case of CML, patients in chronic phase are more responsive to imatinib ther-
apy then those in blast phase. Tools analogous to the DIPSS are needed to appropri-
ately de fi ne and identify those ET and PV patients who are at greatest risk from their 
disease. Hopefully, the availability of patient selection discoveries will help to miti-
gate some of these issues, but this is not likely to resolve the con fl ict between ongo-
ing and immediate need for therapy vs need for long-term outcome evaluations. 

 Non-clinical studies have suggested that gene dosage plays a role in de fi ning 
disease phenotype and clinical complication risks. This will almost certainly be of 
interest in evaluating and selecting potential therapies. However, the ability to 
effectively validate whether gene dosage plays a role in the human disease process 
is hampered by the lack of a standardized reference test to measure  JAK2  V617F 
allelic burden in patient samples. This problem is more confounding to drug 
ef fi cacy evaluations. The published JAK2 clinical trials have used different tests 
and each has its own unique characteristics such as differences in cell population 
analyzed (granulocytes vs mononuclear cells), source of control (cell lines vs plas-
mids), range of control alleles used in standardization, primers, etc. As a result, 
each  JAK2  assay has a different performance pro fi le including variations in limits 
of detection, sensitivity, and speci fi city. While different clinical laboratories often 
pragmatically use such diverse tests, regulatory approvals that depend on labora-
tory test results for ef fi cacy evaluation or patient strati fi cation may require more 
rigorous validation. 

 MPN patients have a clear need for better therapy today. The basic and clinical 
research progress in the MPN  fi eld has truly accelerated in the past decade. More 
importantly, this progress looks poised to deliver new treatment options for MPN 
patients. It appears that soon, the  fi rst wave of JAK2 inhibitors will be reviewed for 
regulatory approval. If approved, patients and physicians could have access to a new 
tool for disease and symptom burden reduction. Based on the available data, this 
should not be a stopping point but should rather be viewed as the front runner of 
even more promising future therapies which are capable of meeting the needs of 
MPN patients and their families. 

 Author’s Note 

 Following completion of this chapter, the US FDA granted approval in November 2011 for ruxoli-
tinib phosphate for the treatment of patients with intermediate or high-risk myelo fi brosis, including 
primary myelo fi brosis, post-polycythemia vera myelo fi brosis and post-essential thrombocythemia 
myelo fi brosis.      
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   Epidemiology 

 It is estimated that 4,870 new cases of chronic myeloid leukemia (CML) will be 
diagnosed in 2010, representing approximately 11% of all leukemias (Jemal et al. 
 2010  ) . The median age of diagnosis reported in 2003–2007 was 65 years of age 
(Altekruse et al.  2010  ) . The etiology of CML remains unclear; evidence is lacking 
demonstrating hereditary in fl uence. Individuals who have been exposed to ionizing 
radiation or benzene are at an increase risk of developing CML (Corso et al.  1995  ) . 
Other risk factors which have been evaluated include smoking, benzene, and 
magnetic  fi eld exposure (Bjork et al.  2001 ; Hayes et al.  1997 ; Kheifets et al.  1997  ) . 
To date, these are all inconclusive in correlating exposure to acquisition of CML. 
A recent M.D. Anderson study suggests that adulthood obesity and occupational 
exposure to agricultural chemicals increase CML risk (Strom et al.  2009  ) .  

   Introduction 

 CML is a hematopoietic malignancy resulting from clonal expansion of primitive 
hematopoietic progenitor cells. CML constitutes the most common form of myelo-
proliferative neoplasms (MPN). CML is characterized by a speci fi c chromosomal 
aberration called the Philadelphia chromosome (Ph) (Nowell and Hungerfold  1960  ) . 
The Ph chromosome produced from a reciprocal translocation between chromo-
somes 9 and 22. The result of the translocation is the oncogenic BCR-ABL fusion 
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gene (Rowley  1973 ; deKlein et al.  1982  ) . CML has become a highly treatable, chronic 
disease for most patients over the last decade since the discovery of imatinib, a 
tyrosine kinase inhibitor (TKI), and its clinical availability. This discovery has also 
become a model for “targeted” therapies that can “cure” hematologic malignancies.  

   Pathophysiology 

   Philadelphia Chromosome 

 The Ph chromosome is a shortened chromosome 22 resulting from a reciprocal 
translocation, t(9;22)-(q34;q11), between the long arms of chromosomes 9 and 22 
and is found in 95% of chronic myeloid leukemia patients (Nowell and Hungerfold 
 1960  ) . The Ph translocation adds a 3’ segment of the  ABL  gene from chromosome 
9q34 to the 5’ part of the  BCR  gene on chromosome 22q11, creating a hybrid  BCR–
ABL  gene that is transcribed into a chimeric  BCR–ABL  messenger RNA (Kurzrock 
et al.  1988  ) .  c-ABL  is a cellular homolog of v-Abl, a transforming gene identi fi ed in 
the retrovirus Abelson murine leukemia virus located on the chromosome 9 at 
9q34 (Goff et al.  1980  ) . The breakpoints on the Abl gene at 9q34, occur towards the 
5’ end and have breakpoints in introns 1 or 2 of the ABL gene (Melo  1996  ) . The 
breakpoints on chromosome 22 are clustered in a relatively small region named the 
 b reakpoint  c luster  r egion, or  BCR  (Groffen et al.  1984  ) . These breakpoints on BCR 
localize to one out three areas in patients with CML. In most patients with CML, the 
break occurs within a 5.8-kb region and is de fi ned as the major breakpoint cluster 
region (M- bcr ). Because of alternative splicing, fusion transcripts with either b2a2 
or b3a2 junctions can be formed and from this mRNA translates into a 210-kDa 
chimeric protein (P210 BCR-ABL ). In the remaining patients with acute lymphocytic 
leukemia (ALL) and rarely in patients with CML, the breakpoints are further upstream 
in the 54.4-kb region between the alternative  BCR  exons e2’ and e2, termed the 
minor breakpoint cluster region (m- bcr ). The resultant e1a2 mRNA is translated into 
a 190-kDa protein (P190 BCR-ABL ) (Melo et al.  1994  ) . A third breakpoint cluster 
region (m- bcr ) was identi fi ed downstream of exon 19, giving rise to a 230-kDa 
fusion protein (P230 BCR-ABL ) associated with the rare Ph+ chronic neutrophilic 
leukemia (Pane et al.  1996  ) .  

   BCR-ABL Oncogene 

 Tyrosine kinases (TKs) are a group of approximately 100 proteins which transfer 
phosphate from ATP to tyrosine residues on speci fi c cellular proteins. These are 
involved in controlling important cellular functions, including proliferation and 
differentiation processes (Robinson et al.  2000  ) . 
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 The  c-ABL  gene belongs to the family of the non-receptor TKs and is expressed 
ubiquitously in cells of various tissues, and the c-Abl protein may be found at the 
cytoplasmic and nuclear level (Pendergast  2002  ) . C-Abl kinase has been associated 
with both negative and positive regulators of cell growth, depending on the cellular 
compartments (cytoplasmic or nuclear), depending on its phosphorylation status 
and level of expression. In quiescent cells, nuclear c-Abl is kept in an inactive 
state by binding to the retinoblastoma protein (pRB) (Welch and Wang  1993  ) . 
Phosphorylation of pRB by cyclin D1 disrupts this complex and results in activation 
of c-Abl TK in S phase, during which c-Abl is able to stimulate the transcriptional 
activity of factors such as CREB and E2F-1 and promote the activity of RNA poly-
merase II (Baskaran et al.  1997  ) . Therefore the ABL protein appears to be part of the 
general mechanism of regulation of gene transcription during cell cycle. 

 At a cytoplasmic level, there is a TK signaling cascade involving receptor 
(PDGFR) and non-receptor TKs (c-Src/c-Abl) important for mitogenesis and growth 
factor induced   c-Myc expression (Furstoss et al.  2002  ) . Along this pathway c-Abl is 
situated downstream of Src and contributes to transmitting the mitogenic signal 
activating c-Myc directly or through the Ras/Erk pathway. In contrast, it has been 
shown that the induction of cell cycle arrest in G1 phase of cell cycle can occur by over 
expression of wild type c-abl (Sawyers et al.  1994  ) . 

 BCR is a 160-kDa cytoplasmic protein with several functional domains (Laurent 
et al.  2001  ) . The N-terminal 426 amino acids of BCR, encoded by the  fi rst exon, are 
retained in all Bcr-Abl fusion protein isoforms. This region contains a serine-threonine 
kinase domain and two serine/threonine–rich regions that bind Src homology (SH)2 
domains of other proteins, including ABL, p190BCR-ABL, and p210BCR-ABL 
(Maru and Witte  1991 ; Pendergast et al.  1993  ) . The proximal SH2-binding domain 
is essential for transformation of rat  fi broblasts by BCR-ABL (Pendergast et al. 
 1991  ) . The two key regions of the  fi rst BCR exon are tyrosine 177 and the coiled-
coil domain contained in amino acids 1–63. Phosphorylated tyrosine 177 forms a bind-
ing site for GRB2 (an adapter molecule that links Bcr to the Ras pathway) and is 
required for the induction of myeloid leukemia (He et al.  2002  ) . The coiled-coil 
domain is crucial for the dimerization of BCR-ABL, which in turn is required for 
activation of ABL kinase activity and oncogenicity of BCR-ABL (McWhirter et al. 
 1993 ; Melo and Deininger  2004  ) . BCR-ABL tyrosine kinase activity activates mul-
tiple signal pathways including Ras/Raf/MEK/ERK, JAK/STAT, and PI3K/Akt 
resulting in enhanced cell proliferation and survival.  

   PI3K Pathway 

 The PI3K pathway is an essential step in lymphoid transformation and also contrib-
utes to the transformation of cells by the BCR-ABL oncoprotein (Kharas et al. 
 2004  ) . PI3K is a lipid kinase that phosphorylates phosphatidylinositol or its deriva-
tives on the 3’ hydroxyl position of the inositol head group. The PI3K signaling 
pathway plays an integral role in many normal cellular processes in multiple cell 



280 K. Bhalla et al.

types, including survival, proliferation, differentiation, metabolism, and motility. 
PI3K enzymes are classi fi ed according to structure, substrate selectivity, and mech-
anism of regulation. Class 1A PI3K enzymes are activated downstream of tyrosine 
kinase activation and they are heterodimers consisting of catalytic and regulatory 
subunits (Kharas and Fruman  2005  ) . Activated PI3K leads to formation of phos-
phatidylinositol-3,4,5-trisphosphate (PIP3) which has been known to accumulate in 
cells transformed by ABL oncogenes (Varticovski et al.  1991  ) . Within the ABL pro-
tein sequence is a YXXM motif that when phosphorylated creates the optimal bind-
ing motif for the SH2 domains of class IA regulatory subunits; however, this motif 
is not absolutely essential because a mutation in the motif does not prevent a PI3K 
activation (Jain et al.  1996  ) . A critical pathway for PI3K activation in BCR ABL-
expressing cells is mediated by Y177 in the BCR portion and the adapter proteins, 
GRB2 and Gab2. Y177 is an autophosphorylation site for BCR-ABL and functions 
as a docking site for GRB2. GRB2 binds through its SH2 domain to Y177 on BCR-
ABL, recruiting SOS which in turn activates Ras and the scaffold adapter GRB2-
associated binding protein 2 (GAB2) (Sattler et al.  2002  ) . A mutation of Y177 to 
phenylalanine (Y177F) exhibited either normal or decreased transformation capac-
ity which was shown with mouse models demonstrating an inability to transform 
into a CML like disease (He et al.  2002  ) . Similarly, Gab2−/− progenitor cells are 
resistant to transformation by Bcr-Abl.  

   RAS Pathway 

 Ras is a small GTP-binding protein, which is the common upstream molecule of 
several signaling pathways including Raf/MEK/ERK, PI3K/Akt and RalGEF-Ral. 

 GRB2 in association with SOS converts the inactive GDP bound Ras to its active 
GTP bound state. Ras is also activated by other proteins like Shc and CrkL that are 
substates of Bcr-Abl. Activated Ras binds to the serine/threonine kinase Raf-1, 
recruiting it to the plasma membrane where it is activated by tyrosine phosphoryla-
tion and initiates a signaling cascade by way of the mitogen-activated protein kinase 
(MAPK) pathway (Melo and Deininger  2004  ) .  

   Stem Cells 

 Human hematopoietic stem cell (CD34 + CD38-CD90 + Lin-) acquires the Ph posi-
tivity and initiates CML (Fialkow et al.  1977  ) . In mouse models, it was shown that 
chronic phase CML is characterized by the presence of both normal and leukemic 
stem cells whereas blast phase has CD34+ leukemic stem cell predominance (Sirard 
et al.  1996  ) . In mice, the b-catenin pathway activation is necessary for self-renewal 
capacity. In CML- BP, the LSC, which resemble granulocyte-macrophage progenitor 
cells (GMP) have an aberrant activation of b-catenin. There appear to be two distinct 
cell populations responsible for the disease in CML, (1) the GMPs with their aberrant 
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expression of b-catenin and (2) the quiescent leukemic stem cell population. The 
quiescent stem cells are responsible for the persistence of the disease even with 
treatment and can lead to disease progression (Quintas-Cardama and Cortes  2009  ) . 

 Notch proteins regulate development and its signaling also plays a role in self 
renewal. Hes1 is a key notch target gene and combined expression of Bcr-Abl and 
hes1 in murine myeloid progenitors lead to a condition similar to blast crisis phase 
of CML. Increased expression of hes1 was also demonstrated in small group of 
patients in CML blast crisis (Nakahara et al.  2010  ) . Another self-renewal pathway 
is the hedgehog pathway. Murine models of CML have demonstrated that high 
expression of Smoothened (Smo), a downstream protein in the hedgehog pathway, 
leads to a more accelerated disease (Zhao et al.  2009  ) .  

   Genomic Instability 

 Accumulation of chromosomal abnormalities is believed to play an important role 
in transformation from chronic phase to blast phase. There is a modest increase in 
the genetic abnormalities, and chromosomal abnormalities are consistently increased 
in BCR-ABL expressing cells. BCR-ABL has been shown to induce the production 
of reactive oxygen species, which cause oxidative damage and mutations (Sattler 
et al.  2000  ) . DNA damage may occur as a single nucleotide alterations, single strand 
breaks or double strand breaks. 

 DNA mutations can occur when there is an abnormality in DNA repair pathways 
or when there are mutations in the proteins necessary to recognize and repair DNA 
double strand breaks, or when there is failure of cell cycle checkpoints that allow 
subsequent replication of damaged DNA and BCR-ABL effects on all these pathways 
have been studied. Normally, single nucleotide alterations are repaired by mismatch 
repair or by nucleotide excision repair (NER), whereas strand breaks are repaired by 
high- fi delity homologous recombination (HR) or by non homologous end joining 
(NHEJ). BCR-ABL expression leads to decreased mismatched repair activity in CML 
cells. Tyrosine kinase inhibitor treatment leads to normalization of the mismatch 
repair activity which suggests that the BCR-ABL kinase function abrogates mismatch 
repair activity to cause a mutator phenotype and prevent apoptotic cell death (Stoklosa 
et al.  2008  ) . The effects of BCR-ABL on nucleotide excision repair and the signi fi cance 
remains unclear. The effects of BCR-ABL on NER in different cell lines was variable. 
With Ba/F3 BCR-ABL cells, NER activity was decreased making them more suscep-
tible to UV damage but in other cell lines the NER activity was increased. These 
effects were reversed with the use of imatinib suggesting that these are related to the 
Bcr-Abl kinase activity (Canitrot et al.  2003  ) .  

   Telomeres and Telomerases in CML 

 Telomeres are specialized repeat structures located at the end of human chromosomes. 
They provide a hexameric repetitive sequence which forms a buffer of expendable 
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DNA and along with telomere associated core proteins help in maintaining 
chromosomal integrity and stability. As cells divide, or in cells without compensatory 
mechanisms, there is loss of telomere repeats that occurs with the division. This pro-
gressive loss results in critical shortening ultimately causing terminal cell cycle arrest 
or apoptotic cell death. Dysfunctional telomeres can also result in end to end fusions 
and repeated fusion and breakage cycles results in loss of heterozygosity and genomic 
instability which may result in activation of oncogenes or suppression of tumor-sup-
pressor genes (Keller et al.  2009  ) . Myeloid cells from CML patients demonstrate 
accelerated telomere shortening. Ph+ peripheral blood leucocytes have more rapid 
telomere shortening, as compared to age-matched controls, and this shortening is 
more accelerated in patients with high risk disease. Telomeres in accelerated phase 
and blast crisis were also found to be smaller than in chronic phase and high telom-
erase activity was detected in patients with blast crisis. This was also associated with 
the acquisition of new cytogenetic abnormalities indicating the presence of genomic 
instability and microsatellite changes (Drummond et al.  2004  ) .   

   Natural History 

 CML has three clinical phases, chronic phase (CP) (early stage), blastic phase 
(advanced stage), and accelerated phase (AP) between them (clinically should be 
considered as advanced stage). Not all patients will have AP while CML pro-
gresses from CP to BP. The de fi nition of CML phases is given in Table  1  (Sokal 
et al.  1988 ; Savage et al.  1997 ; Kantarjian et al.  1993  ) . Untreated CML will prog-
ress to advanced stage and lead to death of the patient. Overall survival (OS) was 
approximately 3 years with no therapy. Therefore, allogeneic hematopoietic stem 
cell transplantation (alloHSCT) was the choice of treatment for CML patients 
who were transplantation candidates before TKI. Currently, the general consensus 
is that TKI therapy is the primary treatment option for CML patients (see manage-
ment for detailed discussion).   

   Table 1    Staging of CML   

 CML phase  De fi nition 

 Chronic phase  Fewer than 10% blasts in the blood and bone marrow 
 Accelerated phase  Blasts 10–19% of WBCs in peripheral and/or bone marrow cells; 

persistent thrombocytopenia (< 100 × 10 9 /L) persistent thrombocytosis 
(> 1000 × 10 9 /L) which is unresponsive to therapy; splenomegaly 
unresponsive to therapy; cytogenetic evidence of clonal evolution; 
Triad of WBC >50 × 10 3 /μL, hematocrit 125% and persistent 
unexplained fever or bone pain 

 Blast crisis  ³ 20% blasts present in peripheral blood WBCs or nucleated bone marrow 
cells; extramedullary disease with immature blast proliferation; and 
large foci or clusters of blasts on bone marrow biopsy 
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   Monitoring 

 Monitoring a patient with CML is essential to assess the ef fi cacy of ongoing therapy. 
De fi nitions used in monitoring patients (hematologic, cytogenetic, and molecular 
responses) are found in Table     2 . Responses are evaluated with recommended time-
lines (see Table  3 ); if responses are not achieved according to these criteria, this is a 
warning of suboptimal response or failure. In these incidences, current recommen-
dations suggest changing TKI based therapy (Baccarani et al.  2009  ) . 

   Table 2    De fi nitions of response in CML   

 Type of response  De fi nition of response 

 Hematologic  Normalization of peripheral blood (PB) counts: Platelets < 450 × 109/L, 
WBCs < 10 × 109/L,

No circulating immature myeloid cells,
No palpable splenomegaly
No symptoms of disease 

 Cytogenetic  Complete  No Ph + cells 
 Partial  1–35% Ph + cells 
 Minor  36–65% Ph + cells 
 Minimal  66–95% Ph + cells 
 None  >95% Ph + cells 

 Molecular  Complete 
Major 

 BCR-ABL transcript undetectable  
³ 3 log reduction in BCR-Abl transcript 

   Table 3    Response monitoring timeline in CML   

 Months on therapy  Optimal response  Suboptimal response  Treatment failure 

 3  Complete hematologic 
response (CHR) and at 
least minor cytogenetic 
response (CyR) 

 No cytogenetic response  Less than CHR 

 6  At least partial cytogenetic 
response (PCyR) 

 < PCyR  No cytogenetic 
response 

 12  At least complete 
cytogenetic response 
(CCyR) 

 < CCyR  < PCyR 

 18  At least major molecular 
response (MMR) 

 < MMR  < CCyR 

 At any time 
during treatment 

 Stable or improving 
MMR 

 Additional cytogenetic 
abnormalities in Ph + 
cells, loss of MMR, 
mutation with a low 
level of insensitivity 
to imatinib 

 Loss of CHR, 
loss of CCyR, 
mutation with 
a high level of 
insensitivity 
to imatinib 
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  Conventional cytogenetic studies are critical to follow patients on TKI not only 
for monitoring the leukemic cell mass and response to TKI, but also to identify 
novel chromosomal abnormalities which may evolve during treatment. Trisomy 8 is 
the most common abnormality and might be transient especially if it is not associated 
with myelodysplasia or leukemia. If patients are not losing response obtained on the 
treatment this minor abnormality or other new chromosomal abnormalities do not 
necessitate changing treatment (Hughes and Branford  2009  ) . On the other hand, 
patients who have achieved CCyR or MMR and are not losing CHR do not bene fi t 
signi fi cantly from conventional cytogenetic analyses (Ross et al.  2006  ) . Studies also 
revealed that results from peripheral blood (PB) and bone marrow (BM) are compa-
rable in terms of leukemia level except for advanced stage disease where BM results 
are superior (Hughes and Branford  2009  ) . In summary, cytogenetic studies from BM 
until CCyR is achieved are useful as shown in Table  4 , then repeating the studies 
annually. Molecular studies can be performed from patients with CCyR once a year 
from BM or more often from PB. 

   Table 4    Monitoring of response in CML   

 Response  Criteria of response  Frequency of monitoring 

  Complete 
Hematologic 
Response (CHR)  

 Normalization of peripheral 
blood (PB) counts: 
Platelets < 450 × 10 9 /L, 
WBCs < 10 × 10 9 /L, 

 No circulating immature myeloid cells,
No palpable splenomegaly
No symptoms of disease 

 Bi-weekly until CHR 
achieved and con fi rmed, 
then quarterly 

  Partial Hematologic  

   Response (PHR)  

 Platelets <50 % of pretreatment counts 
but >450 × 10 9 /L,  

 WBCs < 10 × 10 9 /L, Splenomegaly 
<50 % of pretreatment size 
Presence of immature cells in PB 

 Bi-weekly until CHR 
achieved and   con fi rmed, 
then quarterly 

  Minimal Cytogenetic 
Response 
(Minimal CyR)  

 66–95 % Ph + cells by conventional 
cytogenetic analysis of BMA 

 Every 6 months until CCyR 
achieved and con fi rmed, 
then annually 

  Minor Cytogenetic 
Response 
(Minor CyR)  

 36–65 % Ph + cells by conventional 
cytogenetic analysis of BMA 

 Every 6 months until CCyR 
achieved and con fi rmed, 
then annually 

  Partial Cytogenetic 
Response (PCyR)  

 1–35 % Ph + cells by conventional 
cytogenetic analysis of BMA 

 Every 6 months until CCyR 
achieved and con fi rmed, 
then annually 

  Complete Cytogenetic 
Response (CCyR)  

 No Ph + cells by conventional 
cytogenetic analysis of BMA 

 Every 6 months until CCyR 
achieved and con fi rmed, 
then annually 

  Major Molecular 
Response (MMR)  

 ³ 3-log reduction of BCR-ABL 
transcript 

 Peripheral blood tested 
every 3 months 

  Complete Molecular   
  Response (CMR)  

 BCR-ABL transcript undetectable by 
RT-   PCR 

 Peripheral blood tested 
every 3   months 
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   In the clinical setting, an increase in the level of BCR/ABL is frequently associated 
with disease progression (Branford et al.  2004 ; Press et al.  2007 ; Wang et al.  2006  ) . 
Fluorescence in situ hybridization (FISH) and real-time quantitative polymerase 
chain reaction (RQ-PCR) are useful to evaluate leukemic cell mass, the variant of 
BCR-ABL being expressed and the transcript levels of BCR-ABL. Moreover, 
molecular quanti fi cation is well correlated with cytogenetic status (Ross et al.  2006  ) . 
While FISH can only provide information on changes of tumor dynamics up to two 
log, RQ-PCR can detect up to a 5 log change in BCR-ABL transcript levels (Hughes 
and Branford  2009  ) . An initial National Cancer Institute (NCI) workshop addressed 
criteria for molecular, cytogenetic, and hematologic relapse. The importance of 
Quantitative PCR analysis posttransplant was emphasized in terms of an association 
of positive BCR/ABL and relapse posttransplant. In addition, it is recommended 
that Ph+ chromosome presence must evaluated by FISH in PB or BM or by conven-
tional cytogenetics in BM in patients with molecular relapse (Kroger et al.  2010  ) .  

   Tyrosine Kinase Inhibition 

 The realization that activated tyrosine kinases could play a role in initiation of cancer 
led to the development of compounds that would inhibit these enzymes. One of the 
earliest steps was the synthesis of speci fi c inhibitors of serine kinases (Hidaka et al. 
 1984  ) . This led to initial attempts at designing molecules that were speci fi c inhibitors 
of tyrosine kinases called the tryphostins (tyrosine phosphorylation inhibitors). 
The  fi rst series of these tryphostins developed by Alex Levitzki were modeled after 
a naturally occurring tyrosine kinase inhibitor and these included selective inhibitors 
of BCR-ABL (Yaish et al.  1988  ) . Using the known structure of the ATP binding site 
of protein kinases, a series of proteins that were 2-Phenylaminopyrimidine deriva-
tives were synthesized and screened for their potency towards inhibition of protein 
kinases. CGP 53716 and CGP 57148B both had in-vitro activity against PDGF 
receptor. The CGP 57148B also had potent activity against BCR-ABL and this 
became known as STI571 (signal transduction inhibitor 571) or imatinib (Gleevec®) 
(Druker et al.  1996  ) .  

   Imatinib 

   Pre-clinical 

 Druker et al. demonstrated that CGP 57148B was a potent inhibitor of BCR-ABL with 
an IC 

50
  of 0.025  m M in  in vitro  cell based assays. However, there were no signi fi cant 

inhibitions of other protein kinases except the platelet derived growth factor receptor 
(PDGF) tyrosine kinase. A dose dependent inhibition of tumor formation in mice was 
demonstrated by showing that CGP 57148B prevents tumor formation after inoculation 
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with 32Dp210 or 32Dv-Src cells which normally lead to development of tumors 
within 4 weeks. At a dose of 1  m M, CGP 57148B prevented colony formation when 
there was BCR-ABL expression by the cells obtained from peripheral blood or bone 
marrow from t(9:22) expressing CML patients. Interestingly, CGP 57148B was shown 
to have no effect on normal hemaotpoiesis (Druker et al.  1996  ) .  

   Phase I Studies 

 Following pre-clinical investigations, a Phase I trial was conducted with STI 571 in 
CML patients who failed treatment with interferon alpha. The primary endpoint 
was safety and tolerability in this dose escalation study. Dosing of STI 571 ranged 
from 25 to 1,000 mg and 83 patients were enrolled in the study. Pharmacokinetic 
analysis showed that the mean maximal concentration of 2.3  m g per milliliter 
(4.6  m M) was reached at steady state by once-daily administration of 400 mg of 
STI571. The half-life of the drug in the circulation ranged from 13 to 16 h, and the 
levels of the drug increased by a factor of 2–3 at steady state with once-daily dosing. 
The mean plasma trough concentration was 0.72  m g per milliliter (1.46  m M) 24 h 
after the administration of 400 mg of STI571 at steady state. This dose exceeded the 
concentration required for the inhibition of cellular phosphorylation by BCR-ABL 
(IC 

50
 , 0.025  m M), and this concentration caused the death of cell lines positive for 

BCR-ABL  in vitro . 
 The rate of CHR increased as the daily dose increased from 85 to 250 mg and 

reached 98% in patients treated with  ³ 300 mg of STI571. CHR typically occurred 
within 4 weeks after the initiation of therapy. The most frequent treatment related 
adverse effects were nausea, edema, myalgias, and diarrhea; overall, most were 
mild. In seven patients, there were elevations of liver-enzyme levels of grade 2 or 
higher. The maximum tolerated dose was not identi fi ed but based on the pharma-
cokinetic pro fi le, the 400 mg dose led to adequate serum concentrations that corre-
lated well with  in vitro  studies showing these concentrations to be effective in killing 
CML cells (Druker et al.  2001a  ) . 

 In CML-BC patients, STI571 was initiated at 300 mg with dose escalation (range 
of 300–1,000 mg/day). Fifty-eight patients were enrolled in this study and included 38 
myeloid blast crisis patients and 20 patients with lymphoid blast crisis patients (lym-
phoid blast crisis patients and Ph+ALL patients). The most frequent adverse effects 
noted were nausea (55%), vomiting (41%), and edema (41%); most of which were 
grade 1–2 as noted in the previous studies. Grade 4 neutropenia was observed in 40% 
and thrombocytopenia in 33% of STI571-treated patients. Forty-six of the 58 patients 
had a 50% reduction in the peripheral blood blasts. The overall response rate was 55% 
in the myeloid blast crisis patients and 70% in the lymphoid blast crisis patients. Of 
the 38 patients with myeloid blast crisis, four patients achieved a CHR and 17 reported 
a decrease in blasts in the marrow to  £  15% with eight of these having a decrease to 
 £  5%. In patients with a positive response to the STI571, decreases in peripheral blood 
blasts were seen within a week after initiation (Druker et al.  2001b  ) .  
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   Phase II Studies 

 Three phase II trials were initiated in patients with CP, AP and BC of CML. In a 
multicenter phase II study with CP patients, 532 patients were enrolled with 454 
patients having con fi rmed disease. Patients received imatinib at 400 mg/day orally. 
The dose was increased to 400 mg BID in patients in whom a CHR had not been 
achieved following 3 months of treatment, those whose disease relapsed within 
3 months after the achievement of a CHR, and those in whom a MCyR had not been 
achieved after 12 months of therapy. CHR was reported for 430 of the 454 patients 
(95%) studied. The median time to a CHR was 0.7 months and 86% of patients who 
had a response did so within 3 months of initiation. 

 Of the 454 patients, 272 (60%) had a MCyR and 343 (76%) had a major, minor, 
or minimal cytogenetic response. Of the 272 patients with a MCyR, 188 (41%) had 
a CCyR. The time to onset of MCyR ranged from 2.4 to 19 months. The estimated 
rate of PFS at 18 months was 89% (95% CI, 86–92%). The achievement of a cyto-
genetic response at 3 months was associated with a higher rate of PFS (Kantarjian 
et al.  2002  ) . 

 The phase II study enrolling AP patients was an open label non-randomized trial 
evaluating the clinical ef fi cacy and safety of the drug. Two-hundred thirty- fi ve 
patients were enrolled in the study; however, 181 patients had con fi rmed AP and the 
results were based on these patients. Imatinib induced HR lasting at least 4 weeks in 
69% of patients, including CHR in 34% of patients. Treatment with imatinib also 
induced MCyR in 24% of patients, 12-month PFS in 59% of patients, and 12-month 
overall survival in 74% of patients. Imatinib was well tolerated and the non-hemato-
logical side effect pro fi le was similar to those in other studies (Talpaz et al.  2002  ) . 

 Sawyers et al.  (  2002  )  evaluated imatinib in BC patients in an open-label, nonran-
domized, multicenter, phase II trial. This investigation sought to determine the rate 
of HR lasting at least 4 weeks, and the safety of treatment in this population. Initially, 
enrolled patients received treatment with imatinib 400 mg/day, but later were esca-
lated to 600 mg/day. The primary end point in this study was sustained HR lasting 
at least 4 weeks and secondary ef fi cacy end points were the induction of CyR, dura-
tion of HR, and overall survival. Two-hundred sixty patients were enrolled in the 
study and 37 (14%) started therapy with imatinib at 400 mg/day and the remaining 
223 patients (86%) started treatment at 600 mg/day based on the phase I data. 
Ef fi cacy results were reported on 229 patients that had con fi rmed CML-BC. Of the 
229 patients, 119 (52%) had reductions in blast values in peripheral blood and bone 
marrow features corresponding to a HR on at least one occasion. Thirty- fi ve patients 
(15%) had a CHR, 55 (24%) had a CHR or marrow response, and 64 (28%) met the 
criteria for a return to chronic phase. MCyR were reported for 37 patients (16%) and 
7% of those responses were complete. A major, minor, or minimal CyR was reported 
in 71 patients (31%). Rates of sustained HR and MCyR were markedly higher in 
patients treated with an initial imatinib 600 mg/day than in those given 400 mg/day. 
The estimated median survival time was 7.5 months for previously untreated 
patients. This compared favorably with the median OS time of 3–5 months observed 
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with other therapies available at the time of this study in patients with newly diag-
nosed myeloid blast crisis. The non hematological side effects observed were simi-
lar to those in other studies and were rarely severe. A  fl uid-retention syndrome 
involving disorders of pleural effusion, pulmonary edema, acute respiratory distress 
syndrome, ascites, congestive heart failure, or edema was identi fi ed as a possible 
adverse drug reaction. The episodes of severe cytopenias were frequent and were 
likey due to the pharmacological activity of the medication in this group of patients 
with very low bone marrow reserve.  

   Phase III Studies 

 The IRIS (International Randomized Study of Interferon and STI571) trial was a pro-
spective, multicenter, open-label, phase III, randomized study comparing 
imatinib with the standard treatment of recombinant interferon with low dose cytar-
abine. The primary end point was progression; secondary end points were the rate 
of CHR, the rate of MCyR, safety, and tolerability. Patients were allowed to cross 
over if they had no response, had a loss of response, had an increase in WBC count, or 
could not tolerate treatment. Eleven-hundred six patients were enrolled with 553  patients 
in each group, the median dose of imatinib was 400 mg/day (range 114–700 mg/day). 
The study was reported with a median follow-up of 19 months. A total of 79 patients 
(14.3%) in the imatinib group and 493 patients (89.2%) in the combination-therapy 
group either discontinued treatment or crossed over to the alternative treatment 
group. Higher overall rates of CHR in the imatinib group were reported when com-
pared to combination arm (95.3% vs. 55.5%, p < 0.001). Furthermore, the responses 
were quicker in the imatinib arm (1 month vs 2.5 months). The rate of a MCyR 
was 85.2% in the imatinib group, as compared to 22.1% in the combination arm 
(p < 0.001). The rates of CHR, MCyR and CCyR, freedom from progression to AP 
or BC CML, and tolerance of therapy were signi fi cantly improved in the imatinib arm 
(O’Brien et al.  2003  ) .  

   Follow-up Analysis 

 An 8 year follow up from the original IRIS study revealed, 304 (55%) pts 
remained on imatinib treatment, and 45% had discontinued treatment due to 
adverse events (AEs)/safety (6%), unsatisfactory therapeutic outcome (16%), 
stem cell transplant (3%), death (3%) or other reasons (17% for withdrawal or 
lack of renewal of consent and miscellaneous). No new long-term safety issues 
or new adverse events were identi fi ed. Estimated EFS at 8 year was 81% and 
freedom from progression to AP/BC was 92%. Estimated OS was 85% at 8 year, 
and 93% when only CML-related deaths and those prior to stem cell transplant 
were considered. The annual rates of progression to accelerated AP or BC in 
4–8 years following initiation of therapy were 0.9, 0.5, 0, 0, and 0.4%, respectively. 



289Chronic Myeloid Leukemia

Most AP/BC events occurred early, with minimal risk after year 3 and no evidence 
of an increase over time. Minor CyR at 3, partial CyR at 6 and 12, and complete 
CyR at 18 month intervals were associated with stable complete CyR over the 
observation period. This data suggests that patients responding to imatinib are 
likely to maintain their responses over time with minimal long term drug induced 
adverse events (Deininger et al.  2009  ) .   

   Imatinib Resistance 

   Pharmacokinetic Factors 

 Individual patient compliance should be investigated when patients do not respond 
appropriately to the TKIs. Patients not achieving a CCyR have less adherence (26% 
non-compliance vs 9%) to imatinib compared to those that achieve complete 
response at 12 month duration (Noens et al.  2009  ) . Bioavailability of imatinib also 
varies based on gastrointestinal absorption and drug metabolism in the liver. Imatinib 
is metabolized by the CYP450 isoenzyme 4A. The activity of this enzyme differs 
between individuals and also has the potential for drug interactions. The mean 
trough concentrations were higher in patients with good response compared to 
patients with less favorable outcomes (Larson et al.  2008  ) . Pharmacokinetic surveil-
lance with serum trough level monitoring has been suggested as a way of ensuring 
patient compliance, although this practice is not routinely performed. 

 Imatinib binds to protein, predominantly albumin but also to alpha1-acid glyco-
protein and increased binding to these proteins also may lead to impaired therapeu-
tic effect (Breccia and Alimena  2009  ) .  

   Resistance Mechanisms 

 Primary resistance to imatinib is de fi ned as failure to achieve a target level of response 
at any given time points after starting treatment as de fi ned by criteria published by the 
European LeukemiaNet expert panel. Secondary resistance is de fi ned as a con fi rmed 
increase in leukemia load at any point during therapy after an initial response.  

   Kinase Domain Mutations 

 The most widely studied and clinically relevant mechanisms of imatinib resistance 
involves acquired point mutations in the kinase domain (KD) of BCR-ABL. Protein 
kinase inhibitors typically bind at the highly conserved nucleotide-binding pocket 
of the catalytic domain. The activation loop in protein kinases controls catalytic 
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activity by switching between different states in a phosphorylation-dependent 
manner. In fully active kinases, the loop is stabilized in an open conformation by 
phosphorylation on serine, threonine or tyrosine residues within the loop. Imatinib 
binds to and stabilizes an inactive conformation of ABL in which the activation loop 
is in a “closed” substrate-mimicking position and there is extensive distortion of the 
ATP binding loop. Imatinib also interacts with the kinase through hydrogen bonds, 
some of which confer speci fi city (Schindler et al.  2000  ) . Based on the position, 
mutations can be divided into four categories: mutations that directly impair 
imatinib binding, mutations in the p-loop, mutations in the a-loop and mutations in 
the catalytic domain (Breccia and Alimena  2009  ) . Multiple mutations have been 
described but 15 amino acid substitutions account for more than 85% of the muta-
tions, and the mutations responsible for 66% of reported cases occur at only seven 
sites. T315I was one of the earliest mutations to be described and this mutation 
leads to impaired binding of imatinib. This mutation is a result of single amino acid 
substitution at position 315. Threonine present at this position forms a crucial 
hydrogen bond with imatinib and substitution with isoleucine prevents this bond 
formation (Gorre et al.  2001  ) . This mutation, in preclinical studies was also shown 
to induce a more aggressive leukemic phenotype (Liu et al.  2008  ) .  

   Drug Transporters 

 Several drug ef fl ux and in fl ux mediators have been implicated in mechanisms of 
resistance to imatinib. One of the main drug transporters implicated is MDR1 gene 
product, Pgp protein, which was also implicated in development of resistance to 
chemotherapy in other cancers as well. Pgp over-expressing cells have signi fi cantly 
lower imatinib concentrations (Mahon et al.  2003  ) . Other drug transporters such as 
breast cancer resistance protein (ABCG2), human organic cation transporter 1(OCT-
1) have been also been described as a possible mechanism in imatinib resistance 
(Doyle and Ross  2003 ; White et al.  2007  ) .  

   Increased Expression of BCR-ABL 

 Increased expression of BCR-ABL was shown clinically in 3 of 11 patients who had 
resistance to imatinib (Gorre et al.  2001  ) . In BCR-ABL cell lines it was shown that 
expression of the Bcr-Abl gene oncoprotein is associated with marked enhancement 
of phosphorylation of its key substrates such as Stat5 and CrkL (Barnes et al.  2005  ) . 
Increased expression of BCR-ABL led to increased resistance in those cell lines and 
also required less time to develop more resistant clones (Barnes et al.  2005  ) . Mahon 
et al.  (  2000  )  showed that increased expression was BCR-ABL was the most 
frequent cause of resistance to imatinib to cell lines. The low clinical prevalence of 
this increased expression as a cause of resistance is probably due to the inhibitory 
effect of high BCR-ABL on the growth of cells.  
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   Clonal Evolution 

 The decreased response to imatinib in blast crisis is well known. Clonal evolution is 
more common than kinase domain mutations in blast crisis CML patients (Lahaye 
et al.  2005  ) . In a series of 171 patients with inadequate responses to imatinib, 24% 
of the patients exhibited clonal evolution. Patients with clonal evolution had a higher 
frequency of KD mutations as well (Jabbour et al.  2006a  ) .   

   Dasatinib 

 The U.S. Food and Drug Administration (FDA) granted to dasatinib (Sprycel™, 
made by Bristol-Myers Squibb) approval for use in the treatment of adults with 
CML-CP, CML-AP, CML-BP with resistance or intolerance to prior therapy in June 
2006. Dasatinib was later approved for the treatment of adults with Ph+ALL with resis-
tance or intolerance to prior therapy. 

   Phase I Studies 

 In a phase I dose-escalating study (Talpaz et al.  2006  ) , dasatinib (15–240 mg/day, 
once or twice daily, PO as 4-week cycles) was tested in 84 imatinib refractory (86%) 
or intolerant patients (14%). Most patients on the study had CML (n = 74) whereas 
10 patients had CML-lymphoid blast crisis or Ph+ALL. OR rates were higher in 
CML-CP 92.7% (37 of 40 patients), compared to 82% (9 of 11 patients) in the 
CML-AP, 78% (18 of 23 patients) in the CML-BP, and 80% (8 out of 10) in the 
Ph+ALL or lymphoid blast. CHR rates were higher again in the CML-CP (92.7%) 
patients compared to CML-AP (45%), CML-BP (35%), or lymphoid crisis/Ph+ALL 
(70%) patients. Overall cytogenetic responses were observed in 62, 36, 52, and 90% 
of patients in CML-CP, CML-AP, CML-BP, and Ph+ALL/lymphoid crisis, respec-
tively. Overall CCyR occurred in 30% of all patients. The duration of response was 
short (the median of 4 months) in CML-BP patients and Ph+ALL/lymphoid crisis 
patients. Relapse was seen in 90% of these advanced patients. Hematologic grade 
3/4 adverse reactions were common, especially in patients with advanced disease. 
Pleural effusion was observed in 18% of the patients. Eight percent of the patients 
experienced elevated liver function tests, resolving spontaneously in the later 
courses. Patients with T315I mutation did not response to dasatinib. 

 The imatinib or nilotinib refractory 23 patients received a median of 4 months of 
dasatinib in a range of 70 mg PO twice day to 120 mg PO twice a day (Quintas-
Cardama et al.  2007a  ) . Four, ten, and nine patients were in CML-CP, CML-AP, 
CML-BP, respectively. Ten patients overall response (OR) was 57%, including CHR 
of 43%, cytogenetic response was observed in 7 (30%) patients, including 2 CCyR, 
4 PCyR, and 1 miCyR.  
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   Phase II Studies 

 In a phase II randomized trial, dasatinib (140 mg/day, n = 101) was compared with 
higher doses of imatinib (800 mg/day, n = 49) (Kantarjian et al.  2007a  ) . The dasat-
inib arm enjoyed improved responses, including CHR (93% vs. 82%, p = 0.034), 
CCyR (40% vs. 16%, p = 0.004), and MMR (17% vs. 0%). DFS was also superior 
with dasatinib (>90% vs. >70% in the imatinib arm at 1 year, p < 0.001). This study 
allowed crossover between these two arms, post-crossover, 17 of the 38 patients 
(45%) who received dasatinib subsequently achieved a MCyR after an initial treatment 
failure with imatinib. In contrast, only 15% (two of the 13 patients) of the patients 
who received imatinib after dasatinib failure attained a MCyR. Pleural effusion was 
observed in ~17% of patients on the dasatinib arm but none of the patients on the 
imatinib arm. Myelosuppression was more common with dasatinib, but peripheral 
edema was more frequent with imatinib.  

   Dasatinib in Early Stage CML (CML-CP) 

 Hochhaus et al.  (  2009  )  focused on 1,067 CML-CP patients who received dasatinib 
on phase II/III trials because of imatinib-resistance/suboptimal response (n = 829) or 
-intolerance (n = 239). MMR was observed at a rate of 12, 22, 35, and 40% after 3, 
6, 12, and 24 months, respectively. As expected, the response rate at 2-years was 
higher in intolerant patients (34% vs. 63%) with resistance or suboptimal response 
to imatinib (n = 829) and 63% in imatinib-intolerant patients (n = 238). Among 
patients who had achieved a complete cytogenetic response (CCyR), 72% also 
achieved MMR. Responses with dasatinib 100 mg once daily were similar to other 
doses. In landmark analyses, 24-month progression-free survival was higher in 
patients who had achieved MMR or CCyR at 12 months than in those without MMR 
or CCyR at 12-month. 

 In a phase II randomized START-R trial, dasatinib (70 mg twice a day, n = 101) 
or high-dose imatinib (800 mg/day, n = 49) was administered to imatinib-resistant 
(i.e., not responsive to imatinib 400–600 mg/day) CML-CP patients (Kantarjian 
et al.  2009a  ) . Baseline BCR/ABL mutations, including T315I were more common 
in the dasatinib arm. At a minimum follow-up of 2 years, dasatinib resulted in higher 
rates of CHR (93% vs. 82%, p = 0.034), MCyR (53% vs. 33%, p = 0.017), CCyR 
(44% vs. 18%, p = 0.0025), and MMR (29% vs. 12%, p = 0.028). Dasatinib also 
provided improved PFS (86% vs. 65%, p = 0.0012). Crossover was allowed. Among 
patients who crossed over to the other treatment arm, a MCyR occurred more fre-
quently with dasatinib (49%) than with high-dose imatinib (15%). The most com-
mon adverse events (>20%) were  fl uid retention, GIT events (diarrhea, nausea), 
fatigue, rash in both arms. Pleural effusion (25% vs. 0%), dyspnea (23% vs.4%), 
headache (26% vs. 10%), and musculoskeletal pain (21% vs. 12%) occurred more 
in the dasatinib arm. Grade 3/4 myelosuppression appear to be more common with 
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dasatinib treatment as well. In contrast, vomiting was more common in the imatinib 
arm (24% vs. 10%). However, patients received substantially longer dasatinib treatment 
(median of 23 months) than imatinib treatment (median of 3 months), which pro-
vides dif fi culty comparing adverse events between the two arms. 

 In a phase II trial in patients with 186 CML-CP patients, dasatinib induced 90% 
CHR and 52% MCyR at 8-months follow-up (Hochhaus et al.  2007  ) . Responses to 
dasatinib were durable. Only 4.7% of patients who had achieved a CHR had disease 
progression. PFS was 92.4%. The most common non-hematologic toxicities were 
headache, GI (diarrhea, nausea), fatigue/asthenia, and dyspnea. Grade 3/4 pleural 
effusion occurred in 3% of the patients. The durability of responses were shown in 
the updated results on more patients (n = 387) in 2008. With median follow-up of 
15.2 months, a CHR was similar to prior report (91%). A McyR was 59%, which 
was, as expected, higher in imatinib intolerant patients than imatinib resistant patients 
(80% vs. 52%). CCyR occurred in 49% of patients. PFS and OS were 90% and 96%, 
respectively. Grade 3/4 thrombocytopenia and neutropenia were reported in 48 and 
49% of patients, respectively. The most common all grade non-hematologic toxici-
ties were the same reported as in the Phase I trials.  

   Dasatinib in Advanced Stage CML (CML-AP/BP) 

 Dasatinib has been demonstrated to be ef fi cacious in advanced CML patients. In a 
phase II study, imatinib-resistant (n = 99) or -intolerant (n = 8) patients with CML-AP 
received dasatinib (70 mg PO twice a day) (Guilhot et al.  2007  ) . Overall hematologic 
response (OHR) was 81%, including MHR of 64% and CHR of 39%. CCyR was 
observed nearly 1/4th of the patients. A median time to reach MHR and MCyR 
was similar, 2 months. Progression-free survival (PFS) was 76% at 10 months. 
Cytopenias were frequently observed (60–100%). Non-hematologic toxicities 
described >20% of patients were headache, fatigue, and gastrointestinal tract (GIT) 
adverse event such as diarrhea and nausea. Pleural effusion was seen in 23% of the 
patients. BCR/ABL mutations occurred in 60% of these patients. “Gatekeeper” 
mutations like T315I inhibited dasatinib ef fi cacy. Another trial exclusively evaluated 
CML patients in BP (Cortes et al.  2007a  ) . Seventy-four patients were in myeloid 
blast crisis (MBC) 42 patients were in lymphoid blast crisis (LBC). Dasatinib induced 
similar MHR in MBC and LBC (approximately 30–35% MHR), but seemed to induce 
higher MCyR in the patients in LBC (50% vs. 31% with MBC). The patients with LBC 
appeared to have shorter time to the onset of response (approximately 1 month vs. 
2 months). However, in accordance with other studies (Talpaz et al.  2006  ) , disease 
progression occurred more frequently in the LBC patients (52% vs. 34%). All 
grades of pleural effusion occurred at a rate of 32.7%, including high grades in 10% 
of the patients. GIT toxicities, asthenia, fatigue other common toxicities. Most 
patients (57%) did not have BCR/ABL mutations, therefore dasatinib activity in 
these patients might be resulted from its activity on SRC family kinases (SFKs).  
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   Dose of Dasatinib 

 In a phase 3 study, 670 imatinib-resistant, -intolerant, or -sub-optimally responsive 
CML-CP patients were randomized to dasatinib 100 mg once-daily, 50 mg twice-
daily, 140 mg once-daily, or 70 mg twice-daily (Shah et al.  2010a  ) . A 2-year 
minimum follow-up showed that dasatinib 100 mg once a day schedule resulted 
in comparable outcomes and less side effects compared to other dosing schedules. 
Dasatinib provided similar CHR (87–92%), MCyR (61–63%), and CCyR (50–54%) 
among the four dose schedule arms. MCyR was durable at 2 year (68–87% of MCyR 
lasted). Most of CCyR occurred within  fi rst 6 months of dasatinib treatment. No 
CCyR was seen in 15 patients with BCRABL/T315I mutation, and only 1 of 6 patients 
with the F317L mutation. MMR was obtained approximately 60% in all arms. PFS 
rates was 80% in the 100 mg once a day arm compared to others that were around 
75% at 2 years. OS rate was 91% in the 100 mg once a day arm compared to others 
that were ranging from 88 to 94% at 2 years. Compared with the other three regimens, 
the 100 mg once daily regimen led the lowest rate of pleural effusions (14% vs. 
23–25%, p = 0.049), neutropenia (p = 0.034), leukopenia (p = 0.017), and  grade 3/4 
thrombocytopenia (p = 0.003). The most common treatment-related non-hematologic 
adverse events were  fl uid retention, headache, diarrhea, nausea, fatigue, rash, and 
dyspnea. This study was updated after 4-year follow-up in the 2010 annual ASCO 
meeting. At 36-month, PFS and OS 73% and 87% with 100 mg daily dosing whereas 
67, 60, and 72% in the 70 mg twice a day, 140 mg daily, and 50 mg twice a day dosing, 
respectively (Shah et al.  2010b  ) . OS remained similar among all four arms. Exposure-
response analysis has shown similar long-term outcomes achieved in CML-CP 
patients across dasatinib exposure (Roy et al.  2010  ) . The incidence of Grade 3/4 
non-hematologic adverse events were not related to differences in exposure. 

 A large study evaluating 1,067 CML-CP patients as a second line treatment 
concurred that 100 mg once a day results are comparable with other dosing schedules 
(Hochhaus et al.  2009  ) . 

 In another phase III trial (Kantarjian et al.  2009b  ) , 317 CML-AP patients were 
randomized to receive dasatinib 140 mg once daily or 70 mg twice a day. With a 
median follow-up of 15 months, the once day arm induced similar responses (CHR 
of 47% vs. 52% in the twice a day arm). MCyR of 39% vs. 43% in the twice a day 
arm (CCyR 32% vs. 33% in the twice a day arm). PFS and OS at 2-years were similar 
51% vs. 55% and 63% vs. 72%, respectively. Pleural effusion was observed less 
with once daily dosing (20% vs. 39%, p < 0 .001). Recently, dasatinib was approved 
for 100 mg once-daily dosing for patients with CML-CP based on results following 
this optimization study (CA180-034,  NCT00123474 I).  

   Dasatinib in Patients Who Failed Both Imatinib and Nilotinib 

 Thirty-four patients with CML received dasatinib as a third line agent after imatinib 
and nilotinib failure. Sixteen patients were in CP, 18 patients in advanced stage 
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(e.g., AP and BP). CHR was observed in 81 and 69% of the patients in CP and AP/
BP, respectively. CCyR was attained in 31 and 22% of the patients in CP and AP/
BP, respectively. MMR was attained in 13 and 11% of the patients in CP and AP/BP, 
respectively. Considering all patients (n = 48), with a median follow-up of 13 months 
since the start of the third TKI, 25 patients (31%) are still alive, including 15 (44%) 
treated with dasatinib and 10 (71%) with nilotinib. The median OS and EFS were 
20 months and 13 months, respectively. The duration of response was shorter com-
pared to the patients in CP (i.e., 20 months vs. 5 months in AP and 3 months in BP). 
In summary, patients failing a second line TKI may respond to third TKI, however 
duration will be short in patients with advanced disease. An allogeneic stem cell 
transplant should be considered for these patients.  

   Dasatinib in Newly Diagnosed CML-CP Patients 

 Patients were randomized to receive dasatinib 100 mg once daily or 50 mg twice 
daily as initial therapy (Cortes et al.  2010a  ) . Both arms were similar in terms of 
response rates and adverse events. CCyR and MMR were observed in 98 and 82% 
of 50 patients who were in the trial for at least 3 months, respectively. Responses 
occurred rapidly, with 94% of patients achieving CCyR by 6 months. The projected 
event-free survival rate and OS were 88 and 100% at 24 months. High grade 
neutropenia and thrombocytopenia occurred in 21 and 10% of patients, respectively. 
Nonhematologic toxicity was relatively low in severity.  

   Dasatinib vs. Imatinib in Newly Diagnosed CML-CP Patients 

 The result of DASISION trial were reported at 2010 annual ASCO meeting: 519 
patients were randomized to receive dasatinib 100 mg daily (n = 259) or to receive 
imatinib 400 mg daily (n = 260) (Kantarjian et al.  2010a  ) . The primary endpoint 
was 12-month rate of con fi rmed CCyR. Patients in both arms tolerated treatments 
well. Dasatinib induced higher CCyR (83% vs. 72%) and MMR (46% vs. 28%). 
Time to achieve MMR (HR 2.0, p < 0.0001) and CCyR(HR 1.5, p < 0.0001) was 
shorter with dasatinib. Rates of progression to AP/BC were 1.9% for dasatinib and 
3.5% for IM. Although anemia and neutropenia were similar in both arms, throm-
bocytopenia was more common with dasatinib (19% vs. 10%). Non-hematologic 
adverse drug reactions (all grades) in  ³ 10% of pts (dasatinib vs. IM) were  fl uid 
retention (19% vs 42%; including pleural effusion, all grade 1 or 2, 10% vs. 0%), 
nausea (8% vs. 20%), vomiting (5% vs. 10%), myalgia (6% vs.12%), muscle 
in fl ammation (4% vs. 17%) and rash (11% vs. 17%).  
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   Adverse Effects 

   Pleural Effusion 

 MD Anderson investigators reported severe pleural effusion occurred in 17% of 
patients while all grade frequency was 35% (Quintas-Cardama et al.  2007b  ) . 
Advanced stage was an important risk factor by univariate but not in multivariate 
analysis (29% in CP, 50% in AP, and 33% in BP). A multivariate analysis showed 
history of cardiac disease, hypertension, and use of a twice-daily schedule were 
identi fi ed as risk factors for development of pleural effusions. Effusions were exu-
dative in 78% of the assessable cases. In most patients, effusions were managed 
by holding dasatinib. The use of diuretics, steroids, and thoracentesis were uti-
lized in some patients. The exact mechanism through which dasatinib induces 
pleural effusion is unknown but may be related to inhibition of platelet-derived 
growth factor receptor beta (PDGFR- b ), Src-related kinases that mediate vascular 
permeability. 

 Another study from France exclusively sought pulmonary complications of dasa-
tinib (70 mg twice a day) in 40 patients (Bergeron et al.  2007  ) . Twenty-two percent 
developed respiratory symptoms, including dyspnea, cough, and chest pain. Fifteen 
percent of the patients had pleural effusion (all were exudates). In addition to the 
pleural effusion, there were paranchymal changes in the lung (17.5%) with ground-
glass or alveolar opacities and septal thickening. Bronchoalveolar lavage (BAL) 
revealed lymphocyte predominance. Dasatinib interruption led to resolution of the 
lung complications in all patients. The authors suggested that dasatinib associated 
pulmonary complications might be secondary to immunologic reactions rather than 
simple  fl uid retention. In line with this study, de Lavallade et al. emphasized that 
immune mechanisms may be the cause of dasatinib-induced pleural effusion (de 
Lavallade et al.  2008  ) . The cumulative incidence of pleural effusion at 1 year was 
29.5%. Other parancymal changes, including lobe consolidations, nodular opaci-
ties, and septal thickness were noted in 4% of the patients. Higher incidence of 
pleural effusions was seen in patients with hypertension, a history of cardiac disease 
and a dasatinib dosage >100 mg/day. A prior history of auto-immune disease was 
strongly associated with the risk of developing a pleural effusion. It was also sup-
ported by the  fi nding that the occurrence of a rash secondary to dasatinib was 
signi fi cantly associated with the risk of pleural effusion (RR = 7.07). In a multivari-
ate analysis, a prior skin rash on dasatinib, a previous history of autoimmune dis-
ease, and hypercholesterolemia were found to be a risk factor to develop pleural 
effusion on dasatinib. Lymphatic network disorder was thought to be responsible for 
pleural effusions (Goldblatt et al.  2009  ) . Pulmonary hypertension or right ventricu-
lar failure have also been reported secondary to dasatinib (Mattei et al.  2009 ; 
Rasheed et al.  2009  ) .   
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   Miscellaneous Issues: Dasatinib Use Before or After Allogeneic 
Stem Cell (AlloHSCT) 

 The use of dasatinib prior allogeneic stem cell transplantation (alloHSCT) has not 
demonstrated an increase in transplant-related morbidity or mortality (Jabbour et al. 
 2007 ; Breccia et al.  2010 ; Shimoni et al.  2009  ) . Dasatinib did not impair graft-versus 
leukemia (GVL) effect (Garland et al.  2010  ) . Dasatinib, like other TKIs, has demonstrated 
safety and ef fi cacy in the post-transplant setting. However, algorithms for appropriate 
dosage, intervals from SCT, duration of application, and the combination with donor 
lymphocytes remain to be addressed (Klyuchnikov et al.  2010  ) .  

   Dasatinib in Central Nervous System Leukemia 

 Dasatinib was shown to cross the blood–brain barrier and to be clinically active in 
central nervous system (CNS) Ph+ leukemias (Porkka et al.  2008 ; Abdelhalim et al. 
 2007  ) . Seven patients (64%) responded to treatment, and four received dasatinib 
monotherapy (Porkka et al.  2008  ) . CNS responses to dasatinib were generally dura-
ble and were maintained for at least 6 months in  fi ve patients, and for at least 
12 months in two patients. On the other hand, systemic dasatinib did not prevent 
isolated CNS relapse in CML-BP posttransplantation (Frigeri et al.  2009  ) .  

   Pregnancy and Breastfeeding 

 Pregnancy risk factor is labeled as D in the drug package insert. Pregnancy was 
detected in the  fi rst trimester in an 18-year old female while receiving dasatinib. 
Dasatinib was discontinued but progression occurred. The patient was treated with 
interferon and had a healthy infant (Conchon et al.  2010  ) . A man was also reported 
to have conceived a healthy baby while receiving dasatinib (Oweini et al.  2010  ) . In 
mice, dasatinib was extensively distributed in maternal tissues and secreted into milk 
(He et al.  2008  ) .   

   Nilotinib 

 In October 2007, nilotinib (Tasigna®) received accelerated approval by the U.S. 
FDA for use in the treatment of CP and AP Ph+CML in adult patients resistant or 
intolerant to prior therapy that included imatinib. Early clinical studies demonstrated 
ef fi cacy in obtaining notable hematologic, cytogenetic, and molecular response 
rates. As a result, nilotinib received accelerated approval in the treatment of newly 
diagnosed adult CML-CP patients in June 2010. 
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   Phase I 

 Kantarjian et al.  (  2006  ) , evaluated the ef fi cacy and tolerability of nilotinib in 119 
imatinib-resistant CML (106 patients; CP, 17; AP, 56; BP, 33) or Ph+ALL (13) 
patients. Nilotinib doses ranging from 50 to 1,200 mg daily or 400–600 mg twice 
daily were evaluated. Median duration of nilotinib exposure was 4.9 months (range, 
1.4–9.3 months) and 5.1 months (range, 0.3–12.6 months) for CP and AP patients 
respectively. All  fi ve CP patients with active disease that received 400 mg twice 
daily dosing obtained a CHR, whereas, 38% (three patients) of all CP patients in 
this dosing cohort obtained a CCR. In Ph+ALL patients, limited clinical responses 
were reported (one partial HR and 1CMR in 13 patients). Response rates for 400 
and 600 mg twice daily dosing were similar and were associated with reductions in 
phosphorylation of AKT (P = 0.036), STAT-1 (P = 0.003), and STAT-5 (P = 0.024). 
No dose limiting toxicities were reported up to 600 mg daily. In dosing cohorts 
>600 mg/day, 18 patients (15%) experienced toxicities. These toxicities included 
elevations in aminotransferases, bilirubin, lipase and amylase, as well as, rash, pru-
ritis, neutropenia, anemia, and thrombocytopenia. Analysis of >2,200 electrocar-
diograms revealed that nilotinib was associated with an increase of 5–15 msec of the 
corrected QT interval by Fredericia’s formula (QTcF). One patient had a pleural 
effusion and atrial  fi brillation without cardiac enzyme elevation. The dose of 
400 mg twice daily was taken to Phase II trials (Kantarjian et al.  2007b ; Le Coutre 
et al.  2008a  )  with a possible dose escalation to 600 mg BID in patients with 
insuf fi cient response.  

   Phase II-(CML-CP) 

 Interim analysis was published for 280 CML-CP patients who were imatinib 
resistant or intolerant, with a follow-up period of at least 6 months (Kantarjian 
et al.  2007b  ) . Patients with imatinib resistance had to have been treated with at 
least 600 mg/day of imatinib for 3 months prior to study enrollment. Intolerance 
was de fi ned as any non-hematologic toxicity  ³  grade 3, a grade 2 toxicity lasting 
more than a month, or recurrence despite dose reduction and supportive care. 
Most patients had received previous treatment with hydroxyurea (83%), inter-
feron- a  (66%), or cytarabine (25%). Nilotinib was dosed at 400 mg BID with 
dose escalation of 600 mg BID in patients not achieving desired hematologic or 
cytogenetic responses at de fi ned intervals. 

 Based on safety concerns from the Phase I trial, patients receiving medications 
which prolong the QT interval or inhibit CYP3A4 were excluded unless they could 
be switched to an alternate medication. BCR-ABL mutation status was assessed at 
study entry in 182 patients. A total of 28 different BCR-ABL mutations involving 
23 amino acids were noted. The primary endpoint of the trial was to determine the 
rate of major cytogenetic response (MCyR). Secondary ef fi cacy variables were time 
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to MCyR, duration of MCyR, CHR, time to duration of CHR, and OS (Kantarjian 
et al.  2007b  ) . 

 A MCyR was seen in 134/280 patients (48%; 95% CI, 41.9–53.9%). The rates of 
MCyR were similar in the imatinib resistant and imatinib intolerant groups (47% vs. 
48%). The median time to obtain MCyR was 2.8 months. Eighty-eight patients 
(31%; 95% CI, 26–37.2%) achieved a CCyR whereas 137/185 patients (74%; 95% 
CI, 67.1–80.2%) achieved a CHR who were not in CHR at baseline. The median 
time to obtain a CHR was 1 month. The estimated 12 month survival was projected 
to be 95%. Responses were affected in patients harboring a BCR-ABL mutation and 
were also dependent on the type of mutation. Following 6 months of therapy, MCyR 
and CCyR were achieved in 42 and 23% patients with a BCR-ABL mutation at 
baseline, compared to 51 and 35% of patients who lacked a mutation at baseline. 
Rates of cytogenetic or hematologic response correlated with nilotinib’s preclinical 
IC 

50
  pro fi le against BCR-ABL mutations. As anticipated, four patients (2.2%) who 

harbored the T315I mutation had no response to nilotinib (Kantarjian et al.  2007b  ) . 
A 24 month follow-up analysis of this study reported that the overall MMR was 
28% and was higher in patients with CHR at study entry. The median time to obtain 
a MMR was 5.6 months. Overall, 77 and 84% of responding patients maintained a 
MCyR and CCyR at 2 years, respectively (Kantarjian et al.  2009c  ) .  

   Phase II-(CML-AP) 

 A multicenter, open-label study that assessed nilotinib 400 mg twice daily in the 
treatment of imatinib-resistant or intolerant AP patients was reported by Le Coutre 
et al.  (  2008a  )  Imatinib resistance was de fi ned as one of the following despite receiv-
ing treatment of 600 mg/day of imatinib: (1) disease progression from CP to AP (2) 
50% increase in peripheral WBCs, blasts, basophils, or platelets (3) not achieving a 
HR in the bone marrow following 4 weeks of treatment. In addition, patients receiv-
ing less than 600 mg/day of imatinib with one of the following BCR-ABL mutants 
(L248, G250, Q52, Y253, E255, T315, F317, and H396) were also eligible. One 
hundred and nineteen patients (81% imatinib resistant, 19% imatinib intolerant) 
were enrolled in this study. The primary endpoint was the rate of hematologic 
response on two consecutive visits, 4 weeks apart. Secondary endpoints were time 
to HR, duration of HR, MCyR, time and duration to MCyR and OS. Dose escalation 
to nilotinib 600 mg BID was permitted in the absence of toxicity at the investiga-
tor’s discretion. Hematologic response was observed in 56 patients (47%; 95% CI, 
38–56%); this included 31 patients (26%) with CHR, 11 patients (9%) with marrow 
responses or no evidence of leukemia, and 14 patients (12%) which returned to CP. 
A MCyR occurred in 35 patients (29.4%; 95% CI, 21–39%), 19 (16%) had a CCyR, 
and 16 (13.4%) obtained a PCyR. The projected overall survival rate at 12 months 
was 79% (95% CI, 70–87%). A 2 year follow-up from this study indicated that 
cytogenetic responses were durable, with 69% of patients remaining in MCyR at 
18 months (Le Coutre et al.  2008b  ) .  
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   Phase II- (CML-BP) 

 Interim data from a phase II trial was presented at the European Hematology 
Association (EHA) by Giles et al.  (  2008  )  evaluating nilotinib in the treatment of 
imatinib resistant or intolerant CML-BP. Safety and ef fi cacy were reported for 
136 BC patients (105 myeloid, 31 lymphoid). For the patients on the study, prior 
therapies included interferon (34%), cytarabine (37%), and bone marrow transplant 
(13%). At study entry, authors noted that 53% of patients had additional chromo-
somal abnormalities. Nilotinib doses were initiated at 400 mg BID but could be 
escalated to 600 mg BID if patients did not adequately respond. Primary endpoints 
were consistent with previously mentioned Phase II trials. Hematologic response 
was observed in 25 (24%) of BC patients, CHR were reported in 11% of all patients 
(myeloid BC + lymphoid BC). The median treatment duration was 84 days (range, 
3–666 mg/day) and the median dose intensity was 800 mg/day (range, 3.7–1113 mg/
day). OS at 12 months was 42% in this advanced disease. Due to advanced disease, 
grade 3/4 cytopenias (neutropenia 67%, thrombocytopenia 62%, and anemia 42%) 
were increased in this study population. There was considerable discontinuation 
(54%) due to disease progression. Only 13 (10%) of patients remain on study. At 
interim analysis, death occurred in 6 (4%) patients.   

   Newly Diagnosed CML-CP Patients 

   Phase II 

 Cortes et al.  (  2008  )  evaluated nilotinib in previously untreated CML-CP patients. 
The primary objective of this study was to estimate the percentage of patients to 
obtain a MMR at 12 months. Forty-seven patients received nilotinib 400 mg BID for 
a median of 6.5 months. At 3 months, 46 (97%) patients had obtained a CCyR. This 
was impressive compared to historical control rates of 37% with imatinib 400 mg/
day and 62% of imatinib 800 mg/day (O’Brien et al.  2003 ; Cortes et al.  2008  ) . The 
12 month MMR was 45% in patients who received nilotinib. This also compared 
favorably to imatinib data (400 mg/day – 24%; 800 mg/day – 47%) (O’Brien et al. 
 2003 ; Cortes et al.  2006  ) . Updated results presented from these investigators suggest 
that the notable initial responses to nilotinib have continued. At 30 months, 92% 
CCyR and 75% MMR were projected (Cortes et al.  2010b  ) . These  fi ndings sug-
gested that nilotinib would be an effective  fi rst line agent in the treatment of CML.  

   Phase III 

 In a Phase III multicenter, open-label study called ENESTnd (Evaluating Nilotinib 
Ef fi cacy and Safety in Clinical Trials- Newly Diagnosed Patients), 846 CML-CP 
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patients were randomized to receive nilotinib (300 mg or 400 mg twice daily) or 
imatinib (400 mg once daily) (Saglio et al.  2010  ) . Patients were randomized in a 
1:1:1 ratio. Patients that received nilotinib produced signi fi cantly higher MMR rates 
(44% – 300 mg BID; 43% – 400 mg BID) compared to imatinib (22%), at 12 months 
(p < 0.001). Similarly, nilotinib induced higher CCyR regardless of its dose (80% – 
300 mg BID; 78% – 400 mg BID) compared to imatinib (65%), (p < 0.001). PFS 
was signi fi cantly better with nilotinib (300 mg cohort; p < 0.0095, 400 mg cohort; 
p < 0.0037). Fourteen patients progressed to AP/BP on study, of which 11 (78%) had 
received imatinib. No patients who achieved a MCyR progressed to advanced dis-
ease. Patients that achieved a CCyR while receiving nilotinib did not progress, how-
ever, three imatinib patients that achieved a CCyR later progressed to AP. All 
study cohorts demonstrated tolerable adverse event pro fi les. Gastrointestinal and 
 fl uid-retention events were more frequent among patients receiving imatinib whereas 
dermatologic events and headache were more frequent in those receiving nilotinib. 
No patient in any of the study groups had a QT interval corrected for heart rate of 
more than 500 msec. No decrease from baseline in the mean left ventricular ejection 
fraction was observed at any time during the study.   

   Refractory Treatment (Post-Imatinib and Dasatinib Failure) 

 Jabbour et al.  (  2006b  )  were the  fi rst to report on the use of nilotinib in this clinical 
setting. In this small investigation (n = 7), nilotinib 400 mg BID or 800 mg Q day 
were given to 1 CP, 1 AP, and 5 BP patients. Mutations F317L and E355G were 
found in two of four patients prior to nilotinib therapy. Nilotinib produced modest 
results in this study population, only 1 patient (AP) achieved a CHR. This patient 
had no mutations at baseline. 

 In an another analysis, 14 patients with CML received nilotinib as third line agent 
after imatinib and dasatinib failure (Garg et al.  2009  ) . Nine patients were in CP,  fi ve 
patients in AP/BP. Following treatment with nilotinib, results were as followed – 
(CP: CHR 67%, CCyR 11%, MMR, 33%; AP/BP: CHR 80%, CCyR 20%, MMR 
0%). Giles et al.  (  2007  )  presented a Phase II open label, multicenter study evaluating 
nilotinib in patients who were either intolerant or failed imatinib and dasatinib. A 
total of 67 patients were reported –CP (27), AP (15), and BC (25) ranging in age 
from 19 to 78 years. Speci fi c baseline BCR-ABL mutations were not determined in 
this study. At a 4 month follow up visit, of the 13 patients in the AP arm, 6 of 13 
(46%) achieved a HR and 1 of 13 (8%) achieved a MCyR. No patients in the AP arm 
had achieved a CHR at the time of follow-up, whereas four patients (20%) with BC 
achieved a CHR. Complete cytogenetic responses or MCyR were reported in 7/41 
(17%) of AP and BC patients without a baseline CHR. The median duration of nilo-
tinib exposure was 139 days (range, 22–542) in CP, 70 days (range, 2–264) in AP, 
and 41 days (range 4–198) in BC. A total of 7/27 (26%) CP patients, 4/47 (27%) AP, 
and 16/27 (64%) BC discontinued treatment due to progression of disease.  
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   Adverse Events 

   Hematological 

 Neutropenia and thrombocytopenia are the most common hematological abnormal-
ities reported following nilotinib treatment. Nilotinib administered at 300 mg BID 
is associated with 12% neutropenia and 10% thrombocytopenia (Grade 3/4 toxicity) 
in newly diagnosed CML-CP patients (Novartis Pharmaceuticals Corporation 
 2010  ) . In advanced disease, hematological adverse events are more frequent. 
Grade 3/4 neutropenia and thrombocytopenia occurred in 21 and 35% of CML-AP 
patients, respectively (Le Coutre et al.  2008a  ) . Advanced stage patients (AP/BP) 
often present with clonal evolution, which leads to a proliferation of the malignant 
phenotype, thereby compromising normal hematopoiesis. Hematological toxicities 
are manageable with dose interruption or reduction; however, patients may require 
hematopoietic growth factors or platelet transfusions.  

   Non-Hematological 

 All grade non-hematological adverse events associated with 300 mg BID dosing 
in newly diagnosed CP patients are rash (36%), headache (28%), nausea (19%), 
pruritus (19%), and fatigue (19%), however, toxicities are generally mild to moder-
ate in severity. Grade  ³  3 toxicities have been reported in 7% or less of patients 
(Novartis Pharmaceuticals Corporation  2010  ) . Serum abnormalities rarely lead to 
the discontinuation of nilotinib. Hyperbilirubinemia has been reported, although 
elevations are usually transient and are resolved with continued treatment (Kantarjian 
et al.  2006,   2007b  ) . The manufacturer recommends for  ³  Grade 3 toxicities of serum 
lipase or amylase, bilirubin, or hepatic transaminases that nilotinib administration 
should be withheld and may be resumed at 400 mg/day upon toxicity resolution 
(Novartis Pharmaceuticals Corporation  2010  ) . 

 Prolonged QT interval and sudden deaths have been reported. Kantarjian et al. 
 (  2006  )  reported nilotinib was associated with a mean increase of 5–15 msec in QT 
interval (QTcF) by Fridericia’s formula. In a Phase II study, increases in QTcF of 
more than 60 ms compared to baseline were observed in 4% of patients, however no 
episodes of torsades de pointes were observed (Le Coutre et al.  2008b  ) . The manu-
facturer recommends an ECG at baseline, a week following initiation, and periodi-
cally thereafter (Novartis Pharmaceuticals Corporation  2010  ) . In March 2010, the 
US FDA approved a REMS (Risk Evaluation and Mitigation Strategy) to assist 
physicians and patients in reducing the risk of QT prolongation. To reduce this risk, 
it is recommended to avoid concurrent strong CYP3A4 inhibitors, take medication 
on an empty stomach, as well as correct hypokalemia and hypomagnesemia prior to 
administration. 
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 Toxicities such as  fl uid retention, edema, cramps, and weight gain that are com-
monly associated with dasatinib and imatinib, are less commonly observed with 
nilotinib (Quintas-Cardama et al.  2007b ; Novartis Pharmaceuticals Corporation 
 2010 ; Druker et al.  2006 ; Cohen et al.  2002  ) . All grade peripheral edema was 
reported in 8% of newly diagnosed CP patients treated with nilotinib 300 mg BID, 
whereas, dasatinib-associated effusions occurred in 24% of patients receiving 
<100 mg/day (Novartis Pharmaceuticals Corporation  2010 ; Le Coutre et al. 
 2008c  ) . As stated previously in this chapter, the increased rate of  fl uid retention 
associated with imatinib and dasatinib is hypothesized to be due to increased inhibi-
tion of PDGFR-b (Quintas-Cardama et al.  2007c  ) .  

   Miscellaneous Hematopoietic Stem Cell Transplantation (HSCT) 

 With the emergence of data demonstrating second generation TKI improvement in 
newly diagnosed patients as well as imatinib resistance, more patients are receiving 
nilotinib prior to HSCT (Jabbour et al.  2007 ; Shimoni et al.  2009 ; Menzel et al. 
 2007  ) . Early reports suggest that positive outcomes are possible when nilotinib is 
given prior to a HSCT (Jabbour et al.  2007 ; Shimoni et al.  2009 ; Menzel et al.  2007  ) . 
Factors such as time to engraftment or donor chimerism have not been affected by 
the prior use of a TKI. Nilotinib has also been reported to restore full donor chime-
rism in a Ph+ALL patient following a sibling donor alloHSCT (Merante et al.  2009  ) . 
For patients who have failed imatinib prior to transplant, other TKIs such as dasat-
inib or nilotinib are more appropriate in the post-transplant setting (National 
Comprehensive Cancer Network clincal practice guidelines in oncology  2010  ) .  

   Pregnancy and Breastfeeding 

 Rats that were treated with nilotinib at oral doses of 10–100 mg/kg during mating 
and pre-mating periods had decreased viable fetuses at all doses tested. At doses of 
100 mg/kg (5.7 times the AUC of 400 mg BID dosing), produced maternal toxicity 
that included decreased gestation weight, gravid uterine weight, and net weight 
gain. In rabbits, doses of 300 mg/kg/day (approximately 1/3 of human exposure 
based upon AUC) were associated with maternal toxicity. As a result, nilotinib has 
been classi fi ed as pregnancy category D. Females are advised to use contraception 
during treatment. It is unknown if nilotinib is excreted into breast milk (Novartis 
Pharmaceuticals Corporation  2010  ) . A case report was published that discussed a 
successful pregnancy following taking nilotinib 200 mg BID within  fi rst trimester. 
Following positive pregnancy con fi rmation, the patient elected to withdrawal nilotinib 
therapy. A healthy baby boy weighing 3.2 kg with an Apgar score of 9 at 10 min at 
gestational week 33 was reported (Conchon et al.  2009  ) .   
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   Can TKIs Cure CML? 

 Despite the fact obtaining a CMR is common with the use of an oral TKI, patients 
with negative PCR might still have residual malignant cells. The presence of BCR-
ABL+ stem and progenitor cells even in patients achieving CCyR with imatinib 
has been shown (Bhatia et al.  2003  ) . In mice, leukemia cells could not be eradicated 
by a TKI (Hu et al.  2006  ) . Clinically, data have shown that discontinuing TKI 
therapy is associated with increases in tumor burden and relapse in most patients 
despite achieving a CMR (Hughes and Branford  2009 ; Rousselot et al.  2007 ; Cortes 
et al.  2004 ; Merante et al.  2005  ) . Some patients continued to have CMR more than 
2 years after discontinuing TKI therapy. It is unknown whether prior interferon 
therapy had a role in this persistent CMR after imatinib discontinuation (Rousselot 
et al.  2007  ) . The exact mechanisms for incomplete elimination of CML cells are 
unknown but may result from maintenance of quiescent, primitive CML cells that 
are not sensitive to imatinib-induced apoptosis (Graham et al.  2002 ; Holtz et al. 
 2005  ) . As a result, the discontinuation of TKIs are not recommended even in patients 
remaining in persistent CMR.  

   Novel Agents 

   Farnesyltransferase Inhibitors 

 An MD Anderson study evaluated the ef fi cacy of lonafarnib (SCH66336) in patients 
with imatinib-resistant or –intolerant CML-CP (n = 6) or CML-AP (n = 7) (Borthakur 
et al.  2006  ) . Lonafarnib was administered at a dose of 200 mg, orally, twice daily 
for a median of 8 weeks. Two patients responded; one AP patient returned to CP for 
3 months and one CP patient had normalization of leukocyte counts for 5 months 
without hydroxyurea. The most common adverse event was diarrhea. Lonafarnib is 
also being evaluated in combination with imatinib in imatinib-refractory patients. 
Tipifarnib (Zarnestra™) was also evaluated in combination with imatinib. The most 
common adverse effects were cytopenias and GIT adverse events. Therapy was 
administered for a median of 26 weeks. Overall HR occurred in 68% of the patients 
(17/25). Overall CyR was observed in nine patients (36%). One responsive patient 
presented with T315I mutation (Cortes et al.  2007b  ) .  

   Histone Deacetylase Inhibitors (HDAC Inhibitors) 

 Several HDAC inhibitors such as panobinostat, vorinostat, and LAQ824 are being 
evaluated in preclinical or phase I/II trials in advanced leukemias including CML 
(Fiskus et al.  2006a,   b ; Spencer et al.  2007 ; Kadia et al.  2010  ) .   
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   The Role of AlloHSCT in Modern CML Treatment 

 For decades, AlloHSCT has been the only curative treatment for CML. Following 
the introduction of TKIs into clinical practice, the number of AlloHSCT in CML 
patients has signi fi cantly reduced. The Center of International Bone Marrow 
Registry data reported that AlloHSCT provided approximately 70% OS in CML 
patients undergoing transplant less than 1 year after diagnosis (  www.cibmtr.org    ). 
Although the number of alloHSCT has decreased, OS rates have improved (Boehm 
et al.  2011  ) . A recent study from a single institution reported that patients who 
underwent an alloHSCT between 2001 and 2007 had 76% OS rate compared to 
50% OS in patients who received allograft between 1983 and 1994. AlloHSCT 
results were excellent in patients who achieved a CMR (86% at 3 years posttransplant) 
(Radich et al.  2003  ) . In contrast, OS rates decrease signi fi cantly in advanced 
stage patients (43% for CML-AP, 11% for CML-BP) (Boehm et al.  2011 ; Clift et al. 
 1994 ; Biggs et al.  1992  ) . In addition to disease stage, other factors affecting trans-
plant-related mortality (TRM) are summarized by European Bone Marrow 
Transplantation (EBMT) (Table  5 ) (Baccarani et al.  2009  ) . Low-risk (i.e., risk score 
of 0–2) patients report lower TRM (17%) in most recent years (in all years it was 
31%) whereas TRM was high for intermediate score (i.e., risk score of 3–4) patients 
(50%) and high risk score (i.e., risk score of 5–6) patients (70%). Although favor-
able outcomes can be obtained with AlloHSCT alone, considering the ef fi cacy 
and limited TRM associated with TKI therapy, most patients should be treated with 
a TKI prior to AlloHSCT. The subgroups in which alloHSCT should be considered 
are (1) pediatric patients, (2) young patients, (3) patients in accelerated phase, 
(4) patients in blast crisis, (5) following imatinib treatment, (6) patients who have 
fail to achieve optimal response according to European Leukemia Net (ELN) crite-
ria, (7) patients with T315I Abl kinase domain mutation, (8) patients progressing to 
advance stage, (9) patients failing to second generation TKIs, (10) all patients   /coun-
tries where cost effectiveness favors HSCT (Aguayo and Couban  2009  ) . However, 
recommendations are subject to change because many critical questions remain: 
whether TKIs are curative and whether patients that develop resistant mutations to 
TKIs will have impaired long-term transplantation survival? The outcome of 
AlloHSCT in patients with T315I mutation also warrants further investigation  

   Table 5    Risk factors which can affect Transplant Related Mortality (TRM) in CML Risk Factor   

 Patient age  < 20 y/o = 0  20–40 y/o = 1  > 40 y/o = 2 

 Disease phase  Chronic = 0  Accelerated = 1  Blastic = 2 
 Donor type  HLA-matched sibling = 0  Other = 1 
 Time from diagnosis  £ 1 year = 0  > 1 year = 1 
 Sex match  Male recipient/female donor = 1  Other = 0 

 Risk score  Level of risk  5-year survival 

 0–2  Low  ~60–70% 
 3–4  Intermediate  ~40–50% 
 5–6  High  ~20% 

http://www.cibmtr.org
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because follow-up, outcome information available for these patients is limited. A 
report from 8 patients with T315I mutations (2 patients in CP, 3 patients in AP, and 
3 patients in BP) demonstrated improved results if patients underwent an alloSCT 
in early phases of CML. Both of CP patients remained in CMR. Although responses 
occurred in other patients as well, responses were short in duration. For all patients, 
failure-free survival was 32% at 12 months. Most patients received non-myeloablative 
conditioning regimens (Velev et al.  2010  ) . The effect of disease stage appears more 
prominent on transplantation outcome rather than the direct negative effect of this 
mutation.   

   Management Guidelines 

 Treatment guidelines are useful to standardize treatment in CML patients and guide 
hematologists/oncologists how to manage these patients (Baccarani et al.  2009 ; 
National Comprehensive Cancer Network clincal practice guidelines in oncology 
 2010  ) . An algorithm is presented in Fig.  1  based upon these recommendation state-
ments. In CML-CP patients, imatinib 400 mg daily is the current standard therapy; 
however, additional treatment strategies for CML are rapidly evolving. The most 
recent studies with nilotinib or dasatinib as front line treatment show “superiority” 
(higher responses in shorter time) without signi fi cant toxicity compared to imatinib 
(Saglio et al.  2010 ; Kantarjian et al.  2010b  ) . However, with approximately 10 years of 
impressive follow-up data with imatinib, physicians should be cautious in switching 
to initial second generation TKIs in all patients. We need improved OS and at least 
comparable safety data in long-term comparison studies with standard imatinib.  

 In CML-CP, patients deemed imatinib-resistant or -intolerable, nilotinib or 
dasatinib should be used. Clinical responses with second generation TKIs in these 
patients are high, except patients who present with various BCR-ABL mutations. 
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  Fig. 1    Potential therapeutic targets on leukemic stem cells. Adapted with    permission from 
Misaghian et al.  (  2009  )        
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Accordingly, these patients should be followed vigilantly for progression. Initial 
disease responses can be lost and progression can occur due to the emergence of 
new mutations. The pros and cons of AlloHSCT should be clearly discussed with 
each patient. Obviously, the answer is complicated and must be individualized due 
to multiple factors such as age, co-morbid conditions, donor availability, HLA-match 
status, disease control status, donor related issues, BCR-ABL mutation status, and 
available clinical trials. 

 In patients with advanced CML (AP/BP) regardless of prior imatinib failure, 
nilotinib or dasatinib should be initiated. Concomitant chemotherapy use is at the 
discretion of prescribers. In choosing nilotinib or dasatinib, mutation analysis can 
be useful. If a patient carries a mutation that is well-described by clinical studies to 
confer resistance to a particular TKI, then another TKI with improved potency 
against BCR-ABL mutants should be initiated. Additionally, patient co-morbid 
conditions and the adverse effect pro fi le of a particular TKI should be taken into 
consideration. In patients with T315I mutation, novel agents in clinical trials such 
as XL228 (Smith et al.  2009  )  or omacetaxine (Cortes-Franco et al.  2009  )  should 
be considered. Short responses are seen in advanced stage CML patients; therefore 
an alloHSCT should be pursued. 

 The development of TKIs has revolutionized the treatment of CML. However, 
TKIs have not produced “a cure” which has been sought from targeted therapy. 
Approximately, 15% of patients will fail on imatinib. Further, there are mechanisms 
by which CML can be resistant to imatinib and second generation TKIs. Through 
continued research targeting CML blasts and stem cells, as well as additional drug 
discovery, CML may one day be eradicated without an alloHSCT.      
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          Introduction    

 Acute myeloid leukemia (AML) is a heterogenous group of malignant hematopoietic 
disorders characterized by uncontrolled proliferation and accumulation of clonal 
immature myeloid cells in the bone marrow, ultimately leading to hematopoietic fail-
ure. Despite some advances in therapy for patients with adult acute myeloid leukemia, 
the overall prognosis remains dismal. The backbone of induction therapy has not 
changed in decades, and usually includes a combination of an anthracycline and cytara-
bine. While the complete remission (CR) rate after induction is approximately 60–80% 
for patients younger than the age of 60, the overall cure rate remains only 25–30%, 
owing to a high rate of relapse despite postremission therapy. Outcomes are even worse 
in older patients, patients who evolve from previous myelodysplastic syndromes, and 
patients whose disease is linked to environmental and occupational exposures 
(Appelbaum et al.  2006 ; Kantarjian et al.  2006a  ) . These patients frequently relapse, and 
the remission duration is generally short. A minority of patients are eligible for alloge-
neic hematopoietic stem cell transplant (HSCT), which offers the possibility of cure but 
is associated with high morbidity and mortality, even in highly selected populations 
(Yanada et al.  2005a ; Cornelissen et al.  2007 ; Koreth et al.  2009  ) . 

 With such poor outcomes, the therapeutic limits with conventional cytotoxic 
chemotherapy are clear, thus underscoring the need for newer, targeted therapies. 
Conventional chemotherapy has the added disadvantage of being nonselective, and 
induction therapy is therefore associated with high rates of adverse events, most 
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notably severe pancytopenia and neutropenic infections. The prototype for selective, 
targeted therapy can be seen in the treatment of chronic myelogenous leukemia, in 
which a single fusion protein is responsible for pathogenesis in the vast majority of 
cases. Tyrosine kinases directed against the fusion product of bcr-abl has resulted in 
a dramatic improvement in the therapy and prognosis of these patients (Saglio et al. 
 2010 ; Kantarjian et al.  2010 ; Hochhaus et al.  2009 ; O’Brien et al.  2003  ) . However, 
other leukemias including AML are much less likely to see such success owing to 
their heterogeneous nature and the involvement of multiple cell-signaling cascades 
in disease pathogenesis. Research in the last decade has uncovered new intracellular 
signals and mechanisms that govern AML and promote proliferation and survival of 
leukemic stem cell. Despite progress in uncovering potential targets for therapy, 
many of these principles have yet to bear a clinical impact on our treatment of 
the disease. 

 This chapter will  fi rst review some of the major concepts and molecular pathways 
involved in leukemogenesis, followed by a focused discussion on some of the 
emerging therapeutic agents targeting these changes. It should be noted that what 
follows is, by no means, an all-inclusive list of potential targets and agents, but 
rather a discussion of some of the more heavily-researched topics.  

   Leukemia Stem Cells (LSCs) in AML 

 The concept of leukemia stem cells has been hypothesized for decades, but proof 
of this immature population is a relatively recent discovery in AML (Bonnet and 
Dick  1997  ) . Dick and Bonnet showed that a subpopulation of CD34+ and CD38- 
cells, when transplanted to non-obese diabetic with severe combined 
immunode fi cient (NOD-SCID) mice, were capable of initiating acute myeloid leu-
kemia (Bonnet and Dick  1997  ) . It was demonstrated from these experiments that 
AML is arranged as a cellular hierarchy, with only a small percentage of cells at the 
apex capable of producing leukemic blasts, thus giving them the ability to both 
initiate and maintain the leukemic clone. These leukemia stem cells (LSCs) pos-
sess the requisite properties of self-renewal, differentiation, and proliferation. 
Furthermore, while rapidly proliferating leukemic blasts are particularly suscepti-
ble to conventional cytotoxic chemotherapy, LSCs spend the majority of their time 
in the G 

0
  phase of the cell cycle, rendering them naturally resistant to cell-cycle 

speci fi c chemotherapeutic agents including cytarabine and anthracyclines (Guzman 
et al.  2001  ) . The persistence of these cells may explain the disparity between rela-
tively high rates of complete remission after induction chemotherapy and low rates 
of cure. Allogeneic HSCT is the most effective form of consolidation therapy and 
likely offers the only true chance of cure, particularly in those with high-risk fea-
tures (Cornelissen et al.  2007 ; Koreth et al.  2009  ) . While this procedure enables the 
use of high-dose chemotherapy, its success and failure likely rests upon the graft 
vs. leukemia effect on quiescent leukemia stem cells, mediated by donor T cells. 
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Studies have shown that larger LSC populations at diagnosis are correlated with 
increased minimal residual disease and poorer overall survival, and the ability to 
engraft readily in NOD/SCID mice is a marker of poor prognosis, thus highlighting 
that eradication of these cells is paramount in determining outcomes (van Rhenen 
et al.  2005 ; Pearce et al.  2006  ) . 

 Based on the similar surface phenotype, the high rate of quiescence, and similar 
levels of telomerase (Morrison et al.  1995  ) , it has been postulated that LSCs arise 
from HSCs. HSCs possess a prolonged lifespan with an increased number of cell 
divisions, increasing the chances of random mutation. As the development of AML 
is a multi-step process requiring multiple mutations, HSCs are logical candidates 
for leukemic transformation into AML LSCs. On the other hand, several X-inactivating 
studies based on G6PD expression by Fialkow and colleagues suggest that AML 
may arise from more committed myeloid progenitors (Fialkow et al.  1987,   1981  ) . 
More recent studies appear to con fi rm this hypothesis, based upon the identi fi cation 
of myeloid antigens (CD13, CD33, and CD123) upon leukemia repopulating 
cells within the CD34-positive/CD38-negative compartment (Taussig et al.  2005  ) . 
Other studies have reported transformation of multipotent progenitors (MPP) or 
myeloid-restricted progenitors that lack self-renewal capacity (Misaghian et al. 
 2009  ) . The ability to distinguish normal HSCs from LSCs may also be aided by 
differential expression of cell surface antigens such as CD90, CD117, and CD123 
(Guzman and Jordan  2004 ; Blair et al.  1998  ) . The issue of the precise cell targeted 
for leukemic transformation continues to be debated, and the ability to identify and 
discriminate AML-LSCs clinically could have enormous implications for therapeutic 
and monitoring strategies for this disease. 

 A variety of signaling pathways are also dysregulated in AML LSCs, and may be 
potential targets for future therapy, as indicated in Fig.  1 . 
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  Fig. 1    Potential therapeutic targets on leukemic stem cells. Adapted with permission from Misaghian 
et al.  (  2009  )        
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    Wnt/ b -Catenin Signaling 

 The Wnt/ b -catenin signaling pathway is critical in the self-renewal ability of normal 
hematopoietic stem cells and is requisite for self-renewal in leukemia stem cells 
(Wang et al.  2010  ) . 

 Multiple components of this pathway are aberrantly expressed and it has been 
shown to be constitutively activated in the majority of AML cases, thus implicating 
it in the pathogenesis of AML (Simon et al.  2005  ) . This may arise from mutations 
in FLT-3 and balanced translocation products such as AML1-ETO, PML-RAR a , 
and PLZF-RAR a  (Muller-Tidow et al.  2004  ) . Furthermore, high levels of  b -catenin 
have been linked with poorer event-free and overall survival (Ysebaert et al.  2006  ) . 

 In the absence of Wnt,  b -catenin is phosphorylated by multiple kinases, targeting 
it for ubiquitin-dependant proteasomal degradation. On the other hand, binding 
of Wnt ligand to Frizzled and low-density lipoprotein receptor–related protein 
family (LRP5 and LRP6) blocks glycogen synthase kinase-3-beta (GSK3-beta) 
and inhibits phosphorylation of  b -catenin, stabilizing it. This results in translocation 
of non-phosphorylated  b -catenin to the nucleus, where it interacts with T-cell transcrip-
tion factor (TCF) and lymphoid enhancer factor (LEF) resulting in the transcription 
of growth-promoting genes including c-Myc and cyclin D1 (He et al.  1998 ; Tetsu 
and McCormick  1999  ) . As  b -catenin is not required for self-renewal of normal 
hematopoietic stem cells and actually exhausts the long-term stem cell pool, it is an 
attractive target in AML.  

   Clustered HOX Genes 

 Clustered homeobox (HOX) proteins are a family of 39 polypeptides characterized 
by a 60 amino acid DNA-binding motif known as the homeodomain. Hox genes of 
the A, B, and C (but not D) clusters are required for hematopoietic development and 
HSC self-renewal (Sauvageau et al.  1994  ) . Their expression is tightly regulated in 
normal hematopoiesis, with preferential expression on HSCs and early progenitors 
but subsequent downregulation as the cells differentiate (Pineault et al.  2002  ) . While 
the exact mechanism by which they in fl uence hematopoiesis has yet to be elucidated, 
their importance is underscored by experiments demonstrating abnormalities of 
multiple hematopoietic cell lines in mice that either overexpress or are de fi cient in 
HOX (Frohling et al.  2007  ) . 

 These genes likely play a major role in LSC self-renewal and are known to be 
globally dysregulated in the majority of AML cases. In the majority of cases, the 
upstream mutations responsible for HOX dysregulation have yet to be elucidated, 
but some involve recurrent gene translocation products involving MLL (Rawat et al. 
 2008 ; Andreeff et al.  2008  ) , NUP98 (Palmqvist et al.  2007  ) , and the less common 
CALM/AF10 (Okada et al.  2006  ) . MLL is a known regulator of HOX gene expression, 
and partial tandem mutations may also result in upregulation in a small minority 



319Novel Targeted Therapeutics for Acute Myeloid Leukemia

of AML cases. NPM1 mutations are also known to be associated with HOX gene 
dysregulation (Rawat et al.  2008 ; Alcalay et al.  2005  ) . 

 Another family involved in HOX gene regulation is the caudal-related homeobox 
genes, or CDX family (Frohling et al.  2007  ) . Multiple HOX genes have a promoter 
region containing binding sites for the 3 Cdx homologs CDX1, CDX2, and CDX4. 
CDX2 has both tumor suppressor function and proto-oncogene activity in the 
gastrointestinal system, and aberrant expression is associated with multiple GI 
malignancies. CDX2 is not expressed in normal adult hematopoeisis yet almost 
90% of patients with AML aberrantly express it (Chan and Huntly  2008  ) . This over-
expression has been shown to alter HOX gene expression in murine progenitors 
(Frohling et al.  2007 ; Rawat et al.  2008 ; Chan and Huntly  2008 ; Scholl et al.  2007  ) . 
CDX4 is upregulated in approximately 25% of patients with AML, and had been 
shown to induce HOX gene dysregulation in both in vitro and in vivo experiments. 
While our understanding of the upstream and downstream mechanisms of HOX 
genes is incomplete, growing evidence supports their importance in the self-renewal 
abilities of myeloid leukemia stem cells.  

   Bmi-1 Protein 

 B-cell-speci fi c Moloney murine leukemia vius integration site 1 (Bmi-1) is an essen-
tial regulator of HSC and LSC self-renewal. Bmi-1 belongs to the family of Polycomb 
group (PcG) of genes, which are responsible for the preservation of gene-silencing 
and thus the maintenance of cell identity. Its expression is limited to immature HSC 
and the CD34+ fraction of AML patients (Raaphorst  2003 ; Park et al.  2003  ) . The 
importance of this gene was demonstrated in experiments with Bmi-1 knockout mice, 
in which progressive loss of all hematopoietic cell lines was seen. When Bmi-1 −/−  cells 
were transplanted into lethally radiated mice, partial reconstitution of myeloid cells 
was seen, but this effect was short-lived due to the lack of self-renewal capabilities 
(Park et al.  2003  ) . To study the effect in leukemia stem cells, a murine model of HSCs 
transfected with Meis1a and Hoxa9 was used. It was previously demonstrated that 
Meisa1a and Hoxa9 are suf fi cient to produce AML. When Bmi-1 −/−  mice were trans-
fected with these two genes, AML was induced but with lower populations of leuke-
mic cells in the blood. Furthermore, complementation studies showed that Bmi-1 
restored the ability of leukemic cells to repopulate, thus showing that Bmi-1 is essen-
tial in the self-renewal of L-HSCs (Lessard and Sauvageau  2003  ) .  

   PI3K/PTEN/Akt Pathway 

 The phosphoinositide 3-kinase(PI3K)/Akt signaling network is critical in multiple 
cellular processes including cell cycle progression, differentiation, transcription, 
translation, and apoptosis (Martelli et al.  2010  ) . The family of PI3K lipid kinases 
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can be further organized into classes I, II, and III, of which class I PI3K are the most 
well-characterized. These kinases are composed of heterodimers of an adaptor/
regulatory and a catalytic subunit. The adaptor/regulatory subunits help localize 
PI3K to the plasma membrane and stabilize the catalytic subunit. The lipid products 
of PI3K at the plasma membrane interact with NH 

2
 -terminal of Akt, resulting in a 

conformational change and phosphorylation of Akt. Akt is then directed through the 
cytoplasm into the nucleus, where it exerts its actions on gene regulation (Martelli 
et al.  2010,   2006  ) . One of its downstream targets includes the mammalian target 
of rapamycin (mTOR), a serine/threonine kinase that regulates translation of key 
molecules such as c-Myc, cyclin D1 and ribosomal proteins in response to growth 
factors (Martelli et al.  2006  ) . The interplay between Akt and mTOR is complex, but 
Akt can either directly phosphorylate mTOR or it can activate mTOR by modulating 
tuberous sclerosis 2 (TSC2), which in turn affects Rheb and the mTOR/Raptor/mLST8 
complex. Furthermore, mTOR can inhibit Akt in a classic negative-feedback loop 
(Martelli et al.  2006  ) . 

 In states of cellular stress such as heat shock, ischemia, hypoxia, and oxidative 
stress, this pathway is upregulated as a compensatory cellular protective mechanism 
(Martelli et al.  2006  ) . As many chemotherapeutic agents act through reactive 
oxygen species, the PI3K/Akt pathway is often upregulated in response to chemo-
therapy. This pathway is consistently elevated in both AML blasts and in LSCs 
transplanted in NOD-SCID mice, where it suppresses apoptosis (Martelli et al. 
 2010 ; Zhao et al.  2004 ; Xu et al.  2003,   2005  ) . 

 Aberrant activation of this cascade results in dysregulated cell proliferation and 
apoptosis, and upregulation is associated with drug resistance (Tazzari et al.  2007  ) . 
Other causes of upregulation are numerous and include mutations of FLT-3 and 
c-kit, N- or K-ras mutations, PI3K p110 b  and/or  d  overexpression, CXCR4/CXCL12 
interactions and autocrine/paracrine secretion of growth factors such as VEGF or 
IGF-1 (Martelli et al.  2010  ) . In addition, the PI3K/Akt pathway appears to be activated 
in response to leukemic cell adherence to  fi bronectin via VLA-4, leading to increased 
survival and chemotherapy resistance (Matsunaga et al.  2003  ) . Given the emerging 
understanding of the vital importance of LSC interactions with their environmental 
niche for survival and maintenance of stem cell properties, this pathway may be of 
increasing importance for therapeutic targeting (Konopleva and Jordan  2011  ) . 
Prognostically, some studies have suggested that upregulation of this pathway in AML 
is associated with poor outcome, a prospective study by Tamburini and colleagues 
suggest it actually be a favorable prognostic factor in de novo cases, even after 
adjustment for FLT3-ITD (Tamburini et al.  2007  ) .  

   NF- k B 

 Nuclear factor kappa-light chain enhancer of B cells (NF- k B) is a heterodimer 
composed of p50 and p65 subunits, and is normally bound to I k B a  in its inactive 
state. I k B a , when phosphorylated by the I k B kinase (IKK) complex, becomes 
targeted by the 26S proteasome complex for ubiquitination and degradation. Thus, 
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when I k B a  is degraded, NF k B is liberated and translates to the nucleus, where it is 
involved in the regulation of many genes that code for mediators of immune responses, 
in fl ammatory responses, and cell survival (Nakanishi and Toi  2005  ) . NF- k B is known 
to be constitutively active in AML blasts and stem cells (Guzman et al.  2001  ) , but 
not in normal HSCs. Furthermore, inhibition of NF- k B with the proteasome inhibitor 
MG-132 resulted in rapid LSC death with sparing of normal HSCs, suggesting a 
central role for NF- k B in LSC survival (Guzman et al.  2001  ) .  

   Other New Stem Cell Targets 

 Within the last 2 years, several other molecular targets within leukemic stem cells 
have been elucidated, each playing roles in maintenance and/or regulation of leuke-
mic hematopoiesis. The role of the Hedgehog (Hh) signaling has become evident in 
chronic myelogenous leukemia, whereby investigations have demonstrated that the 
Smo protein (an essential component of Hh signaling), is critical for the initiation, 
maintenance, and propagation of the disease in a mouse model (Zhao et al.  2009  ) . 
The Mushashi (Msi) family of RNA-binding proteins has been found to play a key 
role in somatic stem cell function, including in adult and fetal neural stem cells 
(Okano et al.  2005  ) . Comparatively high expression of Msi2 has been observed in 
hematopoietic stem cells, and its depletion has been associated with failure of 
engraftment. Within AML cell lines, Msi2 is overexpressed, and its expression in 
primary AML appears to be independently associated with adverse prognostic 
markers such as monosomy 7 and  FLT3  ITD mutations, suggesting its relevance both 
as a prognostic indicator and target for therapy (Okano et al.  2005  ) . Finally, hypoxia-
inducible factors (HIF), which mediate cellular response to hypoxia, may also regulate 
cancer stem cell function (Keith and Simon  2007  ) . In AML, HIF1 a  transcript levels 
were found to be highest in the stem cell subset (CD34 + CD38 − ) compared to other 
populations. In addition, inhibition of  HIF1a  expression was found to inhibit colony 
forming unit activity in leukemic stem cells, further highlighting the importance of 
HIF1 a  as a potential therapeutic target (Wang et al.  2011  ) .   

   Epigenetic Modi fi cations 

 In contrast to genetic aberrations that lead to structural DNA changes, epigenetic 
alterations involve the loss of gene function without direct modi fi cation of the DNA 
sequence. DNA promoter-region methylation and histone deacetylation represent 
the best-studied intracellular processes that mediate epigenetic alterations. In AML, 
a host of genes may be hypermethylated and subsequently silenced, including 
tumor-suppressor, DNA repair, and apoptosis genes (Agrawal et al.  2007 ; Issa et al. 
 1997 ; Melki et al.  2000 ; Seedhouse et al.  2003 ; Voso et al.  2004  ) . More globally, 
genomic scanning has suggested that up to 8% of all human CpG islands may be 
aberrantly methylated in AML (Rush et al.  2001  ) , suggesting a potentially important 
role for pharmacologic reversal of gene silencing in the treatment of these diseases. 



322 V. Duong and J. Lancet

More speci fi cally, in various subtypes of AML, there are several well-described 
epigenetic phenomenon that appear to have an important pathophysiologic role, some 
of which can be targeted in a way to reverse gene silencing and restore a normal 
cellular phenotype. 

   PML-RAR 

 Acute promyelocytic leukemia (APL) is characterized by a reciprocal translocation 
between chromosomes 15 and 17, which ultimately generates the onco-fusion protein 
PML-RAR, an aberrant retinoic acid receptor with altered transcriptional regulatory 
function. This fusion protein is able to bind promoter regions of retinoic acid receptor 
 a  target genes, thereafter recruiting DNA methyltransferases and histone deacetylases 
to inhibit transcription of these target genes, resulting in a block of normal retinoic-acid 
induced myelopoietic differentiation and an accumulation of immature myeloid 
progenitors (promyelocytes), which characterizes this disease (Di Croce et al.  2002 ; 
Plass et al.  2008 ; Lin et al.  1998  ) . Therefore, pharmacologic interruption of the gene 
silencing process induced by the PML-RAR fusion protein could restore normal 
myeloid differentiation.   

   AML1-ETO 

 The translocation t(8;21)(q22;q22) is a common karyotypic abnormality in AML 
that results in the creation of a chimeric protein, AML1-ETO (also known as 
RUNX1/MTG8), which functions as an aberrant transcription factor for several 
hematopoietic-speci fi c target genes, including  GM-CSF  and  interleukin-3  (Plass 
et al.  2008  ) . The AML1-ETO fusion protein recruits a transcriptional repressor 
complex that includes both histone deacetylases and DNA methyltransferases, 
thereby silencing RUNX1 target genes (Gelmetti et al.  1998 ; Liu et al.  2005  ) . 
Pharmacologic inhibition of DNA methyltransferase and histone deacetylation 
allows for restoration of target gene expression in an AML1-ETO model (Klisovic et al. 
 2003  ) , suggesting that epigenetic therapies may have a clinical role in AML, particu-
larly those subtypes characterized by DNMT or HDAC-mediated gene silencing.  

   Selected Aberrant Signaling Pathways 

   FLT3 

 Fms-like tyrosine kinase 3 (FLT3), also known as fetal liver kinase-2 (FLK-2) or 
stem cell kinase 1 (STK-1), is a member of the class III subfamily of receptor 
tyrosine kinases (RTK). It is composed of an extracellular ligand-binding domain, a 
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trans-membrane domain, a juxtamembrane domain, and a cytoplasmic tyrosine 
kinase domain interrupted by a kinase insert. Primarily expressed on myeloid and 
lymphoid progenitors including CD34+ cells (Rosnet et al.  1996  ) , its expression is 
lost as the cell differentiates (Knapper  2007  ) . FLT3 regulates many intracellular 
processes involved in normal hematopoiesis and cellular growth, including 
phospholipid metabolism, transcription, proliferation, and apoptosis (Meshinchi 
and Appelbaum  2009  ) . Upon binding with FLT3 ligand (FL), FLT3 undergoes a 
conformational change allowing receptor-receptor dimerization and autophospho-
rylation, which activates cell signaling through multiple downstream regulators 
including  b -catenin, phosphatidylinositol-3 kinase (PI3)/AKT, and RAS/mitogen-
activated protein kinase (MAPK), ultimately leading to the promotion of cell differen-
tiation, proliferation and survival, and inhibition of apoptosis. 

 FLT3 is expressed at various levels in 80–100% of patients across all subtypes of 
AML (Rosnet et al.  1996 ; Drexler  1996  ) . In addition, two broad categories of muta-
tions have been described, namely the internal tandem duplications (FLT3-ITD) and 
the activation loop mutations in the tyrosine kinase domain (FLT3-TKD). FLT3-
ITDs are found in approximately 25% of AML patients overall, and their prevalence 
is highly age dependent, ranging from 5–10% in children to >35% in elderly patients 
(Stirewalt et al.  2001 ; Meshinchi et al.  2006  ) . FLT3-ITD mutations are most fre-
quently seen in acute promyelocytic leukemia and in those with normal cytogenet-
ics. FLT3-TKD mutations are have been reported to account for 7–10% of AML 
cases (Yamamoto et al.  2001  ) , and the prevalence does not appear to be age depen-
dent (Knapper  2007  ) . Taken together, FLT3 mutations are the most common molec-
ular abnormality found in AML. Although these two mututations were originally 
thought to be mutually exclusive, so-called dual mutations in which the same patient 
harbors both mutations have been described and account for approximately 1% of 
cases (Chen et al.  2005  ) . 

 First described by Nakao and colleagues in 1996 (Nakao et al.  1996  ) , FLT3-ITDs 
are in-frame duplications of variable lengths in the juxtamembrane domain-encoding 
sequence of exons 14 and 15. These mutations promote receptor-receptor dimeriza-
tion even in the absence of FLT ligand (FL), leading to constitutive activation of 
multiple downstream targets including the PI3K/Akt and RAS/MAPK pathway. 
FLT3-TKDs are most often caused by a single missense mutation within the activating 
loop domain. The majority of these mutations occur in codon 835, in which a 
tyrosine is substituted for aspartic acid. Similar to FLT3-ITDs, FLT3-TKDs also 
promote autophosphorylation of the receptor, but studies suggest that different 
downstream regulators are involved leading to different biological effects. 

 Studies regarding the prognostic signi fi cance of FLT3-ITD have been uniform in 
linking these mutations to adverse outcomes in intermediate-risk cytogenetics. In 
contrast, it does not seem to have prognostic signi fi cance in patients with poor-risk 
or low-risk cytogenetics (including APL) (Santos et al.  2009  ) . Kiyoi and colleagues 
 fi rst showed the presence of FLT3/ITD was the strongest prognostic factor for 
overall survival in younger (>60 years old) patients (Kiyoi et al.  1999  ) . FLT3-ITD 
is also associated with a higher peripheral white blood cell count, higher bone marrow 
blast percentage, lower complete remission (CR) rates, higher relapse rate, and shorter 
remission duration, especially in patients less than 60 years of age (Kiyoi et al. 
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 1999 ; Ozeki et al.  2004 ; Yanada et al.  2005b ; Moreno et al.  2003 ; Thiede et al.  2002 ; 
Frohling et al.  2002 ; Kottaridis et al.  2001  ) . The negative prognostic impact persists 
in patients in  fi rst relapse, as patients harboring the mutation are less likely to achieve 
a second CR and have shorter survival (Ravandi et al.  2010a  ) . The size of the 
duplication may also have prognostic relevance, with one study showing a decrease 
in overall survival and relapse-free survival with increasing ITD size (Stirewalt et al. 
 2006  ) . Similarly, as newly diagnosed patients with FLT3-ITD are usually heterozygous 
for the mutation, the ratio between mutant and wild-type alleles may also be confer 
prognostic signi fi cance. Those patients with high mutant to wt ratios may have 
shorter disease-free and overall survival (Thiede et al.  2002 ; Kottaridis et al.  2001 ; 
Schnittger et al.  2002  ) . With respect to FLT-3 inhibitors, wild-type alleles may 
reduce the ef fi cacy, but may also protect normal hematopoietic precursors from 
further marrow suppression (Mori et al.  2009 ; Levis et al.  2009  ) . 

 On the other hand, there are con fl icting studies regarding the prognostic impact 
of FLT3-TKD and there continues to be controversy. While some studies have 
shown an association with adverse outcomes comparable to that of ITDs (Yanada 
et al.  2005b  ) , others have even suggested a survival advantage over FLT3-wild type 
(Mead et al.  2007  ) . Similarly, some have shown an association with a higher peripheral 
white blood cell count while others have not. It appears to have less impact upon 
survival, even in intermediate-risk patients (Santos et al.  2009 ; Mead et al.  2007  ) .  

   RAS 

 The rat sarcoma (Ras) protein family includes Kras, Nras, and Hras, which lay 
downstream of receptor tyrosine kinases such as FLT3 and mediate a variety of cell 
signaling pathways involving survival, proliferation, and differentiation (Downward 
 2003  ) . The  fi rst step in activation of Ras is the transfer of a 15 carbon moiety at a 
cysteine near the carboxyl terminus of a polypeptide, a process catalyzed by farnesyltrans-
ferase (FTase). Farnesylated Ras is transported to the endoplasmic reticulum, where 
it undergoes further processing that allows incorporation into the phospholipid 
plasma membrane. Once membrane-bound, Ras  fl uctuates between an active GTP 
bound form and an inactive GDP bound form. This in turn regulates several downstream 
effectors, including the MAPK/ERK pathway, and the PI3K/Akt pathway, and the 
Rac/Rho pathway, all of which are integral to cell regulation of apoptosis, cell 
cycling, and cell survival (Braun and Fenaux  2008 ; Rowinsky et al.  1999  ) . 

 Mutations in RAS protein, particularly N-Ras, occur in approximately 10–30% 
of AML cases, resulting in constitutive activation of the GTP-bound form (Kiyoi 
et al.  1999 ; Bowen et al.  2005 ; Neubauer et al.  2008 ; Ritter et al.  2004  ) . However, it 
may be insuf fi cient to produce AML by itself, suggesting that it may only be a 
secondary mutation in leukemogenesis. Its frequency varies with cytogenetics and 
FAB subtype, occurring more frequently with inv(16)/t(16;16) and inv(3)/t(3;3), 
and rarely in t(15;17) and MLL/11q23 (Bowen et al.  2005 ; Bacher et al.  2006 ; Callens 
et al.  2005  ) . It appears to confer sensitivity to cytarabine by inducing p53-dependent 
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differentiation (Neubauer et al.  2008 ; Meyer et al.  2009  ) , but multiple studies have 
reported con fl icting associations with outcome (Bowen et al.  2005 ; Ritter et al. 
 2004 ; Illmer et al.  2005  ) .   

   Multidrug Resistance and P-gp 

 The multidrug resistance (MDR) family of ATP-binding cassette transporters 
comprises a multitude of structurally and functionally related proteins that regulate the 
movement of speci fi c substrates across the cell membrane (Mahadevan and List  2004  ) . 
Pertaining to cytoprotective effect against chemotoxins, MDR1 (also known as 
P-glycoprotein), a 170 k-Da adenosine triphosphate-dependent drug transporter that 
is encoded by the  MDR1  ( ABCB1 ) gene, is the best characterized of the MDR trans-
port proteins, being constitutively expressed in many normal tissues as well as 
malignant cells. In normal cells, MDR1 may be upregulated in response to stress 
induced from a variety of sources, including reactive oxygen species and DNA 
damage (Hirsch-Ernst et al.  1998 ; Fardel et al.  1997 ; Thévenod et al.  2000  ) . In leuke-
mia, MDR1-expression may enhance cellular survival not only via substrate drug/
toxin ef fl ux, but also via suppression of caspase activation (Rue fl i et al.  2002 ; Smyth 
et al.  1998  ) . Lipophilic or positively charged compounds such as anthracyclines are 
particularly susceptible to the actions of MDR1. 

 As a clinical therapeutic target, MDR1 appears to be especially relevant in AML, 
its expression being strongly linked to factors such as older age, presence of antecedent 
hematologic disease, unfavorable cytogenetic pro fi le, and CD34 expression (Leith 
et al.  1997,   1999  ) . Speci fi cally, studies by the Southwest Oncology Group (SWOG) 
demonstrated a much higher rate of MDR1 expression in leukemic cells taken from 
older AML patients compared with younger patients (Leith et al.  1997,   1999  ) . 
In addition, MDR1 appears to be much more frequently expressed in CD34-positive 
compared with CD34-negative leukemic cell populations (Leith et al.  1999  ) , 
suggesting a predilection for a more functionally immature progenitor leukemic 
cells, and thereby an avenue, perhaps, by which to target leukemic stem cells. To 
this point, it has been shown that pharmacologic inhibition of MDR1 by cyclosporine 
results in delayed engraftment of MDR1 expressing leukemic cells in a mouse 
xenograft model (Lehne et al.  2002  ) . Prognostically, MDR1 expression has been 
reproducibly and independently associated with adverse outcomes, hence fortifying 
its candidacy as a target for pharmacologic inhibition.  

   Leukemic Stem Cell Agents 

 Targeted agents against leukemic stem cells may either take advantage of the unique 
surface phenotype or one of the many aberrant pathways described above. One 
strategy is the targeting of CD123, a receptor for IL-3 and a unique marker in AML 
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LSCs (Jordan et al.  2000  ) . A diphtheria toxin conjugate speci fi c for this cell surface 
marker has shown promise in preclinical models, showing a selective reductions in 
LSCs and AML blasts, a decrease in the ability to engraft in NOD/SCID mice, and 
better disease-free survival in mice transfected with AML (Feuring-Buske et al. 
 2002 ; Frankel et al.  2008,   2000 ; Kim et al.  2010 ; Liu et al.  2004 ; Su et al.  2010 ; 
Black et al.  2003  ) . Quantitation of the IL-3 receptor also correlates with response to 
these fusion proteins (Testa et al.  2005 ; Yalcintepe et al.  2006  ) . In one phase I trial, 
the diphtheria-IL3 fusion was successful in inducing 1 complete remission and 3 
partial remissions in AML patients (Frankel et al.  2008  ) . 

 As discussed previously, evidence suggests that AML-LSCs with repopulating 
ability express the myeloid antigen CD33 (Taussig et al.  2005  ) . Gemtuzumab 
ozogamicin (GO) is a recombinant humanized monoclonal antibody directed against 
CD33. In addition to being expressed on LSCs, approximately 90% of blasts in 
patients with AML express CD33 (Larson et al.  2005  ) . Approximately 50% of the 
CD33 monoclonal antibody is loaded with calicheamicin, an antitumor antibiotic. 
Binding of gemtuzumab to CD33 results in an antibody-antigen complex, which 
becomes internalized, wherby the calicheamicin derivative is then activated and 
released inside the lysozomes due to the acidic pH. Calicheamicin then translocates 
to the nucleus, where it binds to the minor groove of DNA, resulting in double 
strand breaks and cell death. Resistance to gemtuzumab ozogamicin has been linked 
to the multidrug resistance (MDR) phenotype, and high levels of CD33 in the 
peripheral blood may also reduce ef fi cacy likely due to peripheral consumption 
(Stasi et al.  2008  ) . 

 In three separate phase II trials that enrolled a total of 277 patients, gemtuzumab 
ozogamicin was given at a dose of 9 mg/m 2  over 2 h with 14–28 days in between 
doses (Larson et al.  2002,   2005 ; Sievers et al.  2001  ) . Inclusion criteria differed 
slightly between the three trials, but all had CD33+ AML in  fi rst relapse. Twenty-
six percent of patients achieved an overall remission, approximately half of which 
were CR and half of which were CRp. Amongst the 157 patients above the age of 
60, 24% achieved overall remission (Larson et al.  2002,   2005 ; Sievers et al.  2001  ) . 
As expected, infusion reactions such as fever and chills were common. Prolonged 
neutropenia and thrombocytopenia is almost universal with the use of this agent and 
lasts 7–8 weeks on average, and is likely due to the expression of CD33 on 
hematopoietic precursors (Larson et al.  2005  ) . Transient and reversible hyperbiliru-
binemia and elevated liver transaminases is relatively common, and the unique side 
effect of hepatic venoocclusive disease (VOD) has also been reported (Giles et al. 
 2001  ) . In May 2000, based on the interim results of these three studies, gemtuzumab 
was approved by the FDA for treatment of patients 60 years or older with CD33+ acute 
myeloid leukemia in  fi rst relapse and who are not candidates for other cytotoxic 
chemotherapy (Bross et al.  2001  ) . 

 Gemtuzumab was then studied in patients with newly diagnosed AML, but the 
results were poor overall. In elderly patients who were ineligible for cytotoxic 
chemotherapy, gemtuzumab monotherapy at the same dose used in previous tri-
als yielded a disappointing 17% CR rate (Amadori et al.  2005  ) . When added as 
maintenance in postremission therapy in elderly patients in CR1, there was no 
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clinical bene fi t in terms of disease-free survival or overall survival (Lowenberg 
et al.  2010  ) . Finally, in a large, international phase III study conducted by the 
Southwest Oncology Group, gemtuzumab ozogamicin was added to daunorubicin 
and cytarabine induction and showed no bene fi t in response rates, CR rates or 
relapse-free survival, and was also associated with a statistically signi fi cant increase 
in fatal adverse events. Based on these results, SWOG recommended closure of 
both arms of the study on August 2009 (Petersdorf et al.  2009  )  and gemtuzumab 
was voluntarily withdrawn from the market in June 2010. Despite its recent with-
drawal, several studies involving gemtuzumab ozogamicin in AML are still actively 
recruiting. 

 Other potential cell-surface markers on LSCs include CD44, CD47, and CD123. 
CD44 mediates the interactions between the LSC and the microenvironment, and 
high levels have been associated with poor prognosis (Legras et al.  1998  ) . Using 
anti-CD44 monoclonal antibodies, differentiation and selective eradication of AML 
stem cells were observed in engrafted NOD/SCID mice (Jin et al.  2006  ) . CD47 
serves as the ligand for signal regulatory protein alpha (SIRP a ), is highly expressed 
on AML LSC compared to HSC and may portend poorer overall survival. Activation 
of SIRP a  ultimately leads to inhibition of phagocytosis, an effect that was blocked 
by anti-CD47 antibodies in vivo. The use of these antibodies resulted in decreased 
leukemia cells in the bone marrow and decreased engraftment in mice (Legras et al. 
 1998 ; Majeti et al.  2009  ) . Testing of CD44 and CD47 antibodies in human trials has 
not yet begun. An early phase trial of CSL360, a monoclonal anti-CD123 antibody, 
recently completed phase 1 testing, with downregulation of CD123 but without 
evidence of single-agent clinical activity in advanced AML (Roberts  2010  ) . 

   Bortezomib 

 Owing to its well-documented success in the treatment of multiple myeloma, 
bortezomib (Velcade, PS-341) is the most widely-used proteasome inhibitor. It is a 
boronic acid dipeptide that reversibly inhibits the 26S proteasome by way of binding 
to the 20S complex, and has been shown to have very high response rates and 
prolongs survival in multiple myeloma (San Miguel et al.  2008 ; Richardson et al. 
 2005  ) . The side-effect pro fi le includes peripheral sensory neurotoxicity, cytopenias, 
and hypotension. While bortezomib currently has FDA-approved indications for 
the treatment of multiple myeloma and mantle cell lymphoma only, it has also 
been studied in refractory acute leukemias. Multiple preclinical studies have 
validated its proapoptotic and anti-proliferative activity in AML (Matondo et al. 
 2010 ; Conticello et al.  2008 ; Colado et al.  2008 ; Stapnes et al.  2007 ; Riccioni et al. 
 2007 ; Gil et al.  2007 ; Horton et al.  2006 ; Servida et al.  2005  ) , and it was well-
tolerated in a phase I study in acute leukemias and MDS that also demonstrated 
proteasomal inhibition. The maximum-tolerated dose of bortezomib was found to 
be 1.25 mg/m 2  administered twice weekly for 4 weeks every 6 weeks. Dose-limiting 
toxicities included orthostatic hypotension, nausea, diarrhea, and edema. Four out 
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of 15 patients had a hematological improvement in this heavily pretreated population, 
but the effect was transient, suggesting it has limited activity as monotherapy (Cortes 
et al.  2004  ) . Dosing was similar to a previous phase II study in patients with refractory 
multiple myeloma in which bortezomib was dosed at 1.3 mg/m 2  on days 1, 4, 8, and 
11 in a 21-day cycle (Richardson et al.  2004  ) . 

 Interestingly, anthracyclines have been shown to increase degradation of I k B a  
and induce rapid expression of NF- k B activity, perhaps as an escape mechanism for 
the toxic effects of the drug (Laurent and Jaffrezou  2001 ; Boland et al.  1997  ) . Thus, 
bortezomib was paired with both anthracyclines and cytarabine in vitro with good 
results (Horton et al.  2006 ; Guzman et al.  2002 ; Pigneux et al.  2007  ) , and one phase 
I study has shown that it adds little additional toxicity to idarubicin and cytarabine 
in AML patients (Attar et al.  2008  ) . The authors also demonstrated good tolerability 
at all doses up to 1.5 mg/m 2  and a CR rate of 61% (19 patients) (Attar et al.  2008  ) . 
Bortezomib has also been paired with pegylated liposomal doxorubicin in a study 
involving patients with advanced hematologic malignancies, of which most were 
multiple myeloma. Of the 42 patients enrolled,  fi ve had AML, and the only two 
evaluable patients from this group both had a PR. High-grade toxicities were not 
surprising and mostly included cytopenias, neutropenic fever, and peripheral 
neuropathy. Most recently, a phase I/II study of bortezomib and  fl udarabine, cytarabine 
and idarubicin in patients with relapsed/refractory AML. Of the 19 evaluable 
patients,  fi ve had a response after one cycle, including three CRs. One patient who 
achieved a PR converted to CR with bortezomib consolidation, and one patient 
converted from MRD positive to negative. Peripheral neuropathy was seen in 10% 
of patients and suggests that cytarabine may enhance the neurotoxicity of bortezomib 
(Mateos et al.  2009  ) .  

   Parthenolide 

 Parthenolide (PTL) is a sesquiterpene lactone found naturally in  Tanacetum parthenium , 
commonly known as Feverfew, which is used to treat migraine headaches and 
rheumatoid arthritis (Jordan  2007  ) . It has been found to have other biological prop-
erties including antitumor activity, inhibition of DNA synthesis, and inhibition of 
cell proliferation in a variety of cancer cell lines, and sensitization of cancer cells to 
chemotherapy agents (Patel et al.  2000 ; Zhang et al.  2004 ; Ross et al.  1999 ; Wen et al. 
 2002  ) . It has potent inhibitory activity against NF- k B by direct binding to I k B-kinase, 
thereby increasing the pool of I k B available to bind NF- k B, and also been shown to 
modify of the p50 and p65 subunits of NF- k B, generate reactive oxygen species 
(ROS), block signal transducers and activators of transcription 3 (STAT3) phospho-
rylation on Tyr705, and sustain c-Jun N-terminal kinase (JNK) activation (Zhang 
et al.  2004 ; Wen et al.  2002 ; Guzman et al.  2005  ) . An initial in vitro study showed 
preferential targeting of human AML LSCs with relative sparing of normal HSCs in 
a murine model. This study also compared results to cytarabine, which was found to 
be more toxic to normal HSCs with little activity against LSCs. There was a strong 
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association with NF- k B inhibition, activation of p53 leading to apoptosis, and 
generation of ROS. Futhermore, the effect of PTL on LSCs was abrogated by the 
antioxidant N-acetylcysteine, thus the authors proposed that NF- k B inhibition may 
make LSCs more sensitive to ROS-related cell death (Guzman et al.  2005  ) . 

 Despite its impressive activity in animal models, PTL is limited by poor aqueous 
solubility, leading to the development of a dimethylamino analog of parthenolide 
(DMAPT). This compound has approximately 70% oral bioavailability and greater 
than 1,000 times the water solubility compared to parthenolide. In both a murine 
and canine model, it also demonstrated inhibition of NF- k B, induction of ROS, 
upregulation of p53, and preferential eradication of LSCs (Guzman et al.  2007  ) .   

   Epigenetic Modi fi ers 

 Although the classi fi cation of pharmacologic epigenetic modi fi ers as targeted 
therapies may be questioned, given the generalized lack of knowledge in AML as to 
the precise genes being targeted for down regulation, their ability to modify gene 
expression is well-documented, and has spurred the clinical development of such 
agents. 

 Perhaps the most classic (and successful) example of a clinically active epigenetic 
modi fi er is All-transretinoic acid (ATRA), used in the treatment of acute promyelo-
cytic leukemia (APML). As described previously, in APML, the PML-RAR a  fusion 
oncoprotein serves to inhibit transcription of retinoic acid receptor-responsive 
genes. Since supra-physiologic (pharmacologic) levels of retinoic acid can induce 
RAR signaling, restoring transcription of target genes (Chomienne et al.  1991 ; 
Raelson et al.  1996  ) , the pharmacologic use of retinoic acid, in the form of ATRA, has 
been implemented. Earlier studies of single-agent ATRA in APML demonstrated 
very high rates of complete response in patients with previously untreated or relapsed 
disease, along with acceptable toxicity (Chomienne et al.  1991 ; Huang et al.  1988 ; 
Castaigne et al.  1990 ; Kanamaru et al.  1995  ) . In addition to its ability to promote 
myleopoietic differentiation, ATRA may also trigger clearance of leukemia-initiating 
cells, suggesting a dual mechanism for its bene fi cial long-term clinical bene fi t 
(Nasr et al.  2008  ) . More recently, its use has been re fi ned in a manner that allows for 
combination with cytotoxic drugs, leading to very high rates of long-term remission 
(Ades et al.  2008 ; Sanz et al.  2004 ; Tallman et al.  1997  ) . The novel strategy of 
combining ATRA with arsenic trioxide (a highly active agent in relapsed APML 
with both apoptosis and differentiation-inducing properties), has also been demonstrated 
to induce high rates of durable response, leading many investigators to anticipate 
the eventual possibility of curative therapy for APML without the need for cytotoxic 
chemotherapy (Ravandi et al.  2009  ) . 

 DNA methyltransferase inhibitors represent another class of epigenetic modula-
tors currently in use for the treatment of AML. While 5-azacitidine (azacitidine) and 
5-aza-2 ¢ -deoxycytidine (decitabine) are nucleoside analogues, developed originally 
as a cytotoxic agents (Saiki et al.  1978  ) , these drugs also function as DNA 
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 methyltransferase inhibitors following incorporation into DNA, where they 
 covalently bind and sequester DNA methyltransferases (DNMT), leading to decreased 
promoter hypermethylation and expression of silenced genes at doses much lower 
than the maximum tolerated doses (MTD) (Gof fi n and Eisenhauer  2002  ) . Examples 
of genes in AML whose expression may be restored following exposure to DNMT 
inhibitors include differentiation and tumor suppressor genes, such as  E-Cadherin  
and  P15   INK4B   (Kantarjian et al.  2007 ; Lakshmikuttyamma et al.  2009  ) . 

 Clinically, both azacitidine and decitabine have received FDA approval for the 
treatment of myelodysplastic syndromes (MDS), based upon studies demonstrating 
leukemia-free survival advantages compared with best supportive care (Kantarjian 
et al.  2006b ; Silverman et al.  2002  ) . In a more recent phase three trial, azacitidine 
signi fi cantly improved overall survival in higher-risk MDS patients (compared with 
conventional care regimens), demonstrating for the  fi rst time that a drug therapy 
could impart a disease-modifying effect in MDS (Fenaux et al.  2009  ) . In a subgroup 
of 113 patients in this study who had AML by World Health Organization criteria 
(20–29% blasts), azacitidine signi fi cantly improved overall survival, demonstrating 
a potential disease-modifying effect in AML (Fenaux et al.  2010  ) . Similarly, single-
agent decitabine has documented activity in AML. In a phase I study that included 
patients with a variety of hematologic malignancies, 5 of the 37 patients with AML 
had a CR with varying doses of decitabine (Issa et al.  2004  ) . Decitabine has also 
been studied in elderly patients as  fi rst-line therapy in a phase II trial. At a dose of 
20 mg/m 2  for 5 days of a 4-week cycle, the overall response rate was 25% with 
acceptable toxicity (Cashen et al.  2010  ) . Of the 34 patients with cytogenetic abnor-
malities,  fi ve achieved a complete cytogenetic response (Cashen  2009  ) . Despite the 
approval and relative wide-scale use of these agents in both AML and higher-risk 
MDS, the precise mechanism through which hypomethylating agents induce clinical 
response remains unclear. 

 Early phase studies have also investigated the use of hypomethylating agents in 
combination with other therapies in AML, including cytotoxic chemotherapy. 
Combinations of azacitidine with cytarabine, thalidomide, ATRA and gemtuzumab 
have demonstrated clear clinical activity, although the bene fi t of the combination 
beyond more conventional or single-agent therapy will need to be con fi rmed in 
larger randomized studies (Borthakur et al.  2009,   2010 ; Raza et al.  2008 ; Lubbert 
et al.  2009 ; Chowdhury et al.  2009  ) . 

 Histone deacetylase inhibitors have also been tested in clinical trials, but with 
limited success as single agents. Depsipeptide, vorinostat (suberoylanilide hydro-
xamic acid, SAHA), MS-275, and MGCD0103 have all been tested in phase I trials 
involving AML patients (Gojo et al.  2007 ; Byrd et al.  2005 ; Garcia-Manero et al. 
 2008a,   b  ) . In these four trials, a total of 111 AML/MDS patients were treated with 
HDAC inhibitors, 7 having achieved a CR (4 treated with vorinostat and 3 patients 
treated with MGCD0103) (Garcia-Manero et al.  2008a,   b  ) . It should be noted, 
however, that correlative studies did show increased histone acetylation and some 
patients did have blast count reductions. 

 While single-agent inhibition of either DNA methyltransferase or histone 
deacetylase can augment gene expression, it appears that combining this approach 
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leads to a higher degree and more sustained reversal of gene silencing (Cameron 
et al.  1999  ) . The ability to more comprehensively reverse gene silencing by dual, 
non-overlapping mechanisms of epigenetic modi fi cation has led to interest in the 
therapeutic targeting both hypermethylation and histone deacetylase in AML. A 14% 
CR rate in 29 patients with AML/MDS was seen in patients treated with azacitidine 
and sodium phenylbutyrate. Decitabine and valproic acid have been paired in AML/
MDS, resulting in a 54% CR rate in one phase I study. In another phase I study, the 
addition of valproic acid to decitibine was associated with increased risk of encephalopa-
thy but with similar response rates, with demonstration of ER promoter demethylation 
and histone H3 and H4 acetylation (Garcia-Manero et al.  2006  ) . 

 Although much evidence supports a potential pathophysiologic and prognostic 
role of several silenced genes in these diseases, clinical/translational studies that 
have attempted to correlate clinical response with treatment-induced changes in 
DNA promoter methylation status or gene expression have yielded mixed results. 
In one study of combined DNMT inhibitor (azacitidine) with an HDAC inhibitor 
(phenylbutyrate), responding patients clearly demonstrated inhibited much greater 
reversal of  P15  methylation within bone marrow cells compared with non-responding 
patients; however, a relationship between actual upregulation of surrogate gene 
expression and response was not seen (Gore et al.  2006  ) . Other studies have failed 
to demonstrate any correlation between clinical response and down-regulation of 
DNA methylation or increased histone acetylation (Kantarjian et al.  2007 ; Garcia-
Manero et al.  2006,   2008a ; Blum et al.  2007  ) . Clearly, further investigations into the 
precise targets and mediators of response to epigenetic modi fi ers will be necessary to 
augment their role in the treatment of AML and MDS.  

   Signal Transduction Inhibitors 

 Targeted signaling pathway inhibition with small molecules is emerging as an 
important therapeutic modality in many cancers. In AML, small molecule inhibitors 
of targeted pathways are also being clinically developed, some of which are described 
below. 

   FLT3 Inhibitors 

 The high frequency of  FLT3  mutations in AML, along with its important prognostic 
relevance, has brought forth over the past 10 years an enormous effort to therapeu-
tically target the product of this mutation, such that the clinical development of 
inhibitors of FLT3 has far outpaced that of any other target in AML. FLT3 inhibitors 
are all are heterocyclic compounds that directly inhibit FLT3, containing structural 
similarity to the purine analog ring of adenosine, thus competing with ATP for the 
ATP-binding pocket of the FLT3 kinase domain (Knapper  2007  ) . All differ in their 
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af fi nity for FLT3 due to changes in the tertiary structure of the binding pocket. 
Speci fi c inhibitors (some of which have had development discontinued) brought 
into the clinic over the years include Sunitinib, Sorafenib, Midostaurin, Lestaurtinib, 
Tandutinib, AC220, and KW2449. Basic pharmacokinetic and pharmacodynamic 
features of these compounds are summarized in Table    1.  

 Sorafenib is an orally bioavailable, multi-kinase inhibitor currently approved for 
hepatocellular carcinoma and renal cell carcinoma. It has also shown strong FLT3 
inhibitory activity, appearing more potent against FLT3-ITD mutants compared 
to FLT3-TKD mutants (Zhang et al.  2008  ) . Data on sorafenib monotherapy in 
FLT3-ITD patients are limited, but have been associated with hematologic, bone 
marrow, and even complete molecular responses in some patients, making it somewhat 
unique in its activity as a single agent as compared to most other FLT3 inhibitors. 
In phase I study of 16 patients with relapsed/refractory AML, the use of sorafenib 
resulted in a signi fi cant decrease in the number of peripheral and bone marrow 
blasts in patients, but only in patients with FLT3-ITD (Zhang et al.  2008  ) . The drug 
has been well-tolerated in these patients, but resistance may develop after prolonged 
use (Metzelder et al.  2009a ; Schroeder et al.  2009  ) . In another study, six patients 
with FLT3-ITD positive AML were treated with sorafenib before and after alloge-
neic hematopoietic stem cell transplant (HSCT) with rapid and durable responses 
observed in all six patients (Metzelder et al.  2009b  ) . Most recently, a phase I/II study 
with sorafenib (400 mg twice daily × 7 days) combined with idarubicin and cytarabine 
in younger patients with AML revealed a 75% CR rate, including a 93% CR rate in 
the FLT3-ITD patients (Ravandi et al.  2010b  ) . 

 Midostaurin (PKC412) is an indolocarbazole multitargeted kinase inhibitor that 
has activity against both FLT3-mutant and FLT3-wt AML (Odgerel et al.  2008 ; Barry 
et al.  2007 ; Weisberg et al.  2002  ) . It was  fi rst studied by Stone and colleagues as 
monotherapy in relapsed/refractory AML and MDS, where 14 of 20 patients achieved 
a transient decrease in peripheral blasts by at least 50% and concomitant decreases 
in FLT3 autophosphorylation (Stone et al.  2005  ) . Several years later, the same group 
published results of a phase II study of young patients with newly diagnosed AML, 
receiving induction chemotherapy with daunorubicin and cytarabine, followed by 
cytarabine postremission therapy plus midostaurin. A dose of 50 mg twice daily 
was best tolerated (higher doses were associated with unacceptable rates of nausea 
and vomiting), and overall survival at 1 and 2 years was found to be comparable in 
both the FLT3-mutant and FLT3-wt subgroups, suggesting that addition of a FLT3 

   Table 1    Status of FLT3 inhibitors in clinical development in AML   

 Inhibitor  Company  Route 
 FLT3 inhib in 
vitro potency 

 FLT3 inhib in 
vivo potency  Selectivity 

 Oral 
bioav  Status 

 Sunitinib  P fi zer  Oral  +++  +++  ++  ++  Discont’d 
 Sorafenib  Bayer  Oral  +++  +++  +++  ++++  Ph 2 
 Midostaurin  Novartis  Oral  +++  ++  ++  ++  Ph 3 
 Lestaurtinib  Cephalon  Oral  +++  ++  ++  +  Ph 3 
 Tandutinib  Millennium  Oral  ++  ++  ++++  +  Discont’d 
 AC220  Ambit  Oral  ++++  ++++  ++++  +++  Ph 2 
 KW2449  Kyowa  Oral  ++  +++  ++  +++  Discont’d 
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inhibitor to cytotoxic chemotherapy may preclude the need for allogeneic stem cell 
transplant in FLT3-mutated AML patients in CR1 (Stone et al.  2009  ) . Based on this 
study, the Cancer and Leukemia Group B (CALGB) is currently conducting a phase 
III study of cytarabine and daunorubicin induction followed by cytarabine postremission 
therapy plus midostaurin or placebo given comcomitantly with all cycles. 

 Lestaurtinib (CEP701) is another orally bioavailable indolocarbazole tyrosine 
kinase inhibitor that has been shown to selectively inhibit phosphorylation of both 
FLT3-mutated and FLT3-wt cell lines, although with seemingly the most potency 
against FLT3_ITD mutants (Levis et al.  2002 ; Mead et al.  2008  ) . In two early trials 
lestaurtinib was well-tolerated when given as monotherapy and resulted in transient 
reductions in blast percentage in both the bone marrow and peripheral blood (Smith 
et al.  2004 ; Knapper et al.  2006  ) . This drug has also demonstrated synergy with 
standard induction chemotherapy agents in vitro, but may antagonize the effects if 
given prior to chemotherapy due to induction of cell-cycle arrest (Levis et al.  2004  ) . 
A randomized, open-label study comparing mitoxantrone, etoposide, and cytarabine 
(MEC) alone or MEC followed by lestaurtinib in AML patients with activating 
FLT3 mutations in  fi rst relapse was recently published, demonstrating no improvement 
in response rates or survival with the combination, a disappointing result possibly 
explained by the fact that only 42% of patients achieved sustained target (FLT3) 
inhibition (Levis et al.  2011  ) . 

 AC220 is an orally available, potent, selective second generation RTK inhibitor 
optimized for FLT3 inhibition. Preclinical studies in a mouse model showed survival 
extension in doses as low as 1 mg/kg once daily, and it has been shown to be highly 
selective for both WT and mutant FLT3 (Zarrinkar et al.  2009  ) . When tested in a 
phase I study in predominantly relapsed or refractory AML patients unselected for 
FLT3 mutations, the agent was well-tolerated, with the most common side effects 
being GI events, peripheral edema, and dysguesia, which were grade 2 or less. 
The maximum tolerated dose (MTD) was found to be 200 mg daily for 28 days and 
most responses occurred within one cycle. Intriguingly, 9 (12%) of 76 patients 
achieved a CR/CRi and 18% achieved a PR. Of note, 4 out of 6 patients with FLT3-
ITD patients responded, of which two had failed prior treatment with sorafenib 
(Cortes et al.  2009  ) . There are also preclinical data indicating that AC220 combined 
with cytarabine or azacitadine leads to increased ef fi cacy (Belli et al.  2009  ) . A phase 
2 monotherapy ef fi cacy study with AC220 in relapsed/refractory FLT3-ITD AML is 
currently underway.  

   Farnesyl Transferase Inhibitors 

 Farnesyl transferase inhibitors (FTIs), functional inhibitors of cytosolic Ras activation 
(and its subsequent downstream signaling pathways), were originally developed on 
the basis of a high frequency of  Ras  mutations in human cancers (Rowinsky et al. 
 1999 ; End  1999 ; Lancet and Karp  2003  ) . In addition to Ras pathway modi fi cation, 
preclinical studies have shown the ability of FTIs to disrupt a number of other 
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intracellular proteins including Rho-B, Rac, and Lamin proteins (Rowinsky et al. 
 1999 ; End et al.  2001  ) . Available compounds tested in clinical studies include 
tipifarnib (R115777), lonafarnib (SCH-66336), and BMS-214662, of which 
tipifarnib has undergone the most development. 

 Tipifarnib (Zarnestra, Johnson & Johnson) is an orally available selective inhibitor 
of farnesyl transferase. Across several early phase studies in AML utilizing tipifarnib 
as monotherapy, both partial and complete responses were documented, even in 
heavily pretreated populations (Karp et al.  2001 ; Lancet et al.  2007 ; Harousseau 
et al.  2007  ) . Dose-limiting toxicities included transient neurologic de fi cits, diarrhea, 
enterocololitis, arrhythmias, and delayed hematologic recovery after consolidation 
(Karp et al.  2001 ; Brandwein et al.  2009  ) . Disappointingly, a pivotal phase III trial 
did not demonstrate a survival advantage for elderly patients with newly diagnosed 
AML treated with tipifarnib versus best supportive care, indicating the need to study 
this class of compounds in more selected patient populations or in combination 
(Harousseau et al.  2009  ) . To this end, more recent data have indicated that the 
presence of a speci fi ed 2-gene ratio ( RASGRP1  and  APTX ) within leukemic blasts 
was predictive of response and survival in tipifarnib-treated patients across two 
large studies (Raponi et al.  2008  ) . These  fi ndings have led to the development of a 
new trial testing tipifarnib prospectively in preselected patients, in order to validate 
this 2-gene ratio as a potential biomarker for ef fi cacy.  

   HSP 90 Inhibitors 

 Heat shock proteins are a group of structurally unrelated chaperone proteins that 
regulate folding and refolding of polypeptides and also play a role in protein degra-
dation via the proteasome complex. Heat shock protein 90 (Hsp90) has two isoforms, 
 a  and  b , that when activated, form a multiprotein complex that has ATPase activity. 
Importantly in AML, Hsp90 clients include c-KIT, FLT3, Akt, and Bcr/abl, which 
play vital roles in a variety of cell-signaling pathways and likely leukemogenesis. In 
fact, the functionality and intracellular maintenance of mutated FLT3 and BCR-ABL 
appear dependent upon Hsp90 binding (An et al.  2000 ; Minami et al.  2002  ) . In addi-
tion, Hsp90 appears to be highly expressed in primary AML cells and has been 
associated with a poor prognosis (Flandrin et al.  2008 ; Thomas et al.  2005  ) . 

 The clinical experience of Hsp90 inhibitors in acute leukemias is limited to 
date. However, a recent phase I study evaluating the MTD of the 2nd generation 
geldanamycin analogue alvespimicin, as monotherapy in primarily advanced AM,L 
demonstrated good tolerance, with 3 out of 17 patients achieving CR with incom-
plete blood count recovery. Common adverse events were neutropenic fever, fatigue, 
nausea, and diarrhea. Elevated troponins and myocardial infarctions were seen at 
the doses higher than 24 mg/m 2  twice weekly (Lancet et al.  2010  ) . Based upon the 
importance of many Hsp90 client proteins in the leukemogenic process, further 
investigation of this class of agents is warranted with newer, more potent and selective 
inhibitors of Hsp90.   
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   MDR Inhibitors 

 Given the highly signi fi cant impact of MDR1 expression upon outcome in patients 
with AML, along with the knowledge that commonly used antileukemic therapies 
were substrates of MDR1, the clinical application of MDR1 inhibitors in AML was 
once greeted with great enthusiasm as a prototypical approach to targeted therapy. 
Initial efforts at P-gp inhibition involved a variety of pharmacologically diverse 
agents including verapamil, tamoxifen, cyclosporine, and quinine. As these agents 
were originally developed for other therapeutic uses, most early studies were met 
with unacceptable toxicity and con fl icting data. The UK medical research council 
added cyclosporine A to cytarabine, daunorubicin, and etoposide, and found no 
difference in CR or OS rates, except in patients over the age of 60, who actually 
fared worse (Liu Yin et al.  2001  ) . On the other hand, SWOG conducted a study 
assessing the bene fi t of cyclosporine added to daunorubicin and cytarabine in poor-risk 
AML patients. While CR rates did not improve signi fi cantly, RFS (34% vs. 9% at 
2 years) and OS (22% vs. 12%) both improved with the addition of cyclosporine 
over placebo (List et al.  2001  ) . In another small randomized study of elderly patients 
with AML arising from MDS, comparing idarubicin plus cytarabine with or without 
oral cyclosporine, the authors observed a lower rate of treatment failure rates and 
improved leukemia-free survival in the cyclosporine arm (Matsouka et al.  2006  ) . 
Similarly, the addition of quinine to conventional cytotoxic chemotherapy did not 
improve outcomes for acute leukemias in two separate studies (Solary et al.  2003, 
  1996  ) , yet in another phase III trial was shown to improve CR and OS survival rates 
in P-gp positive high-risk MDS or related leukemia patients when combined with 
mitoxantrone and cytarabine (Wattel et al.  1998  ) . 

 The next agent tested was valspodar (PSC-833), a cyclosporine D analog with ten-
fold great potency for P-gp blockade than its predecessor, without the propensity for 
renal toxicity or immunosuppression, but with the undesirable effect of reducing hepatic 
elimination of concurrently administered anthracycline compounds (Mahadevan 
and List  2004  ) . Phase III studies adding valspodar to induction chemotherapy 
have been uniformly disappointing. Two large phase 3 cooperative group trials were 
closed early due to either a lack of bene fi t (Greenberg et al.  2004  )  or excessive 
induction mortality in the PSC-833 arms (Baer et al.  2002  ) . Two later trials showed 
no bene fi t in either younger or elderly patients, even in patients demonstrating 
inhibitable MDR1 ef fl ux (van der Holt et al.  2005 ; Kolitz et al.  2010  ) . As such, 
further development of PSC-833 was halted. 

 Newer, highly potent and selective MDR1 inhibitors, lacking the unfavorable 
pharmacokinetic interactions with anthracyclines and epipodophyllotoxins, were 
viewed as the next generation of logical compounds for targeting MDR1 in a 
clinically effective manner. Among these newer compounds, only zosuquidar 
(LY335979) has been clinically developed in AML. In two phase I trials, the 
combination of daunorubicin and cytarabine with zosuquidar was shown to be 
well-tolerated and P-gp inhibition was demonstrated (Lancet et al.  2009 ; Gerrard 
et al.  2004  ) . Most recently, however, a randomized, double-blind ECOG study of 
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elderly patients with AML compared induction chemotherapy with daunorubicin 
and cytarabine and with either zosuquidar or placebo was published. Disappointingly, 
there was no demonstrable difference in overall survival, progression free 
survival, or CR rates with zosuquidar. Median and 2-year overall survival, while 
not statistically signi fi cant, actually favored placebo (7.2 months and 20% on 
zosuquidar and 9.4 months and 23% on placebo, respectively, p = .281) (Cripe 
et al.  2010  ) . 

 The general failure of MDR1 inhibitors in combination with chemotherapeutic 
drugs to successfully treat AML likely has many explanations. One simple, but 
plausible argument is that most of the negative randomized studies did not focus 
upon a targeted population of patients with functional MDR1 expression such that 
the ability of the compound to exert a therapeutic effect on the most relevant patient 
population was diminished. Another argument might be that the negative pharma-
cokinetic interactions with chemotherapeutic agents promoted excessive toxicity 
that diluted any potential clinical bene fi t. Finally, the case can be made that selective 
inhibition of a limited number of these proteins within a very large family of trans-
porters will be insuf fi cient to overcome the overall multidrug resistance phenotype 
(Mahadevan and List  2004 ; Ross  2000  ) .  

   Conclusions 

 AML remains largely an incurable illness, de fi ned by a rapid disease course and a 
complex array of molecular events that adversely affect outcomes for the majority 
of patients. However, through fastidious investigation of unique tumor markers, 
gene expression, and signaling pathways, along with the rapid development of 
targeted therapies, it will likely become possible to escape the paradigm of  ¢ one size 
 fi ts all” and instead to target speci fi c patients, based upon unique molecular features, to 
the precise therapies which will most likely affect the biologic properties that drive 
the malignant clone within that individual. AML provides us with a comprehensive 
network of molecular anomalies and genetic alterations that has expanded exponen-
tially in the past few years and upon which to focus research efforts, and while much 
remains to be learned about the pathophysiologic relevance and “targetability” of 
each potential molecular target and anomaly, will allow for the design of more ratio-
nally based clinical trials, with higher expectations of response, lower likelihoods of 
toxicity, and faster time to approval of critically needed new agents.      
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         Introduction    

 The peripheral T-cell lymphomas (PTCL) are a group of aggressive mature T-cell 
and natural killer cell (NK) neoplasm’s that present with great morphological and 
molecular heterogeneity (Anderson et al.  1998  ) . They are relatively rare diseases, 
constituting <15% of all NHL’s (Groves et al.  2000  ) . The present 2008 WHO 
classi fi cation recognizes over 20 sub-types of mature T-cell and NK-cell malignancies 
(WHO  2008  ) . These sub-types are listed in Table  1  along with the annual incidence 
rates and 3 year survival rates as reported in the SEER database (Seer Cancer 
Statistic  1975  ) . The most common histologies include: PTCL, not otherwise 
speci fi ed (PTCL-NOS); anaplastic large cell lymphoma (ALCL) and angioimmu-
noblastic T-cell lymphoma (AITL). Similar to the B-cell neoplasm’s, the T-cell 
lymphomas can be broadly classi fi ed as aggressive or indolent malignancies. The 
most aggressive histologies include PTCL-NOS, hepatosplenic T-cell lymphoma, 
the gamma/delta T-cell malignancies and extranodal NK/T-cell nasal type lymphoma. 
PTCL-NOS is often viewed as a “wastebasket” category for those diseases that do 
not  fi t cleanly into the other sub-types. Most cases of PTCL lack distinct genetic or 
biological alterations and prognostic models have largely relied on clinical features 
or simple biological factors such as proliferation. Despite a relatively poor under-
standing of the molecular pathogenesis of these diseases, signi fi cant progress has 
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been made in the understanding of many PTCL entities. For example, ALK positive 
anaplastic large cell lymphoma (ALCL) is considered a distinct disease entity 
which is distinguished from the provisional entity of ALK negative ALCL, due to 
the distinct molecular pathogenesis, relatively younger age group in which it presents 
and better prognosis. Based on the recent publications from the ‘The International 
T-cell Lymphoma Project’, an international effort of over 22 centers worldwide 
which collected data from over 1,314 cases of T-cell and NK -cell lymphoma, we 
now recognize that PTCL-NOS is a distinct entity from ALK negative ALCL as the 
former is associated with a markedly inferior prognosis (Vose et al.  2008  )  Table     2 .   

 Advanced disease stage, high International Prognostic Index at presentation 
(Gallamini et al.  2004  )  and inherent chemo-resistance (Jillella et al.  2000  )  contrib-
ute to dismal outcome in most sub-types of T-cell lymphoma. Long term survival at 
5 years remains at 10–30% with traditional combination chemotherapy regimens 
compared with 65–70% in aggressive B-cell NHL’s (Coif fi er et al.  1990 ; Gisselbrecht 
et al.  1998  ) . Increasing intensity of induction chemotherapy has not been shown to 
improve survival as effectiveness may be offset by increased toxicity although 
autologous stem cell transplantation in  fi rst remission is likely to be bene fi cial for 
those patients who attain a complete remission (CR) with induction chemotherapy.  

   Present Treatment Strategies for Patients 
with Peripheral T-Cell Lymphoma 

 Presently there is no standard therapy for patients with PTCL which has produced a 
great deal of variability in clinical practice for management of both the upfront and 
relapsed settings. This is primarily due to a paucity of multi-center clinical trials 
with suf fi cient number of patients which is no doubt due to the rarity of the condi-
tion, morphologic heterogeneity and numerous diagnostic challenges. Nonetheless, 
most types of PTCL and NK-cell lymphomas are initially treated with an anthracycline 
containing regimen such as CHOP which usually produces complete response rates 
of 50–70%. The median progression free survival (PFS) for patients with PTCL 
following standard CHOP- based chemotherapy is only 12–14 months. However for 
patients with ALK pos ALCL and PTCL-NOS with low/low-intermediate IPI scores 
and localized disease, 70–80% and 25–30% of patients respectively, remained 
disease free at 5 years. Because of the poor bene fi t from induction chemotherapy 
alone, several groups have explored the role of high-dose chemotherapy followed 
by autologous stem cell transplantation (ASCT) in  fi rst remission. Autologous stem 
cell transplantation seems to offer long-term disease control in over 50–70% of 
cases if performed in CR or near CR in  fi rst remission (Philip et al.  1995  ) . For 
patients not eligible for ASCT due to progressive or refractory disease or extensive 
bone marrow involvement at the end of induction chemotherapy an allogeneic stem 
cell transplantation may be able to offer long term disease control in over 50% of 
cases through a graft versus lymphoma effect (Kim et al.  2006 ; Le Gouill et al. 
 2008 ; Corradini et al.  2004  ) .  
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   Targeted Therapeutic Agents in T-Cell Lymphoma 

 While the lack of insight into the biology of T-cell lymphomas has hindered the 
development of true targeted therapies, there is now an abundance of new drugs 
which have shown potentially signi fi cant activity either alone or in combination 
with conventional agents. 

   Anti-folate 

   Pralatrexate (Fotolyn) 

 Pralatrexate (PDX, 10-propargyl 10-deazaaminopterin), is a novel antifolate 
designed to have high af fi nity for the reduced folate carrier, RFC. It became the  fi rst 
drug ever approved for the treatment of relapsed or refractory PTCL in September 
2009. Pralatrexate has been rationally designed to have a higher af fi nity (approxi-
mately tenfold greater than methotrexate) for the one carbon- reduced folate carrier 
(RFC-1) (DeGraw et al.  1993  ) . Pralatrexate is also a more effective substrate for 
polyglutamation by FPGS so it is more ef fi ciently polyglutamated as compared to 
methotrexate. Longer chain polyglutamates have been demonstrated after only a 3-h 
exposure compared to other analogs (Wang et al.  2003  ) , which subsequently leads 
to higher intracellular accumulation of the drug compared to methotrexate which 
also enhances its af fi nity for dihydrofolate reductase (DHFR). Initial cytotoxicity 
assays revealed that pralatrexate was more potent compared to methotrexate across 
a variety of cell lines including human breast, non small cell lung cancer, mesothe-
lioma and human lymphoma cell lines (Izbicka and Diaz  2009  ) . Preclinical animal 
data using xenograft models of lymphoma have con fi rmed the superior ef fi cacy of 
pralatrexate compared to methotrexate in inducing tumor responses and complete 
remissions (Sirotnak et al.  1998  ) . Early clinical data established by O’Connor et al. 
demonstrated that pralatrexate exhibited marked activity in patients with relapsed or 
refractory T-cell lymphoma (Krug et al.  2000 ; O’Connor et al.  2009b  ) . Population 
pharmacokinetic (PK) and pharmacodynamic (PD) modeling based on pretreatment 
levels of homocysteine and methylmalonic acid revealed that elevated nutritional 
covariates (especially MMA) and higher area under the curve of pralatrexate expo-
sure (AUC) was associated with a signi fi cantly higher incidence of stomatitits. 
These data also demonstrated that normalization of the pretreatment homocysteine 
and methylmalonic levels with folic acid and Vitamin B12 supplementation markedly 
reduced the severity and incidence of mucositis in patients receiving pralatrexate 
(Azzoli et al.  2007  ) . Based on the encouraging results seen in the single institution 
single arm phase II experience, pralatrexate was studied in an international multi-
center registration directed clinical trial called PROPEL. 

 PROPEL (O’Connor et al.  2009a  )  (Pralatrexate in Relapsed or Refractory 
Peripheral T-cell Lymphoma) is the largest prospective clinical trial ever conducted 
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in patients with relapsed or refractory PTCL. Most aggressive histologies of T-cell 
lymphoma were eligible including PTCL, transformed MF, HTLV-1 ATLL, angio-
immunoblastic, gamma-delta T-cell lymphoma and enteropathy associated T-cell 
lymphoma. One-hundred and  fi fteen patients were enrolled between August 2006 
and April 2008 of which 109 were evaluable. This was a heavily pretreated popula-
tion with a median of 3 (1–12) prior treatment regimens. Importantly, in the popula-
tion eligible for ef fi cacy, 24% (n = 26) of patients never demonstrated any response 
to any prior therapy, while 63% (n = 69) did not have evidence of response to their 
most recent prior therapy. Sixteen percent (n = 18) of patients relapsed following 
ASCT and the median time from diagnosis to study entry was 15.6 months. The 
treatment schedule consisted of pralatrexate given at 30 mg/m 2  weekly for 6 weeks 
followed by 1 week of rest in a 7 week cycle. In the evaluable patient population 
(n =109), the ORR was 29% (95% CI: 21–39%) as assessed by independent central 
review and 39% when assessed by investigator. Twelve (11%) patients achieved 
CR/CRu, 20 (18%) achieved PR, and 21 (19%) experienced stable disease (SD). 
Of the 69 patients who did not have any evidence of response to their most recent 
prior therapy, 17 (25%) responded to pralatrexate. Of the 26 patients who did not 
have evidence of response to any prior conventional therapy, 5 (19%) responded to 
pralatrexate. When IWC was supplemented with PET scans, the response rate was 
26% (n = 28), (14% CR and 12% PR). The majority of responding patients attained 
response quickly, 63% of all responses occurred within the  fi rst cycle of pralatrexate, 
but responses were observed as late as cycle 7. Interestingly the median duration 
of response was 10.1 months while the median PFS and OS were 3.5 months 
and 14.5 months respectively. Median follow-up time for all patients still alive at 
the time of the analysis was 18 months. Overall the drug was well tolerated with 
the most common AEs being mucositis, nausea, thrombocytopenia, and fatigue. 
The most common grade 3 or 4 AEs were thrombocytopenia, mucositis, neutropenia, 
and anemia. 

 Recently Marchi et al.  (  2010  )  reported that pralatrexate is synergistic with 
bortezomib in various T-cell lymphoma cell lines and in a severe combined 
immunode fi cient-beige xenograft mouse model of transformed cutaneous T-cell 
lymphoma. Cytotoxicity studies showed that the combination was not more toxic 
than either single agent thereby suggesting that this could represent a novel platform 
for treatment of T-cell malignancies. Pralatrexate is also being studied in CTCL as 
a single agent (Horwitz et al.  2009a  )  and in combination with other therapies includ-
ing gemcitabine (Horwitz et al.  2009b  )  and HDAC inhibitors.   

   Histone Deacetylase Inhibitors (HDACi) 

 Histone deacetylase inhibitors (HDACis) are epigenetic agents found to be active in 
the treatment of T-cell lymphomas. Two agents of this class, vorinostat (Mann et al. 
 2007  )  (Zolinza) and romidepsin (Demierre et al.  2009  )  (Istodax) are approved for 
the treatment of relapsed or refractory CTCL in the US. 
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 HDACis work through a myriad of different mechanisms, including: (1) upregulation 
of cell dependent kinase (cdk) inhibitors like p21/p27 and down regulation of 
CyclinD 

1
 ; (2) acetylation of non- histone proteins including STAT-3, RelA/p65; 

p53, HIF-1alpha, Bcl-6, Hsp 90 in a way that modulate their activity and thus their 
ability to regulate cell growth and survival; and (3) direct activation of apoptotic 
pathways by affecting the balance between the antiapoptotoc proteins like Bcl-2 and 
the proapapototic proteins like Bax and Bak (Bhalla  2005 ; Piekarz and Bates  2009  ) . 
Despite these many pleiotropic effects, it has been dif fi cult to assign a precise mech-
anistic basis to any one or more of these drugs in any particular tumor type, let alone 
T-cell lymphoma. It is peculiar that these drugs appear to have a class effect in T-cell 
lymphomas in contrast to other sub-types of lymphoproliferative neoplasm’s. Gene 
expression pro fi ling on paired tissue samples and studies of select biomarkers 
including gene activation with HDACis has shown that up to 5–10% of the genome 
can be affected by HDAC inhibitors. In one study the genes that were consistently 
affected included genes affecting cell cycle (CCNDI, IGFI) apoptosis (septin10, 
TEF, SORBBS2), angiogenesis (GUCY1A1, ANGPT1) and immune modulation 
(LAIR1). A brief description of the various HDACis currently in clinical use or trials 
for T cell malignancies are listed below. 

   Suberoylanilide Hydroxamic Acid (Vorinostat) 

 Vorinostat was the  fi rst HDAC inhibitor approved by the U.S. FDA for the treatment 
of cancer. Vorinostat was approved in October 2006 for the treatment of patients 
with relapsed or refractory cutaneous T-cell lymphoma (CTCL). Based on the origi-
nal phase 1 study (O’Connor et al.; Kelly et al.), the maximum tolerated dose of 
vorinostat is 400 mg (PO) per day. Duvic et al.  (  2007a  )  conducted a phase II trial of 
33 advanced, heavily pre-treated CTCL patients who received three different dos-
ages and schedules of vorinostat including 400 mg daily, 300 mg twice daily for 
3 days followed by 4 days of rest and 300 mg twice daily for 14 days with a week 
of rest followed by 200 mg twice daily. Treatment was continued until the patients 
showed signs of progression or toxicity. Strict criteria based on Severity Weighted 
Assessment Tool (SWAT) for skin care were used to determine responses. The over-
all response rate was 24.4% with eight patients having partial remission (PR) includ-
ing four patients with Sezary Syndrome (SS). More importantly, 14 of the 33 patients 
(42%) reported signi fi cant relief from pruritus. The median time to response was 
11.9 weeks, while the median overall response duration was 15.1 weeks, thus 
con fi rming that the 400 mg per day dosage was optimal for this patient population. 
Subsequently the registration directed phase II study of 74 patients reported by 
Olsen et al.  (  2007  )  in CTCL showed an overall response rate of 29.7%, with one 
patient CR. The median time to objective response was 56 days, though some 
patients took up to 6 months to respond. Vorinostat is a very promising agent in the 
treatment of T-cell lymphoma. As HDACis can modulate a variety of survival proteins, 
combinations of HDACis with other targeted agents and conventional chemotherapy 
should be investigated.  
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   Romidepsin 

 Romidepsin (Depsipeptide, FK228) is cyclic peptide originally isolated from the 
broth culture of  Chromobacterium violaceum  is presently approved for the treat-
ment of CTCL patients who have failed at least 1 prior systemic therapy. Two phase 
II trials of romidepsin in patients with relapsed PTCL have shown impressive activity. 
The NCI sponsored study (Piekarz et al.  2009b  )  with 46 evaluable patients showed 
an overall response rate of 33% with 5 (11%) CR’s assessed by Cheson Criteria. 
Patients who received than 2 cycles of therapy had a response rate of 44%. The 
median duration of response was 9 months with a time to progression of 12 months. 
Responses were seen across all histologic subtypes of PTCL, though again, AITL 
appeared to be associated with a slightly lower overall response rate. Romidepsin 
was administered at a dose of 14 mg/m 2  on days 1,8,15 of a 28 day cycle. The results 
of a registration directed phase 2 study in patients with relapsed or refractory PTCL 
are still awaited. The most common side effects associated with the drug appear to 
be nausea, fatigue, anorexia, anemia and leukopeina. Serious drug related adverse 
effects seen in approximately 2% of patients included supraventricular tachycardia, 
infection and neutropenia. In patients with CTCL, pooled analysis from 2 phase II 
trials established an overall response rate of 41% with a CR rate of 7% with duration 
of response of 14.9 months. The response rate was 58% in patients with SS. Relief 
of pruritus was seen in over 60% of the patients. These results are quite exciting and 
hopefully further investigation will establish its role in patients with PTCL either 
alone or in combination with other agents.  

   Belinostat 

 Belinostat (PXD101) is a hydroxamate pan-histone deacetylase inhibitor which 
demonstrates broad anti-neoplastic activity in vitro and in vivo. A multicenter phase 
II trial (Brad et al.  2009  )  evaluated the activity of Belinostat in patients with PTCL 
or CTCL who had failed 1 prior systemic therapy. Belinostat (1,000 mg/m 2 ) was 
administered as a 30-min IV infusion on days 1–5 of a 3 week cycle. In the PTCL 
arm, 12 patients were enrolled; 7 with PTCL-NOS, 2 with anaplastic large cell lym-
phoma, 2 with AITL and 1 with NK/T-cell lymphoma and were treated for a median 
of 2 cycles (range 1–8). Of the 11 evaluable patients: 2 achieved a CR and 5 patients 
experienced stable disease (SD). The two CR (11+ and 15+ wks) were both in 
patients with PTCL-NOS. A third patient with PTCL-NOS had stable disease last-
ing for 14 weeks and discontinued treatment due to an adverse event (AE). Both 
patients with ALCL had durable SD (20+ and 14 weeks). In the CTCL arm, 16 
patients were enrolled (including 9 with mycosis fungoides (MF), 5 with SS and 2 
with primary cutaneous ALCL) and treated for a median of 2 cycles (range 1–6). 
Four responses were observed (25%): 1 CR (ALCL) and 3 PR (Mycosis Fungoides 
and Sezary Syndrome). The median duration of the response was 10 weeks (range 
7–39+ weeks). Four additional patients had a 25–50% decrease in their SWAT score. 
Improvement in pruritus score by three on a visual analog scale was reported in 5/6 
patients with signi fi cant pruritus at baseline. Overall in both study arms the drug 
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was well-tolerated and most adverse events were only grade 1/2 (nausea, fatigue, 
constipation, diarrhea, and vomiting). Grade3 AE attributed to the study drug was 
reported in seven patients and included peripheral edema, apraxia, adynamic ileus, 
pruritus, rash, and infections. Only 1 treatment related grade 4 AE was noted which 
was thrombocytopenia. One patient with progressive PTCL died 6 days after their 
last belinostat dose with ventricular  fi brillation and drug causality could not be 
excluded.  

   Panobinostat 

 Oral panobinostat, also known as LBH589, is a pan-HDACI belonging to the 
hydroxamic acid group that has shown remarkable activity in patients with CTCL in 
a phase I/II trial (Ellis et al.  2008  ) . The dose administered was 20 mg given every 
three times per week. Six out of 10 heavily pretreated patients showed a CR and 4 
showed PR. Duvic et al.  (  2008  )  conducted an open label multicenter phase II trial 
with the primary objective of establishing the ef fi cacy and safety of panobinostat for 
patients with relapsed/refractory CTCL with Stage IB–IVA mycosis fungoides or 
sezary syndrome. Ninety  fi ve patients (70 with MF and 25 with SS) were enrolled 
who had received 3–4 median prior treatment regimens and mostly were  ³  Stage IIB 
at study entry. They received 1–17+ (median = 3) treatment cycles of panobinostat. 
In grade 1 patients, 11 out of 62 pts had con fi rmed skin responses by SWAT, including 
two complete skin responses. In grade 2, 4 out of 33 pts had con fi rmed skin and 
CT scan responses. Common adverse events (>20%; all grades regardless of causality) 
included diarrhea, thrombocytopenia, nausea etc. Recently Dickinson et al.  (  2009  )  
showed activity of panobinostat in patients with refractory Hodgkin’s Lymphoma 
(HL). Thirteen HL patients were treated with escalating doses of panobinostat in a 
phase IA/II multicentre study. A computed tomography partial response was achieved 
in 5 out of 13(38%), and a metabolic response by  18  F- fl uoro-2-deoxy-d-glucose 
positron emission tomography scanning in 7 out of 12 (58%) evaluable patients. 
Thus panobinostat has demonstrated ef fi cacy with good safety pro fi le in patients 
with T-cell lymphoma. Panobinostat-based combination studies are currently being 
conducted, including a phase I/II trial of panobinostat and everolimus in patients with 
relapsed Hodgkin’s disease and NHL.   

   Proteosome Inhibitors 

   Bortezomib (Velcade) 

 Bortezomib is the  fi rst agent of this class to be approved for the treatment of cancer 
now with indications in multiple myeloma and mantle cell lymphoma [O’Connor 
et al.; Goy et al.; Richardson et al.]. The ubiquitin-proteosome pathway is critical 
for maintaining the balance of intracellular proteins which it does by eliminating 
proteins no longer required by the cell. Typically these proteins are involved in cell 
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cycle regulation, survival and apoptosis. Bortezomib targets the catalytic 20S core 
of the proteosome with a multitude of downstream effects including inhibition of 
cellular protesosome, accumulation of the cell cycle-dependent kinase inhibitors 
such as p27/p21, activation of p53, inhibition of NF-kB and accumulation of pro-
apoptotic proteins like Noxa which inactivates anti-apoptotic proteins like McL-1. 
The net effect of proteasome inhibition involves induction of cell death via the 
intrinsic apoptotic pathway. Zinzani et al.  (  2007  )  conducted a phase II trial of 
 bortezomib  (1.3 mg/m 2  on days 1,4, 8, and 11 of a 21-day cycle) in 15 patients with 
relapsed/refractory T-cell lymphoma, including PTCL (2 patients) or CTCL (10 patients) 
with a reported overall response rate (ORR) of 67% (with 2 CR’s and 6 PR’s). Of 
the two patients with PTCL, one attained a CR. The responses were durable, lasting 
on average 7–14 months. A phase I study (Lee et al.  2008  )  evaluated the use of 
standard dose CHOP (cyclophosphamide, doxorubicin, vincristine, prednisone) plus 
bortezomib in 13 patients with advanced, aggressive T-cell or NK/T-cell lymphoma. 
No dose limiting toxicities were observed up to the maximal dose of bortezomib of 
1.6 mg/m 2 . The CR rate was 62%. No data were provided for progression free or 
overall survival. It has also been demonstrated  in vitro  that expression of PRDM1beta 
leads to resistance to chemotherapeutic agents in T-cell lymphomas which could be 
down-regulated by the proteasome inhibitor bortezomib, thereby providing another 
rationale for therapeutic interference by bortezomib.  

   PR-171 (Car fi lzomib) 

 PR-171 is a novel epoxyketone-based irreversible proteosome inhibitor that is cur-
rently in clinical development. Compared to bortezomib, PR-171 exhibits equal 
potency but greater selectivity for the chymotrypsin-like activity of the proteosome 
and is considered to be an irreversible inhibitor of the proteasome. 

 In cell culture PR-171 is more cytotoxic than bortezomib with demonstrable 
accumulation of proteosome substrates and induction of cell cycle arrest and/or 
apoptosis (Susan et al.  2007  ) . Recent phase I studies have explored a number of dif-
ferent schedules, including a weekly × 5 day schedule, and a Day 1 and 2 schedule 
(O’Connor et al. 2010). While there is essentially no experience with car fi lzomib in 
T-cell lymphoma, the lack of apparent neurotoxicity, coupled with the activity 
already seen with bortezomib, may make it a promising agent to explore in this 
disease setting.   

   Nucleoside    Analogs 

   Gemcitabine 

 Gemcitabine is an analog of deoxycitadine that is deaminated and inactivated by 
deoxycytidine deaminase which then gets incorporated into DNA resulting in chain 
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termination and inhibition of DNA synthesis. In addition, it also inhibits ribonucleoside 
reductase, an enzyme that is required for DNA synthesis. Gemcitabine has been 
studied as a single agent in patients with relapsed or refractory PTCL by Zinzani 
et al.  (  2010  )  demonstrating an overall response rate was 51% (20 of 39 patients); 
complete response (CR) and partial response (PR) rates were 23% (9 of 39 patients) 
and 28% (11 of 39 patients), respectively. Patients with MF had a CR rate of 16% 
and a PR rate of 32% compared with a CR rate of 30% and a PR rate of 25% of 
PTCLU patients. Duration of response was reported to be atleast 15 months when 
the data was published. Marchi et al.  (  2005  )  have studied single agent gemcitabine 
in patients with CTCL (n = 32) and reported a response rate of 75% with 22% CR’s 
and a median duration of response lasting 10 months. It is largely these data that 
have supported a role for the use of gemcitabine in T-cell malignancies either alone 
or incombination with other agents.  

   Forodesine 

 Forodesine is a transition state purine nucleoside phophoryalse inhibitor (PNP). 
Inhibiton of this enzyme leads to apoptosis and cell cycle arrest in lymphocytes. 
Forodesine has shown in vitro activity against CLL, many subtypes of NHL, T-ALL 
and B-ALL as well as synergy with other anti-lymphoma targeted agents. Furman 
et al.  (  2006  )  treated 34 patients with T-ALL using oral forodesine and demon-
strated a 32.4% response rate (11 patients; 7 [20.6%] CR, 0 CRi [0%] and 4 [11.8%] 
PR). Two patients with CR proceeded to hematopoietic stem cell transplantation 
following remission. The restoration of normal hematopoiesis observed in patients 
while receiving therapy indicates a speci fi city of forodesine for leukemic cell pop-
ulations. A total of 18 patients were dose escalated to 90 mg/m 2  of forodesine after 
cycle 2 due to a lack of response. None of these patients demonstrated an improved 
response with dose escalation suggesting that the 40 mg/m 2  should become the 
recommended phase II dose in T-ALL. An open-label dose-escalation study of 
forodesine, 40–320 mg/m 2  every day for 4 weeks, was undertaken by Duvic et al. 
 (  2007b  )  to evaluate the safety and PK pro fi le of oral forodesine. This was followed 
by an investigation of the expansion of the optimal biologic dose (dose with maxi-
mum PNP inhibition and elevation of plasma deoxyguanosine levels) to assess 
ef fi cacy in patients with refractory CTCL. Overall, 37 patients were treated, includ-
ing 14 patients in the dose-escalation portion of the study. The overall response 
rate was 53.6% (15 out of 28 patients; 2 [7.1%] with a CR and 13 [46.4%] with a 
PR). The most common adverse events classi fi ed as grade2 or less, without regard 
to causality, were nausea (30%), dizziness (22%), pruritus (22%), fatigue (19%), 
headache (19%), peripheral edema (19%), and pyrexia (16%) thereby suggesting 
an encouraging role of forodesine in CTCL. Forodesine de fi nitely shows encouraging 
response in T-cell lymphoma and is overall well tolerated.  
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   Clofarabine 

 Clofarabine blocks DNA synthesis via inhibition of ribonucleotide reductase 
and DNA polymerases and induces apoptosis. Clofarabine has been shown to 
have increased   stability relative to  fl udarabine or cladribine because it exhibits 
increased resistance to deamination and phosphorolysis. Clofarabine is approved 
for the treatment of pediatric ALL. Though early, results of a phase I/ II trial of 
this agent have been reported by Horwitz et al.  (  2008  ) . Twenty nine patients 
with refractory or relapsed T-cell or NK-cell lymphomas were treated with 
a dose of 4 mg/m 2  IV for 3 consecutive days every 3 weeks. Seventeen percent 
(5/29) of all patients and 21% (5/24) of evaluable patients responded. Two patients 
had a CR, 3 had a PR, 7 patients had stable disease and 12 patients progressed. Two 
out of 4 pts with AITL had a CR. Although early there may be a modest signal 
response. Future studies exploring combinations with other nucleoside analogs or 
even antifolates have a strong rationale, and are likely to be pursued in the near 
future.  

   Nelarabine 

 Nelarabine (compound 506U78), a novel purine nucleoside, is a soluble pro-drug of 
9-beta-D-arabinofuranosylguanine (ara-G). Nelarabine is rapidly demethoxylated 
in blood by adenosine deaminase to ara-G. Pre-clinical and clinical studies have 
demonstrated the selective cytotoxicity of ara-G in T-lineage derived cells. CALGB 
Protocol 59901 (Czuczman et al.  2007  )  was a phase II study of nelarabine in patients 
with systemically untreated cutaneous T-cell lymphoma (CTCL) or relapsed/refractory 
systemic peripheral T-cell lymphoma (STCL). The objectives were to determine 
response rate, remission duration and safety pro fi le associated with nelarabine given 
at 1.5 gm/m 2  per day on days 1, 3 and 5 as an IV infusion every 21 days for a mini-
mum of two cycles with the intent to continue up to two cycles beyond CR for a 
maximum of eight cycles. Nineteen patients were enrolled in the study: Eleven 
CTCL and eight STCL patients. Grade 3 or 4 adverse events were documented in 
50% and 28% of patients respectively. In particular, 33% of patients experienced 
grade3 or 4 neurologic toxicities. There were two partial remissions lasting 3 months 
and 5.5 months each. Median event-free survival was 1.2 months and median over-
all survival was 3 months. Due to lack of ef fi cacy and excessive toxicity, nelarabine 
is not recommended as monotherapy in adult patients with CTCL and STCL at this 
dose schedule. Preliminary results from another phase II trial of nelarabine 
(Thompson et al.  2005  )  (1.5 gm/m 2  on days 1, 3, and 5 of a 28-day cycle) in refrac-
tory B- or T-cell non-Hodgkin lymphoma reported an overall response rate of 44% 
(CR 22%) with a median time to progression of 8 months. The principle side effects 
were reversible neurotoxicity and myelosuppression. This group of investigators 
suggested that this agent was worthy of further study in PTCL. However at this 
moment its role in treatment of PTCL needs to be de fi ned and cannot be routinely 
recommended.   
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   Immunomodulatory Drugs 

   Lenalidomide (Revlimid) 

 Lenalidomide (CC-5013) a second generation analog of thalidomide, is an immuno-
modualtory agent (IMiD) with biological effects that include activation of natural 
killer (NK) cells and T cells, modulation of various cytokines such as TNF-alpha, 
Interleukin-12 and Interferon-gamma in tumor microenvironment and inhibition of 
angiogenesis. The IMiDs have also shown to have direct antitumor activity (Lentzsch 
et al.  2003 ; Richardson et al.  2002  ) . A phase II trial of lenalidomide in PTCL was 
reported by Dueck et al.  (  2009  ) . This study to date has enrolled 24 patients with 
mature T cell lymphomas. The ORR was 34% with no CRs. Major side effects 
included dose related myelosuppression fatigue, pruritis and rash. Deep vein throm-
bosis is rarely reported in trials where lenalidomide is used as a monotherapy, but 
the incidence is much higher when combined with dexamethasone. While lenalido-
mide may not have signi fi cant enough single agent activity to be useful in aggres-
sive chemotherapy resistant diseases like PTCL, it is possible that such agents may 
have the greatest utility as a maintenance therapy for these patients. Such studies are 
now ongoing in mantle cell lymphoma, though no such data exists at present in 
T-cell lymphomas using this strategy.   

   Mammalian Target of Rapamycin (mTOR) Inhibitors 

 mTOR is a critical mediator of signals that are essential for mRNA translation and 
protein synthesis in mammalian cells . mTOR is a downstream effector of the phos-
phatidylinositol 3-kinase (PI3 ¢ K) and the AKT kinase pathway, and mediates sig-
nals critical for regulating cell survival and growth . Among the various downstream 
effectors of the PI3 ¢ K/mTOR pathway are the p70 S6 kinase and its targets includ-
ing S6 ribosomal protein (rpS6), eukaryotic initiation factor 4B (eIF4B) and the 
translational repressor 4E-BP1. When eIF4B is phosphorylated in an mTOR-dependent 
manner it dissociates from the eukaryotic initiation factor 4E (eIF4E), so cap-
dependent mRNA translation can proceed. In addition it has been shown that mTOR 
plays the role of a rheostat capable of integrating extra-cellular, plasma membrane-
associated and intracellular signals with relevance to T-cell priming and tolerance. 
Hirase et al.  (  2009  )  reported their studies on the role of the mTOR pathway in 
A-TLL. They evaluated the effects of the mTOR inhibitor, rapamycin, on the prolif-
eration of HTLV-1 positive T cell lines and were able to demonstrate signi fi cant 
growth inhibition in HTLV-1 positive T cell lines after 24 and 48 h of treatment with 
rapamycin. On the other hand, such growth inhibition was not seen in HTLV-1 
negative cells lines or normal peripheral blood lymphocytes, raising the prospect of 
some degree of speci fi c activation of mTOR in HTLV-1-transformed lines. 
Nevertheless, there were also some effects seen in the HTLV-1 negative MOLT-4 
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cell line, suggesting the suppressive effects of mTOR inhibitors may extend in some 
non-HTLV-I infected T cell leukemia cells as well. A recent phase II trial of an oral 
mTOR inhibitor everolimus showed promising activity in patients with relapsed or 
refractory Hodgkin’s lymphoma (Johnston et al.  2010  ) . Nineteen patients were 
enrolled who had received a median of six prior therapies (range, 3–14) and 84% 
had undergone prior autologous stem cell transplant. The ORR was 47% with eight 
patients achieving a PR and one patient achieving a CR. The median time to pro-
gression was 7.2 months. Patients received a median of seven cycles of therapy. Of 
the 19 patients, one remained on therapy at 36 months; while the others went off 
study because of progressive disease (16), toxicity (1), and death from infection (1). 
Four patients experienced a Grade 3 or higher pulmonary toxicity. This suggested 
that everolimus has single-agent activity in relapsed/refractory HL and provided 
proof-of-concept that targeting the mTOR pathway in HL is clinically relevant. 
Other agents including temsirolimus are currently being tested in clinical trials 
alone and in combination with other biologic agents.  

   Agents Targeting Apoptotic Pathways 

 The apoptotic pathways are intricately controlled by a balance between proapop-
totic (Bax, Bak, Mtd/Bok) and antiapoptotic proteins (Bcl-2, Bcl-xL, Mcl-1, Bcl-w). 
The Bcl-2 family members are overexpressed in several hematologic malignancies. 
Small molecules that can target antiapoptotic Bcl-2 family members represent a 
new opportunity to affect this biology directly (Kluck et al.  1997 ; Cory et al.  2003  ) . 
Small molecules such as the gossypol analogue AT-101, ABT-263 and obatoclax 
represent agents that can target antiapoptotic Bcl-2 family members. They have 
exhibited inhibitory properties in carcinoma cell lines and tumor xenograft models. 
ABT −737 is a BH-3 only mimetic capable of binding with high af fi nity to the 
prosurvival proteins Bcl-xL, Bcl-2 and Bcl-w, inducing Bax/Bak-dependent 
killing (Van Delft et al.  2006  ) . ABT-263, a potent orally bioavailable analog of 
ABT-737 is designed to be Bad-like BH3 mimetic. In human tumor cells, ABT-263 
induces Bax translocation, cytochrome  c  release, and subsequent apoptosis. This 
agent is now in clinical trials in NHL where patients are dosed on days 1–14 of a 
21 day cycle (10–440 mg). One patient with NK/T-cell lymphoma demonstrated a 
75% reduction of his skin lesions after cycle 2. The main toxicities so far include 
thrombocytopenia, elevation of LFT’s. Paoluzzi et al.  (  2008a  )  showed that ABT-737 
showed synergism when combined with the proteasome inhibitors bortezomib or 
car fi lzomib in select lymphoma cell lines and induced potent mitochondrial mem-
brane depolarization and apoptosis when combined with either. ABT-737 plus bort-
ezomib also induced signi fi cant apoptosis in primary samples of MCL, DLBCL, 
and chronic lymphocytic leukemia (CLL) but no signi fi cant cytotoxic effect 
was observed in peripheral blood mononuclear cells from healthy donors. 
In severe combined immunode fi cient beige mouse models of MCL, the addition of 
ABT-737 to bortezomib enhanced ef fi cacy compared with either drug alone and 
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with the control suggesting that ABT-737 alone or in combination with a protea-
some inhibitor represents a novel and potentially important platform for the treat-
ment of B-cell malignancies. Paoluzzi et al.  (  2008b  )  also showed that AT-101 has 
potent anti-tumor activity both in vitro and in vivo in mantle cell lymphoma cell 
lines and SCID beige mouse model of drug resistant B-cell lymphoma. The addition 
of AT-101 to cyclophosphamide and rituximab in a schedule- dependent manner 
enhanced the ef fi cacy of the conventional agents and was safe. 

 Oblimersen sodium (Genasense) a 16-mer directed at the open reading frame of 
Bcl-2 mRNA induces apoptosis of CLL and lymphoma cells in vitro and exhibits 
synergy with other drugs. Despite modest single agent activity in CLL, a phase III 
randomized trial by O’Brien et al.  (  2007  )  showed that when it was combined with 
cyclophosphamide and  fl udarabine, major response rate and duration of response 
was found to be superior than with-out oblimersen. Seventeen percent CR was 
reported which correlated with extended time to progression and improved survival. 
Activity has also been reported in patients with mantle cell lymphoma.  

   Monoclonal Antibodies 

   Anti-CD52 (Alemtuzumab) 

 Alemtuzumab or Campath-1 H is a recombinant DNA- derived humanized mono-
clonal antibody hat is directed against CD52, a 21–28 kDa cell surface glycoprotein, 
which is expressed on mature lymphocytes. Ginaldi et al.  (  1998  )  investigated the 
intensity of expression of CD52 in a study of 45 cases of lymphoid leukemia and 
showed that normal T lymphocytes expressed higher CD-42 expression than B lym-
phocytes and that the antigen was also signi fi cantly higher in T-prolymphocytic 
leukemia (T-PLL) compared with CLL. Moreover the differences in CD52 expres-
sion were somewhat higher in campath-IH treated patients who responded than in 
non-responders. Campath-1 H is administered as an infusion over 2 h. The dose has 
to be escalated to 30 mg and is to be given 3 times per week for a total of 12 weeks. 
It can be given as a subcutaneous injection, but the data in T-cell prolymphocytic 
leukemia indicate decreased ef fi cacy if given by subcutaneous route. Dearden et al. 
 (  2001  )  evaluated the ef fi cacy of Campath-IH in 39 patients with T-prolymphocytic 
leukemia and reported an ORR of 76% including 60% CR rate. The median disease 
free survival was 7 months. Survival was signi fi cantly prolonged in patients achiev-
ing CR compared with those in PR or with no response. A pilot study by Enblad 
et al.  (  2004  )  in 14 patients with PTCL found an ORR of 36% including 3 CR’s and 
2 PR’s lasting upto 12 months. A phase II study by Zinzani et al.  (  2005  )  assessed the 
impact of a reduced dose (10 mg three times per week for four weeks) schedule of 
campath-IH in ten patients with pretreated cutaneous/peripheral T-cell lymphoma.
Of these, six had nodal PTCLU and four had MF. All MF patients were in stageT3 
or T4, N0, M0 of the TNM classi fi cation. All PTCLU patients were in stage III-IV 
according to the Ann Arbor system. Among PTCLU patients, four presented with 4 



364 O.O. Connor et al.

involved nodal sites and three had 3 involved nodal sites with bulky disease. The 
median number of prior treatments was 3 (range, 2–4), and the median time from 
original diagnosis was 13 months (range, 6–15). The overall response rate (ORR) 
was 60%, with 2 (20%) patients achieving complete responses (CR), and with 4 
(40%) obtaining partial response (PR). In the MF subset, the best response was PR 
(3/4, 75%). However, in the PTCLU subset, there were 2 (33%) CR’s which lasted 
3 and 8 months as well as 1 (17%) PR. The median duration of response was 
7 months. Alemtuzumab is now being studied in combination with CHOP therapy 
as upfront therapy for PTCL. In one study of 24 patients by Gallamini et al.  (  2007  ) , 
17 CR’s and 1 PR were reported. Six patients had stable and progressive disease 
with median duration of response of 11 months. The major toxicity is immunosup-
pression and increased risk of CMV reactivation. Hematologic toxicity can occur 
and blood counts need to be monitored closely.  

   Anti-CD30 

 CD30 is a cell surface antigen glycoprotein of 120 kDa that shows sequence homol-
ogy to members of the TNF receptor superfamily. It is expressed on mitogen acti-
vated B and T lymphocytes but not on resting monocytes and lymphocytes. It is also 
expressed on malignant hematopoetic cells including Hodgkin’s disease, ALCL, 
primary cutaneous ALCL, lymphomatoid papulosis and certain cases of transformed 
MF. There are several monoclonal antibodies that target CD30. SGN-30 developed 
by Seattle Genetics has shown promising activity against ALCL in phase I trial 
(Bartlett et al.  2008  )  with a 17% partial response with no toxicity. The agent is now 
being tested in a larger phase II trial in ALCL. However a CALGB trial (Cancer and 
Leukemia Group B) combining this agent with systemic chemotherapy (vinorel-
bine, liposomal doxorubicin and gemcitabine) in patients with relapsed Hodgkin’s 
disease showed increased pulmonary toxicity (Blum et al.  2008  )  in patients with an 
FcgammaRIIIa V/F polymorphism. A phase II trial of single agent SGN-30 in cuta-
neous ALCL, lymphomatoid papulosis and MF has shown promising activity (CR 
plus PR plus stable disease) of 87% (Duvic et al.  2009  ) . The median duration of CR 
and PRs was 84 days. The dose was 4 mg/kg given every 3 weeks, which was then 
increased to 12 mg/kg. Side-effects were minimal. This agent is now being tested in 
a broader multicenter trial in patients with ALCL.  

   SGN-35 

 SGN-35 is a drug-antibody conjugate in which SGN-30 is linked to Auristatin. 
Multicenter phase I dose escalation trial was conducted by Younes et al.  (  2008  )  in 
45 patients with refractory or recurrent CD30-positive hematologic malignancies, 
including HL (n = 42), systemic anaplastic large cell lymphoma (sALCL; n = 2), and 
angioimmunoblastic T cell lymphoma (n = 1). Approximately 75% of patients 
reporting B- symptoms at baseline experienced symptom resolution on study. Most 
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patients (86%) had reductions in target lesion size. Among 28 evaluable patients 
treated at doses  ³ 1.2 mg/kg every 3 week, the objective response rate (CR + PR) was 
46% (n = 13) and the complete remission rate was 25% (n = 7). Two additional 
PRs were observed in the 0.6 mg/kg cohort. Median response duration to date was 
22 weeks (range, 0.1–to 38+ weeks). Thirteen patients continued to remain on the 
study. The most common adverse events (occurring in  ³ 20% of patients) were 
fatigue, pyrexia, nausea, and diarrhea. To assess if more frequent dosing might 
maximize anti-tumor activity with acceptable tolerability, Bartlett et al.  (  2009  )  con-
ducted a multicenter, phase 1, weekly dosing, dose-escalation study (3 + 3 design) in 
pts with refractory or recurrent HL or systemic ALCL. SGN-35 was administered 
weekly at doses of 0.4–1 mg/kg (2-h IV infusions). Multiple CRs were observed at 
higher doses (1 patient with sALCL and 2 with HL achieved CR at the dose of 
0.8 mg/kg, 1 patient with systemic ALCL and 3 patients with HL achieved CR at 
the dose of 1 mg/kg). Two independent phase II single-arm open-label multicenter 
clinical trials to evaluate the ef fi cacy and safety of SGN-35 as a single agent in 
patients with relapsed or refractory Hodgkin lymphoma and relapsed or refractory 
systemic ALCL are ongoing. The ATHERA trial which is a randomized, double-
blind, placebo-controlled, multicenter phase 3 trial to evaluate the ef fi cacy and 
safety of brentuximab vedotin (SGN-35) and best supportive care (BSC) compared 
to placebo and BSC in treatment of residual HL following ASCT is currently recruiting 
patients.  

   Anti-CD4 

 CD4 belongs to the immunoglobulin superfamily and acts as a co-receptor of TCR 
(T-cell receptor). It is normally expressed in helper Tcells, regulatory Tcells, mac-
rophages, monocytes and dendritic cells and highly expressed by T-cell malignan-
cies including PTCL’s and CTCL’s. Different monoclonal antibodies against T-cell 
antigens have been developed and tried clinically in T-cell lymphomas without 
much success. Knox et al. reported results with SK3, a chimeric anti-CD4 antibody, 
in seven patients with MF with some effect and a good safety pro fi le. The trial was 
limited by the development of antichimeric antibodies. M-T412, an anti-CD4 chi-
meric antibody directed against a different epitope of the CD4 molecule, demon-
strated a higher af fi nity and was able to induce CD4 positive lymphocyte depletition 
through an Fc-mediated mechanism. This was studied in MF and showed an ORR 
of 88% with freedom from progression lasting 25 weeks.  

   Zanolimumab (HuMax) 

 This is a fully humanized anti-CD4 monoclonal antibody under active investigation for 
the treatment of CD4 positive malignancies, mainly CTCL in early and advanced stages 
and other non-cutaneous PTCL’s. A phase II trial in refractory CTCL was reported 
by Obitz et al. (Kim et al.  2007  )  with a response of 40% and no adverse effects. 



366 O.O. Connor et al.

D’Amore et al.  (  2007  )  presented data from a phase II trial of HuMax in PTCL 
demonstrating an ORR of 62.5% in the  fi rst eight patients enrolled in the trial and 
only one related case of febrile neutropenia. Two phase II clinical trials are evaluat-
ing the role of this drug in early and late stage CTCL. A blinded randomized phase 
III trial comparing two different dosing of Zanolimumab (8 v.s 14 mg/m 2 ) in previ-
ously treated MF is ongoing.   

   Targeting Angiogenesis 

   Bevacizumab (Avastin) 

 Bevacizumab, a humanized monoclonal antibody directed against vascular endothe-
lial growth factor (VEGF-A), is approved in combina t ion with chemotherapy in 
lung, colorectal, breast and brain cancers. VEGF-A expression is reported in all 
lymphoma subtypes, with strongest expression in PTCL. A recent ECOG 2404 
phase II clinical trial (Advani et al.  2009  )  evaluated bevacizumab with CHOP as 
upfront therapy in patients with PTCL. Patients received bevacizumab 15 mg/ kg IV 
and CHOP chemotherapy on day 1 for 6–8 cycles. Patients with CR/PR/SD received 
maintenance therapy with bevacizumab 15 mg/ kg IV q 3 weeks for 4 cycles. Among 
33 pts, 22 received at least 4 cycles of A-CHOP. Results from the trial were not 
mentioned. However one or more designated cardiac toxicities were recorded for 5 
of these 22 pts. Congestive heart failure was recorded in 4 patients who received 
cumulative doxorubicin doses of 300–400 mg/m 2 . It was also felt that bevacizumab 
might potentiate the adverse cardiac effects of anthracyclines, resulting in clinically 
signi fi cant toxicity and EF in such patients will need to be very carefully monitored 
if this drug is used in future trials in conjunction with an anthracycline.  

   Plitidepsin (Aplidin) 

 Plitidepsin is a cyclic depsipeptide isolated from the marine tunicate  Aplidium 
albicans.  Plitidepsin displays a broad spectrum of antitumor activities, inducing 
apoptosis by triggering mitochondrial cytochrome c release, initiating the Fas/
DC95, JNK pathway and activating caspase 3 activation. This agent also inhibits 
elongation factor 1-a, thereby interfering with protein synthesis, and induces G1 
arrest and G2 blockade, thereby inhibiting tumor cell growth. A phase II prospective 
open-label study (Ferme et al.  2008  )  to evaluate its activity in patients with relapsed/
refractory non-cutaneous PTCL was conducted in 14 patients. They were treated 
with plitidepsin 3.2 mg/m 2  IV infusion over 1-h on days 1, 8 and 15 every 4 weeks. 
Eleven patients were evaluable when preliminary results were reported, one was too 
early and two were non-evaluable. One con fi rmed CR and 3 PR’s were observed 
with a 36% objective response rate. Median overall survival was 11 months. 
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Plitidepsin was tolerable in this heavily pretreated population with low hematological 
toxicity. Transient but reversible ALT elevation was noticed in 7 patients. 

 Future trials will establish its role in T-cell lymphoma.    

   Conclusion 

 At present there are many promising agents with activity against T-cell lymphomas. 
However it is imperative that insight into the biology of T-cell lymphomagenesis 
guide the development of novel agents. Major challenges still persist for this  fi eld 
such as: (1) What is the optimal way to combine currently available agents and what 
are the optimal agents to combine? ; (2) Given the rarity and heterogeneity of this 
disease what is best strategy to accrue patients to clinical trials to answer these ques-
tions? Designing and implementing well designed clinical trials with careful thought 
to correlative studies could answer some of these questions. This will not only help 
move the  fi eld forward towards a cure of these diseases but may also change the 
treatment paradigm to more targeted and tailored approach to individual tumors in 
cancer patients.      
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         Introduction    

 Large Granular Lymphocytes (LGL) are part of the immune system normally 
comprising 10–15% of adult peripheral blood mononuclear cells (PBMC). LGL 
actively survey for virus-infected or transformed cells in the body. Phenotypically, 
LGL contain two distinct subpopulations – cytotoxic T-lymphocytes (CTL) and 
Natural Killer (NK) cells. Despite important differences in origin and functions, 
CTL share several characteristics with NK-cells (Smyth et al.  2001  ) . 

 LGL leukemia is a chronic lymphoproliferative disorder of cytotoxic lympho-
cytes. LGL leukemia can be of cytotoxic T-cells (known as T-cell LGL leukemia or 
T-LGL leukemia) or that of NK cells (NK-cell LGL leukemia or NK-LGL leukemia). 
In T-LGL leukemia, the expansion of clonal CTL is seen as the expansion of CD3+ 
CD8+/CD57+ T-cell receptor (TCR)- a  b  + CTL (Loughran  1993  ) . Leukemic T-LGL 
are CD45RA + CD62L-, a phenotype consistent with effector-memory RA T-cells 
(T 

EMRA
 ). Thus, leukemic T-LGL can be considered as malignant expansion of T 

EMRA
  

cells (Loughran  1993 ; Yang et al.  2008  ) . 
 NK-LGL leukemia is characterized by CD3- CD56+ and/or CD16+ cells 

(Loughran  1993  ) . In the absence of clonal TCR gene it is more dif fi cult to establish 
the clonality of leukemic NK-LGL. However, recent reports studying NK-receptor 
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repertoire suggest clonal expansion of NK cells in NK-LGL leukemia patients 
(Loughran  1993 ; Epling-Burnette et al.  2004a  ) . 

 Following recognition of target cells, LGL are powerful executers of cell-mediated 
cytotoxicity. Upon  fi nding their targets, LGLs make brief contact with target cells 
and induce apoptosis in the latter. Apoptosis induction in the target cells is achieved 
either by death receptor mediated pathway or by delivering cytotoxins in the target 
cells. The death receptor mediated signaling depends on the activation of ‘death 
receptors’ such as Fas by their ligands. LGL contain various cytotoxins such as 
perforin (pore forming protein) and granzyme B (GrB) in their azurophilic granules. 
Perforin punches pores in target cells facilitating the delivery of cytotoxins such as 
GrB into the target cells. Once in target cells, GrB cleaves and activates various 
proteins such as caspases,  fi lamin, nuclear poly(ADP-ribose) polymerase (PARP) 
and Bid leading to cell death in both caspase-dependent and -independent manners 
(Smyth et al.  2001 ; Krammer  2000  ) .  

   Clinical F   eatures of LGL Leukemia 

 LGL leukemia is a disorder of middle-aged individuals with the median age around 
55 years. Both T- and NK-LGL leukemia may manifest as an indolent disorder or an 
aggressive leukemia. T-LGL leukemia is far more common than NK-LGL leuke-
mia, with more than 85% LGL leukemia manifesting as indolent T-cell disease. 
Indolent T-LGL leukemia is a chronic disease with median survival of around 
14.5 years. On the other hand, aggressive NK-LGL leukemia is one of the most 
aggressive tumors known, with median survival of a few months following the diag-
nosis (Loughran  1993 ; Sokol and Loughran  2006  ) . 

 About one third of patients with T-LGL leukemia are asymptomatic and are 
diagnosed coincidentally. Some patients present with B-symptoms such as fever, unex-
plained weight loss and night sweats. T-LGL leukemia has signi fi cant overlap with a 
variety of hematological and autoimmune diseases. Rheumatoid arthritis (RA) is the 
most common autoimmune condition seen in the patients with T-LGL leukemia. 
Recurrent infections due to coexistent neutropenia is a common feature of LGL 
leukemia. Other hematologic conditions such as hemolytic anemia, pure red cell 
aplasia, cyclic neutropenia and aplastic anemia also coexist in patients with T-LGL 
leukemia. While the exact pathogenesis is not understood, it is believed that leukemic 
T-LGL in fi ltrate into normal tissues where they mediate direct destruction of normal 
tissue (Sokol and Loughran  2006 ; Lamy and Loughran  1998 ; Zhang et al.  2009  ) .  

   Treatment of Patients with LGL Leukemia 

 Asymptomatic LGL leukemia patients with indolent course usually do not require 
any treatment. Indications for therapy include symptomatic or severe anemia (such 
as transfusion dependent anemia) or neutropenia (absolute neutrophil count or 
ANC of <500/ m l). The goals of therapy are (i) eradication of clone (ii) correction of 
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cytopenias and (iii) symptomatic relief. The mainstay of treatment in LGL leukemia 
is immunosuppressive therapy such as methotrexate (MTX), cyclophosphamide, 
cyclosporine A (CSA) (Sokol and Loughran  2006 ; Lamy and Loughran  2003  ) . 
MTX is one of the most commonly used drugs for the treatment of indolent T-LGL 
leukemia. Generally, low-dose (~10 mg/m 2 ), oral treatment is given on weekly 
basis. The overall response rate (ORR) is about 50%. It may take 3–4 months to 
observe response. Steroids such as prednisone are sometimes used as adjuvant to 
hasten the clinical response and symptomatic relief. Due to absence of cross-resistance 
among MTX, CSA, and cyclophosphamide, trial of other drugs is considered in the 
event of non-response to the initial treatment. Treatment options such as  fl udarabine, 
alemtuzumab (anti-CD52 monoclonal antibody), anti-thymocyte globulin (ATG), 
pentostatin or splenectomy are considered second-line options in the cases of failure 
with the  fi rst-line treatment (Sokol and Loughran  2006 ; Osuji et al.  2006  ) .  

   Pathophysiology of CTL Homeostasis 

   Activation-Induced Cell Death and Its Dysregulation 
in LGL Leukemia 

 In periphery, antigen encounter by an antigen-speci fi c naïve T-cell leads to prolif-
eration of that T-cell. Within days, vigorous proliferation leads to increase in 
antigen-speci fi c T-cells by about 50,000-fold accompanied by acquisition of effector 
functions (Thome and Tschopp  2001  ) . Unchecked proliferation and persistent 
cytotoxicity of CTL is undesirable due to the risk of developing autoimmunity or 
malignancy. Thus, most of these activated cells are selectively eliminated following 
antigen clearance (Thome and Tschopp  2001  ) . This process, known as activation-
induced cell death (AICD), is paramount for maintenance of T-cell homeostasis and 
peripheral immune tolerance (Zhang et al.  2004  ) . In the periphery, AICD is achieved 
by contribution of both granule-mediated pathway and death receptor mediated 
signaling. 

 The activation of CTL upregulates the surface expression of both Fas and FasL, 
ensuring effective elimination of activated CTL via Fas-FasL mediated apoptosis 
either in autocrine or paracrine fashion (Krammer  2000 ; Zhang et al.  2004  ) . Fas is 
a member of tumor necrosis factor receptor (TNFR) family of proteins that plays 
role in CTL-mediated apoptosis of target cells including other activated CTL 
(Thome and Tschopp  2001 ; Matiba et al.  1997  ) . Interaction of FasL with its receptor 
leads to trimerization of Fas. The cytosolic portion of the trimerized receptor 
complex binds to an adaptor protein known as Fas-associated death domain (FADD). 
Collectively, this complex is called death-inducing signaling complex (DISC) 
(Matiba et al.  1997  ) . Formation of DISC allows for binding and activation of a 
zymogen known as procaspase-8. Recruitment of procaspase-8 to DISC leads to its 
cleavage and formation of heterotetramers of two p10 and p18 subunits each (Lavrik 
et al.  2003  ) . Activated caspase-8 is the key-initiator of death receptor-mediated 
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apoptosis activating other caspases. The activation of caspase cascade eventually 
culminates in cell death. DISC formation and the activation of caspase-8 are, in part, 
negatively regulated by cellular FADD-like IL1-converting enzyme (FLICE)-
inhibitory protein (c-FLIP) (Thome and Tschopp  2001  ) .   

   Dysregulation of Fas-Mediated Apoptosis in Leukemic LGL 

 Like activated normal CTL, leukemic LGL also express abundant Fas and FasL on 
their surfaces. However, while normal activated CTL readily undergo Fas-FasL 
mediated apoptosis, leukemic LGL are resistant to FasL-mediated apoptosis (Lamy 
et al.  1998  ) . 

 Gene expression pro fi ling carried out using microarray technique showed a 
unique gene expression signature in LGL leukemia PBMC. Leukemic LGL show 
expression pattern in agreement with acquisition of effector functions, but with severe 
dysregulation in apoptotic machinery. Various genes known to have pro-apoptotic 
function were downregulated while those with known anti-apoptotic functions 
were upregulated. Thus, in leukemic LGL the processes of activation and apoptosis 
that are normally tightly coupled is uncoupled, leading to the inhibition of AICD 
(Shah et al.  2008  ) . 

 It is proposed that although leukemic LGL are capable of undergoing Fas-
mediated apoptosis, various survival signals keep them from doing so. LGL leukemia 
patients do not carry any known mutation in Fas or FasL (Liu et al.  2002a  ) .  In vitro  
treatment with interleukin-2 (IL2), phytohemagglutinin and IL2, or ceramide sensi-
tize leukemic LGL to Fas-mediated apoptosis (Yang et al.  2008 ; Epling-Burnette 
et al.  2001  ) . Inhibitors of various survival signaling pathways restore Fas-sensitivity 
in leukemic LGL suggesting intact Fas-FasL apoptotic machinery (Shah et al.  2008 ; 
Epling-Burnette et al.  2001  ) .  

   Role of Soluble Fas and FasL in LGL Leukemia 

 Various isoforms of both Fas and FasL have been found in the sera of LGL leukemia 
patients. The sera from LGL leukemia patients contained elevated levels of soluble 
form of Fas receptor (sFas) compared to their healthy counterparts. It is believed 
that sFas may work as a decoy for FasL, resulting in Fas-resistance phenotype of 
leukemic LGL (Liu et al.  2002a  ) . In support of this hypothesis, the source of these 
sFas variants in serum was traced to leukemic LGL. Leukemic LGL were found to 
express alternative spliced Fas variants not seen in naïve or activated PBMC from 
healthy controls. When overexpressed, these variants were secreted in supernatant. 
The supernatant containing these sFas variants blocked Fas-mediated apoptosis of 
leukemic LGL (Liu et al.  2002a  ) .  
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   Therapeutic Implications 

 LGL leukemia patients have high amounts of sFasL in serum whereas serum from 
normal donors does not contain any detectable levels of sFasL. The soluble form 
of FasL (sFasL) is produced either by alternative splicing or by proteolytic cleavage 
of membrane bound FasL by matrix metalloproteinase (MMP) family of enzymes 
(Liu et al.  2002a ; Tanaka et al.  1996  ) . 

 While systemic treatment with Fas agonists such as anti-Fas antibodies or multi-
meric recombinant FasL seem as a possibility, severe systemic (mainly hepatic) 
toxicities, preclude their therapeutic use. On the other hand, sFasL is biologically 
inactive and has activity only when aggregated secondarily by cross linking antibodies. 
Thus, sFasL can be directed to the target cells by a tumor marker-speci fi c antibody 
reducing the systemic toxicity while maintaining anti-tumor activity. This approach 
has shown promise in various leukemia as well as solid tumors (Schrama et al.  2006 ; 
Bremer et al.  2008  ) . 

 MMP inhibitors could theoretically be proposed for the treatment of LGL leuke-
mia, based on the rationale of the inhibition of cleavage of membrane bound FasL 
resulting in decreased sFasL in the serum. More than  fi fty MMP inhibitors such as 
marimastat have been pursued in clinical trials. It would be of interest to see if MMP 
inhibitors can be used for treatment of LGL leukemia.  

   Abnormal DISC Formation 

 DISC formation is the immediate downstream event of Fas-FasL ligation in Fas-
mediated apoptosis. Both short and long forms of FLIP (known as c-FLIP 

S
  and 

c-FLIP 
L
  respectively) contain caspase-homologous regions, enabling them to be 

recruited to DISC. However, FLIP lack proteolytic capabilities of caspase-8. Thus, 
recruitment of FLIP to DISC inhibits the execution of Fas-induced apoptosis signals 
mediated by caspases. FLIP not only inhibit Fas-mediated apoptosis, but is also 
known to induce NF- k B- and Erk-mediated proliferation in T-cells (Thome and 
Tschopp  2001  ) . Downregulation of FLIP is seen towards the end of CTL response 
and correlates with their increased sensitivity to Fas-mediated apoptosis. In contrast, 
leukemic LGL express higher basal levels of both isoforms of FLIP that may 
contribute to Fas-resistant phenotype of leukemic LGL (Yang et al.  2008  ) .  

   Deregulation of Jak-Stat Pathway in LGL Leukemia 

 Janus kinase-signal transducers and activators of transcription (Jak-Stat) signaling 
cascade plays role in conferring survival in various tumors. It is also known to be 
activated following T-cell activation. JAK proteins are kinases that phosphorylate 
STAT proteins. STAT proteins are latent transcription factors that, upon activation, 
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transcribe various known anti-apoptotic genes. Jak-Stat pathway plays an essential 
role following cytokine signaling. Four members of Jak family and seven members 
of Stat family are known in humans. Stat family members may form homo- or 
heterodimers resulting in various combinations that may have overlapping but 
distinct transcription pro fi les (Murray  2007 ; Levy and Lee  2002  ) . 

 Upon activation of cytokine or growth factor receptor, aggregation of receptors 
leads to transphosphorylation of JAK leading to its activation. Activated JAK 
can then bind to STAT. STAT proteins contain an N-terminus dimerization domain, 
a central DNA-binding domain and a C-terminus transactivation domain. 
Phosphorylation of tyrosine and threonine (believed to be mediated by ERK) of 
the dimerization domain allows STAT proteins to form homo- or heterodimers. 
Dimerized STAT proteins then translocate to nucleus where they exert their tran-
scriptional activities by binding to enhancer regions of the target genes including 
Bcl-xL, myeloid cell leukemia sequence 1  ( Mcl-1), IAP-family of protein survivin 
(BIRC5), cell-cycle regulator cyclin D1, c-Myc and vascular endothelial growth 
factor (VEGF) (Levy and Inghirami  2006  ) . While physiological activation of STATs 
last for a few minutes to a few hours, constitutively activated STATs are frequently 
found in a wide variety of human tumors (Steelman et al.  2008  ) . Transformations 
mediated by oncogenes such as v- src , v- abl , v- fps , v- fes , v- eyk  and G a  

12
  have been 

shown to be mediated by STAT especially by STAT3 (Buettner et al.  2002 ; Kumar 
et al.  2005  ) . 

 Leukemic LGL harbor constitutively activated STAT1 and/or STAT3 but not 
STAT5. STAT3 and/or STAT1 dimers from LGL leukemia patients’ PBMC showed 
DNA binding activity equivalent to that of  in vitro  activated normal PBMC, suggesting 
that leukemic LGL are activated  in vivo . The inhibition of JAK2/3 using small 
molecular tyrosine kinase inhibitor AG490 induced apoptosis in leukemic LGL as 
well as restored Fas-sensitivity. Speci fi c inhibition of STAT3 using antisense to  STAT3  
induced signi fi cant apoptosis as well as restored Fas-sensitivity in leukemic LGL. 

 The promoter region of human  MCL1  – a BCL2 family member important for 
maintaining mitochondria integrity – contains a STAT3 binding site. In leukemic 
LGL, STAT3 binds to this site and induces expression of  MCL1 . The induction of 
apoptosis through STAT3 inhibition correlates with decreased MCL1 expression 
indicating a role of anti-apoptotic protein MCL1 in survival of leukemic LGL 
(Epling-Burnette et al.  2001  ) .  

   Therapeutic Implications 

 Recently, there has been a great interest in  fi nding speci fi c methods to inhibit Stat3 
signaling. Small molecules inhibitors (JSI124 and platinum (IV) compounds such 
as CPA-7) or peptide-based inhibitors speci fi c to STAT3 (Iwamaru et al.  2006 ; 
Schust et al.  2006 ; Tan et al.  2006 ; Turkson et al.  2004  )  have shown promising 
results in speci fi cally inhibiting Stat3-mediated signaling. 
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 Stat3 decoy is a double-stranded 15-mer oligonucleotide, corresponding closely 
to the STAT3 response element (SRE) within the c-fos promoter. Stat3 decoy 
oligonucleotide binds speci fi cally to activated STAT3 and blocks binding of STAT3 
to SREs, acting as a functional antagonist of STAT3 activity in cells. The inhibition 
of STAT3-mediated transcription is the key to anti-tumor activity. STAT3 decoy 
has shown to have potent anti-tumor activity  in vitro , as well as in animal models 
(Xi et al.  2004  ) . A clinical trial evaluating the ef fi cacy of STAT3 decoy in head and 
neck cancer is currently ongoing  (  STAT3 DECOY in Head and Neck Cancer  ) . 

 Speci fi c STAT3 peptide inhibitors have been developed by fusing the STAT3 
SH2 binding domain to a membrane-translocating sequence, which allows delivery 
of the active peptide in the cells. The STAT3 peptide inhibitor competitively inhibits 
STAT3 dimerization  in vitro  by direct interaction with STAT3 monomers. Since 
dimerization of STAT3 is essential for its activity as a transcription factor, these 
peptides inhibit STAT3 activity by functioning as decoys (Christine et al.  2005  ) . 

 Small molecular inhibitor OPB-31121, an oral agent, is being evaluated in 
clinical trials for non-hodgkin’s lymphoma, multiple myeloma, and in various 
advanced solid tumors. OPB-31121 inhibits interleukin-6 dependent phosphory-
lation of STAT3 thereby exerting its anti-tumor activity  (  STAT3 Inhibitor for Solid 
Tumors  ) . 

 Lestarutinib (CEP 701), an orally available JAK2 inhibitor, is being evaluated 
in hematopoietic malignancies such as acute myelogenous leukemia and myelo-
proliferative disorders as well as in prostate cancer, either as a single agent or in 
combination with other chemotherapeutic agents. Interestingly it is also shown to 
have activity in autoimmune conditions such as psoriasis (Santos et al.  2010 ;   http://
clinicaltrials.gov/ct2/results?term=CEP701    ). 

 Trisenox (Arsenic Trioxide, ATO, As2O3) is a highly effective treatment for 
patients with acute promyelocytic leukemia (APL). It is shown to improve event-
free survival and disease-free survival in patients with APL. It is shown to inhibit 
STAT3 activity in dose-dependent manner by inhibiting the activity of protein 
tyrosine kinase such as JAK (  http://clinicaltrial.gov    ; Powell et al.  2010 ; Wetzler 
et al.  2006  ) . 

 Given the role of Jak-Stat pathway in survival of leukemic LGL, it will be inter-
esting to see if any of these novel agents would have therapeutic activity in LGL 
leukemia patients.  

   Deregulation of Ras-Mek-Erk Signaling in LGL Leukemia 

 Ras has a well-established role in tumor biology. Mutations of Ras occur in about 
30% of all human cancers. Ras family of proteins belongs to guanidine triphos-
phatase (GTPase). In its active (GTP-bound) form, Ras engages various downstream 
effector pathways that play essential role in cellular responses such as survival, 
proliferation and differentiation (Schubbert et al.  2007  ) . 

http://clinicaltrials.gov/ct2/results?term=CEP701
http://clinicaltrials.gov/ct2/results?term=CEP701
http://clinicaltrial.gov
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 Ras is activated following signal delivered to receptor tyrosine kinases (RTK). 
Ras signaling can be activated by Src-family kinases (SFK), platelet-derived growth 
factor (PDGF), or sphingosine-1-phosphate (S1P) through G a  

12
 . Ras cascade is the 

major pro-survival regulator following T-cell activation. In T-cells, immunoreceptor 
tyrosine-based activation motifs (ITAM) of the TCR translate the signal of antigen 
engagement to Ras (Samelson  2002 ; Veillette et al.  2002 ; Pyne and Pyne  2002 ; 
Heldin and Westermark  1999 ; Mor and Philips  2006  ) . 

 Ras activity is also regulated by post-transcriptional regulations. Prenyl trans-
ferases are a class of enzymes that include farnesyl transferases (FT) and geranylger-
anyl transferases (GGT). Prenyl-transferases modify Ras activity by adding either 
one or two hydrophobic moieties on C-terminus of RAS. This modi fi cation is essential 
to anchor Ras on cytosolic lea fl et of cellular membranes which is a pre-requisite for 
activation (Schubbert et al.  2007 ; Mor and Philips  2006  ) . 

 Once activated, Ras phosphorylates and activates Raf-1. Raf-1 phosphorylates 
 M APK- e xtracellular regulated kinase (ERK)  k inase (MEK) resulting in its activation. 
Activated MEK in turn phosphorylates ERK resulting in its translocation to nucleus. 
In the nucleus, ERK activates various transcription factors, including Fos and Jun of 
Ets family, resulting in proliferation, differentiation or survival of cells (Steelman 
et al.  2008 ; Schubbert et al.  2007 ; Mor and Philips  2006  ) . Ras signaling also promotes 
survival by directly promoting the transcription of FLIP and MCL1 (Budd et al. 
 2006 ; Huntington et al.  2007  ) . In Jurkat T-cells MAPK/ERK activity is inversely 
proportional to Fas-sensitivity and anti-apoptotic activity of MAPK/ERK signaling 
overrides Fas-mediated apoptotic signals (Holmström et al.  2000  ) . 

 LGL leukemia patients harbor constitutively active form of Ras (H-Ras-GTP) 
(Epling-Burnette et al.  2004b  ) . Ras-Mek-Erk signaling was found to be constitu-
tively activated in leukemic LGL. The inhibition of RAS, MEK or ERK induced 
apoptosis in as well as restored Fas-sensitivity in leukemic LGL (Epling-Burnette 
et al.  2004b  ) . The inhibition of Ras either using chemical inhibitor FTI2153 or by 
overexpressing dominant negative form of Ras, induced apoptosis in leukemic LGL 
by inhibiting ERK activity. Similar results were obtained using MAPK inhibitors 
(PD98059 or U0216) that induced apoptosis in leukemic LGL and restored Fas-
sensitivity in Erk-dependent manner. These results suggest that overactive RAS 
and MEK lies upstream to ERK in mediating survival signals in leukemic LGL 
(Epling-Burnette et al.  2004b  ) .  

   Therapeutic Implications 

 R1150777 (Zarnestra, Tipifarnib) is a farnesyl transferase inhibitor (FTI) designed to 
inhibit Ras pathway. Zarnestra is being investigated as a potential treatment in vari-
ous tumors including leukemia (Armand et al.  2007  ) . Since Ras isoforms such as 
H-Ras requires farnesylation for malignant transformation activity (Zhu et al.  2005  ) , 
it was hypothesized that by inhibiting farnesylation of Ras, Zarnestra would inhibit 
Ras-mediated signaling in LGL leukemia. A clinical trial was conducted on eight 
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LGL leukemia patients using this drug. While none of the patients achieved clinical 
response, interesting biological responses were observed in most of these patients. 

 In a patient with NK-LGL leukemia with coexisting primary pulmonary hyper-
tension (PPH), improvement in the symptoms and signs of pulmonary hypertension 
following treatment with Zarnestra was observed (Epling-Burnette et al.  2008  ) . 
Treatment with Zarnestra also resulted in decreased marrow LGL, improved 
hematopoiesis using  in vitro  cultures, and increased normal marrow hematopoiesis 
(unpublished observations). It was proposed that activating NKR (or TCR in T-LGL 
leukemia) acts through adaptor proteins to activate Ras-Mek-Erk and PI3k-Akt 
signaling. This activation ultimately culminates into Fas-resistance phenotype, 
granule redistribution, and cytotoxicity. Disruption of Ras signaling using FTI may 
prevent these downstream effects.  

   Deregulation of PI3k-Akt Pathway LGL Leukemia 

 Among downstream effector pathways of Ras cascade, phosphoinositide-3-kinase 
(PI3k) -v-akt murine thymoma viral oncogene homolog (Akt) mediated signaling 
has a well established role in metabolism, survival and proliferation – and hence in 
tumor formation. This deregulation is commonly caused by mutation or ampli fi cation 
of PI3K- a , or deletion or mutation of a negative regulator of PI3k-Akt signaling, 
phosphatase and tensin homolog (PTEN) (Vivanco and Sawyers  2002  ) . 

 In T-cells, PI3k-Akt signaling plays pivotal role in TCR-mediated activation and 
proliferation. PI3K is activated upon membrane relocation. This relocation is medi-
ated by the interaction of PI3K with RAS or SFK, or through the direct interaction 
of PI3K with cytokine receptors at the SH2-domain binding site (Steelman et al. 
 2008 ; Vivanco and Sawyers  2002 ; Schade et al.  2006  ) . The most studied component 
downstream of PI3K is a serine/threonine kinase – AKT (or protein kinase B, PKB). 
The activation of AKT accounts for many of the biological functions of PI3K. To 
promote proliferation, AKT acts through upregulating cyclin D1, and mammalian 
target of rapamycin (mTOR) pathway, while downregulating forkhead box class O 
(FOXO) transcription factors and cyclin-dependent kinase inhibitors (CKI) such as 
p21 WAF  and p27 KIP1 . 

 One of the main targets downstream to Akt in pro-survival signaling is NF- k B 
signaling. Further, AKT phosphorylates Bcl-2 antagonist of cell death (BAD), 
preventing its interaction with anti-apoptotic factor Bcl-x 

L
 . This leaves Bcl-x 

L
  to 

exert its anti-apoptotic functions. AKT phosphorylates and inhibits caspase-9, thus 
inhibiting apoptosis. Another anti-apoptotic phosphorylation target of AKT is 
MDM2 – a negative regulator of tumor suppressor p53. Phosphorylated MDM2 
binds to p53, expediting its degradation and interfering with tumor suppression 
effects of the latter (Wymann and Schneiter  2008 ; Mayo and Donner  2001  ) . 

 In LGL leukemia PBMC, SFK maintain PI3K in its constitutively active form as 
assessed by phosphorylated state of AKT and glycogen synthase kinase-3 (GSK3). 
Following activation, PI3k-Akt signaling can enhance the survival of normal T-cells 
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through the inhibition of Fas clustering and DISC (Jones et al.  2002  ) , a phenotype 
consistent with leukemic LGL. Further, the inhibition of SFK or PI3K induced 
apoptosis in leukemic LGL. The inhibition of SFK or PIK3 was accompanied by 
the inhibition of ERK1/2 activity, placing Akt upstream to Erk in LGL survival 
signaling. In leukemic LGL, SFK-mediated activation of PI3k-Akt pathway results 
in constitutive ERK activity. The inhibition of this pathway at any level – namely 
the inhibition of SFK, AKT or ERK –interferes with the survival of leukemic LGL 
resulting in induction of apoptosis (Epling-Burnette et al.  2004b ; Schade et al.  2006  ) .  

   Therapeutic Implications 

 Due to their role in promoting proliferation and survival as well as potent anti-
angiogenic effects, PI3k and Akt are well established candidates for anti-tumor 
therapy. Currently, many pan-PI3K inhibitors are being studied in pre-clinical and 
clinical trials. The strategies to use PI3k-Akt signaling inhibitors are either to use 
them as single agents or in combination with conventional chemotherapy or radio-
therapy. Among many isoforms, PI3K a  is the most commonly involved isoform in 
cancer. Hence, as a strategy to minimize side effects, efforts are underway to develop 
a PI3K a  speci fi c inhibitor. Currently, inhibitor of PI3K such as PI-103, NVP-
BEZ235, SF1126, PX-866, and ZSTK474 (all pan-PI3K isoform inhibitors), have 
shown promise as anti-tumor agents as well in the treatment for autoimmune 
diseases. Given this dual effect, it would be of interest to see if these novel agents 
possess therapeutic potential in treatment of LGL leukemia (Wymann and Schneiter 
 2008 ; Kong and Yamori  2008  ) .  

   Deregulation of NF- k B Signaling in LGL Leukemia 

 NF- k B plays an essential role in hematopoiesis, in fl ammation, as well as survival 
and proliferation of adaptive immune system cells. Thus, NF- k B is now recognized 
as a critical player in almost all the aspects of immune responses (Sen and Baltimore 
 1986 ; Hayden et al.  2006  ) . In inactivated state, NF- k B is in cytoplasm as a complex 
with the inhibitor of NF- k B (I k B). This complex keeps NF- k B from both entering 
to nucleus and binding to DNA, thus depriving its transcriptional functions. This 
inhibition is void once I k B is phosphorylated by (I k B)-kinase complex (IKK). 
Phsophorylation of I k B, leads to its ubiquitination and proteasomal degradation. 
IKK is a known AKT substrate. In summary, phosphorylation of IKK by AKT leads 
to the activation of the IKK, which in turn leads to phosphorylation and degradation 
of I k B, leading to NF- k B activation (Wymann and Schneiter  2008  ) . 

 The activation of NF- k B is one of the most characterized pathways in antigen-
receptor signaling in T-cells. The activation of NF- k B downstream of TCR ligation 
facilitates proliferation and acquisition of effector functions. NF- k B orchestrates 
T-cell activation by providing a milieu to proliferate (such as inducing IL2 production) 
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and acquire effector functions (such as promoting transcription of RANTES, Fas 
and FasL) (Hoffmann and Baltimore  2006  ) . 

 An important NF- k B function is to protect T-cells against AICD (Rivera-Walsh 
et al.  2000  ) . This function is executed through promoting the expression of pro-
survival Bcl-2 family member and inhibitor of apoptosis (IAPs) proteins (Hoffmann 
and Baltimore  2006  ) . De fi ciency or inhibition of NF- k B activity results in failure of 
activation, either due to lack of proliferation or premature onset of apoptosis sug-
gesting critical role of NF- k B signaling in mounting effective T-cell response (Hayden 
et al.  2006 ; Kontgen et al.  1995 ; Jeremias et al.  1998 ; Wan and DeGregori  2003  ) . 

 Due to its pivotal role in CD8+ T-cell activation and survival along with an estab-
lished role in various aspects of tumorigenesis as well as in fl ammation, NF- k B is an 
interesting candidate to study in LGL leukemia. Gene expression data of leukemic 
LGL showed that c-Rel was overexpressed in leukemic LGL (Shah et al.  2008  ) . 
Further, leukemic LGL showed constitutively active NF- k B. The inhibition of NF- k B 
using a speci fi c inhibitor BAY 11-7082 resulted in apoptosis of leukemic LGL. The 
inhibition of Akt led to the inhibition of NF- k B activity; whereas, the inhibition of 
NF- k B activity did not affect Akt phosphorylation. This suggests that NF- k B acts 
downstream of PI3k-Akt pathway in leukemic LGL. We also found that NF- k B 
maintains expression of Mcl-1 independent of STAT3 activity (Zhang et al.  2008  ) .  

   Therapeutic Implications 

 NF- k B is identi fi ed as a major player in cell growth, proliferation, immunity and 
transformation, making it an attractive target treatment of various diseases. However, 
due to its widespread role in cell biology, the inhibition of NF- k B signaling is also 
prone to signi fi cant toxicities. Bardoxolone methyl (CDDO-Me, RTA402), a syn-
thetic triterpenoid, is an oral inhibitor that is known to inhibit two key signaling 
pathways implicated in survival of leukemic LGL: NF- k B- and Jak/Stat- pathways. 
CDDO-Me inhibits tumor necrosis factor- a  (TNF a )-induced phosphorylation of 
IKK b  (a component of IKK complex) thus inhibiting translocation of NF- k B to the 
nucleus thus inhibiting NF- k B signaling. CDDO-Me also blocks interleukin-6 
(IL6)-induced and constitutive STAT3. CDDO-Me binds directly to STAT3inhibiting 
the formation of STAT3 dimers (Ahmad et al.  2006,   2008  ) . CDDO-Me is being 
tested in clinical trials for the treatment of both lymphoid malignancies and solid 
tumors  (  RTA-402  ) .  

   Deregulation of the Sphingolipid Rheostat in LGL Leukemia 

 Sphingolipids are biologically active lysophospholipids that act either directly or as 
second messengers to regulate diverse biological functions such as survival, prolif-
eration, and migration. Ceramide (N-acyl sphingosine), a pro-apoptotic sphingolipid, 
can be synthesized either  de novo  (by condensation of serine and palmytoyl-CoA) 
or by catabolic pathway (by breaking down sphingomyelin). Ceramide is synthesized 
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in cells following wide variety of stress or death signals, including Fas-FasL 
interaction. Ceramide can be deacylated into sphingosine by ceramidases such as 
acid ceramidase (ASAH1) or phosphorylated to ceramide-1-phosphate (C1P) by 
ceramide kinase. Sphingosine, then, can be phosphorylated by one of the two sphin-
gosine kinases (SPHK1 or SPHK2) into sphingosine-1-phosphate (S1P). Though 
structurally related to ceramide, S1P is a pro-survival molecule. Given that pro-
apoptotic (such as ceramide and sphingosine) and anti-apoptotic (such as S1P and 
C1P) sphingolipids exist in a rapidly exchanging equilibrium, it has been proposed 
that the relative amounts rather than absolute quantities of these molecules, deter-
mine the cell fate – this equilibrium is known as the sphingolipid rheostat (Wymann 
and Schneiter  2008 ; Rosen and Goetzl  2005 ; Spiegel and Milstien  2002  ) . 

 Role of sphingolipids, especially that of S1P, in oncogenesis, metastasis and 
angiogenesis is well established (Visentin et al.  2006  ) . S1P acts in autocrine or para-
crine manner, either intracellularly or through one of the  fi ve highly speci fi c S1P 
receptors (S1PR) on the cell surface – S1P 

1
  through S1P 

5
  (Spiegel and Milstien 

 2002  ) . S1PRs belong to a class of receptors known as G-protein coupled receptors 
(GPCR). GPCR are coupled with G-proteins that act as relay junction for trans-
mitting extracellular signals to various signaling pathways. One such G-protein 
relevant to S1P biology is G a  

12
 . The roles of three components of sphingolipid 

rheostat are well studied – sphingosine kinase, acid ceramidase, and G-protein G a  
12

 . 
It was shown that sphingolipid rheostat is dysregulated in leukemic LGL. This 
altered sphingolipid rheostat is believed to confer survival on leukemic LGL. It was 
shown that ASAH1 and SPHK were upregulated in leukemic LGL. It was also 
shown that Galpha12-mediated signaling was upregulated in leukemic LGL. Further, 
leukemic LGL expressed different pattern of S1PR compared to their healthy coun-
terparts. Finally, disruption of the sphingolipid rheostat induced apoptosis in leukemic 
LGL but not in LGL derived from healthy controls. 

 SPHK is overexpressed in variety of tumors and is considered an oncogene 
(Spiegel et al.  1998 ; Milstien and Spiegel  2006  ) . The activation of various survival 
signaling pathways implicated in tumorigenesis such as platelet-derived growth 
factor (PDGF) or vascular endothelial growth factor (VEGF) result in the activation of 
SPHK. SPHK in turn activates many of these pathways constituting a positive feed-
back loop. Persistent elevation of phosphatidylinositol (3,4,5) trisphosphate results in 
the activation of SPHK linking PI3k-Akt cascade to sphingolipid signaling. Similarly, 
ERK activation leads to the activation of SPHK linking Ras-Mek-Erk signaling to 
sphingolipid rheostat. Activated SPHK feeds into several proliferative and pro-
survival pathways by activating ERK, PI3K and NF- k B. SPHK promotes cell survival 
by increasing cellular concentration of S1P while reducing concentrations of ceramide 
and sphingosine. This puts SPHK in unique position where various survival signaling 
pathways converge, rendering it an interesting candidate for anti-tumor therapy. 

 Acid ceramidase functions upstream to SPHK in sphingolipid metabolism. 
Upregulation of ceramidase is a survival mechanism used by variety of human 
tumors to combat ceramide production that normally follows various apoptosis-
inducing insults (Spiegel et al.  1998 ; Kolesnick  2002 ; Park and Schuchman  2006  ) . 
N-oleoylethanolamine (NOE), a chemical inhibitor of acid ceramidase, selectively 
induces apoptosis in various types of tumor cells (Morales et al.  2006  ) . 
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 G a  
12

  is coupled with S1PRs S1P 
1
  and S1P 

5
 . Constitutive active form of G a  

12
  is 

suf fi cient to induce transformation that is at least partially mediated by activating 
STAT3. The components believed to play a role in G a  

12
 -mediated transformation 

include JAK3, PDGF a , and PI3K (Kumar et al.  2005  ) . All these components are 
known to be deregulated in LGL leukemia suggesting involvement of G a  

12
  in sur-

vival of leukemic LGL (Shah et al.  2008 ; Epling-Burnette et al.  2001 ; Schade et al. 
 2006 ; Zhang et al.  2008  ) . 

 S1P receptor S1P 
1
  is the most predominant S1PR in human naïve CD8+ T-cells, 

while other receptors are expressed at very low levels. Following activation, S1P 
1
  

and S1P 
5
  are further downregulated in normal CD8+ cells (Shah et al.  2008  ) . In 

contrast to normal CD8+ T-cells, S1P 
5
  is the predominant S1PR on leukemic LGL. 

S1P 
1
  is constitutively downregulated in LGL leukemia PBMC suggesting that 

leukemic LGL are activated  in vivo  (Shah et al.  2008 ; Brinkmann  2007  ) . 
 In T-cells, S1P plays a role by protecting cells against ceramide and Fas-FasL 

mediated apoptosis (Wymann and Schneiter  2008 ; Cuvillier et al.  1998 ; Goetzl et al. 
 1999  ) . S1P protects T-cells against Fas-mediated apoptosis in various T-cell lines as 
well as in human PBMC (Shah et al.  2008 ; Cuvillier et al.  1998 ; Goetzl et al.  1999  ) . 
Microarray analysis showed that sphingolipid- and G a  

12
 -mediated signaling was 

enriched in leukemic LGL.  ASAH1  was identi fi ed as a core enriched component in 
leukemic LGL. In agreement with Fas-sensitive phenotype of activated normal 
PBMC, ASAH1 is downregulated to undetectable levels following activation in 
normal PBMC. In contrast, leukemic LGL express abundant ASAH1 presumably 
facilitating the breakdown of ceramide resulting in the Fas-resistant phenotype 
observed in leukemic LGL (Lamy et al.  1998 ; Shah et al.  2008  ) . 

 As discussed above, sphingolipid rheostat is dysregulated in leukemic LGL. 
Hence, it was hypothesized that the disruption of the sphingolipid rheostat in a 
way that tilts the balance in the favor of pro-apoptotic molecules (such as ceramide) 
and away from anti-apoptotic molecules (such as S1P) should lead to induction of 
apoptosis in leukemic LGL. Indeed, the inhibition of ASAH1 using its chemical 
inhibitor NOE induced signi fi cant apoptosis in leukemic LGL (Shah et al.  2008  ) . 
Similarly, the inhibition of SPHK using chemical inhibitors (SKI-I and SKI-II) led 
to induction of apoptosis in leukemic LGL (Zhang et al.  2008  ) . Further, the inhibi-
tion of S1P-mediated signaling using FTY720 led to induction of apoptosis in 
leukemic LGL but not in LGL isolated from healthy controls. FTY720 treatment 
also restored Fas-sensitivity in leukemic LGL suggesting a role of S1P-mediated 
signaling in protection against AICD (Shah et al.  2008  ) . Collectively, these results 
suggest the role of sphingolipid rheostat in the pathogenesis of LGL leukemia.  

   Therapeutic Opportunities 

 FTY720 or Fingolimod is a novel compound in clinical trials as immunomodulator 
in post-renal transplant patients, in patients with allergic conditions such as asthma, 
and in those with autoimmune conditions such as multiple sclerosis (MS). FTY720 
is structurally similar to S1P and following phosphorylation, can bind to four out of 
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 fi ve S1PR (except S1P 
2
 ) acting as a functional antagonist (Brinkmann  2007  ) . Given 

that FTY720 selectively induces apoptosis of leukemic LGL and that LGL leukemia 
patients often have coexisting autoimmune diseases, it is possible that FTY720 may 
have a therapeutic role in these patients. 

 Sphingosine kinase inhibitors, SKI-I and SKI-II, are known to have anti-tumor 
activity and have proven their anti-tumor activity in mouse models (French et al. 
 2006  ) . Development of newer, more selective inhibitors targeting SPHK offer exciting 
therapeutic opportunities (Paugh et al.  2008  ) . 

 Neutralizing antibody to S1P has been proposed as a candidate for blocking 
survival and angiogenic signaling in various tumors. It works as a ‘sponge’ to absorb 
extracellular S1P – leading to abolition of S1P-mediated protection against apoptosis 
(Milstien and Spiegel  2006  ) . However, there are no reports of neutralizing antibody 
to S1P as a potential in therapeutic in leukemia. It remains to be seen if it might have 
activity in LGL leukemia. 

 Ceramide is a well established mediator of apoptosis  in vitro  and  in vivo . However, 
the use of ceramide as a therapeutic agent is stymied by its insolubility. Liposome-
based drug delivery system has been proposed as a mean to overcome this therapeutic 
barrier. It was recently shown that treatment with ceramide containing nanolipo-
somes resulted in complete remission in rat model of aggressive NK-LGL leukemia. 
Polyethylene glycol coated liposomes, called pegylated liposomes, were shown to 
facilitate entry of ceramide into the cells. Nanoliposomes that are formulated at 
80 ± 15 nm in size and contain 30 mol% cell-permeable ceramide were shown to be 
much less toxic than the delivery of ‘free’ ceramide both  in vitro  and  in vivo . 

 Following delivery in nanoliposomal form, ceramide accumulated in mito-
chondria of leukemic NK cells resulting in caspase-dependent apoptosis of leuke-
mic NK-cells both  in vitro  and  in vivo . This was accompanied by the inhibition of 
ERK activity and downregulation of survivin expression. 

 To test the therapeutic bene fi t of nanolipsomal ceramide  in vivo , Fischer F344 rat 
LGL leukemia model were treated either with ghost or C6-ceramide nanoliposomes. 
It was shown that treatment with ceramide containing nanoliposomes conferred 
signi fi cantly prolonged survival in addition to normalization of LGL counts in the 
blood, bone marrow, lymph nodes and lungs. Given the safety pro fi le in various 
animal models, ceramide containing nanoliposomes may be an important thera-
peutic modality in patients with LGL leukemia. (Liu et al.,  in press ) With the 
availability of technique to coat nanoliposomes with antibodies, it is tempting to 
predict the advent of targeted nanoliposomes such as those targeting only CD3+ 
cells. Such a treatment modality would be expected to achieve greater ef fi cacy at 
lower dose with fewer side effects.  

   The Role of Interleukin-15 Signaling in LGL Leukemia 

 Recently, network theory approach was used to identify the most important regula-
tors in the survival of leukemic LGL. First, a survival signaling network was 
constructed by integrating signaling pathways involved in normal CTL activation 
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and the known deregulations of survival signaling in leukemic T-LGL. Then, the 
network was translated into a predictive discrete dynamic Boolean model. By simu-
lating node deregulations corresponding to known signaling deregulations, it was 
concluded that the constitutive presence of interleukin-15 (IL15), the presence of 
PDGF, and the initial T-cell activation signal are suf fi cient to reproduce all known 
deregulations in leukemic T-LGL. IL15 and PDGF were shown to play a crucial 
roles in the survival of leukemic LGL, experimentally validating predictions made 
using network modeling approach (Zhang et al.  2008  ) . 

 The generation of memory lymphocytes depends on antigenic stimulation. The 
survival of these memory lymphocytes requires cytokines such as IL2 and IL15. 
Even though IL2 and IL15 share two subunits of their heterotrimeric receptors, their 
role in CTL homeostasis is contrasting – while IL2 facilitates AICD, IL-15 pro-
motes proliferation and long-term survival of memory phenotype CD8+ T-cells in 
an antigen-independent fashion. Il15 also promotes survival of NK cells  in vivo  
(Waldmann  2006 ; Liu et al.  2002b  ) . Given its role in survival of both memory 
T-cells and NK-cells it was not unexpected that IL15 has a pivotal role in the patho-
genesis of both forms of LGL leukemia. The inhibition of IL15 signaling (by blocking 
IL15 or the unique subunit of IL15 receptor complex, IL15R a ) induces apoptosis of 
leukemic LGL and increases the levels of BH3-interacting domain death agonist 
(Bid) in leukemic LGL, suggesting role that Bid plays in abnormal survival of leu-
kemic LGL (Hodge et al.  2009  ) . 

 Bid is a BH3-only member of Bcl-2 family of proteins. Bid is a proteolytic sub-
strate for activated caspases -3 and -8 in death receptor signaling pathway as well as 
for granzyme B. Following cleavage, truncated Bid (tBid) translocates to the outer 
mitochondrial membrane to participate in mitochondrial permeabilization, thus acting 
as a sentinel for protease-mediated death signaling. This places Bid in a unique 
position connecting death-receptor signaling pathway to mitochondrial pathway of 
cell death (Billen et al.  2008  ) . 

 In normal NK cells IL15 upregulates E3 ligase HDM2. HDM2 directly interacts 
with Bid and signi fi cantly reduces Bid accumulation by enhancing proteasomal 
degradation of the latter. Bid levels are low in both leukemic T- and NK-LGL com-
pared to their normal counterparts. It was further shown that forced overexpression 
of Bid using transduction approach leads to enhanced apoptosis of T-LGL leukemia 
cells (Hodge et al.  2009  ) .  

   Therapeutic Implications 

 Bortezomib (PS341, Velcade) is a proteasomal inhibitor that is used in the treatment 
of various cancers such as multiple myeloma and mantle cell lymphoma. Bortezomib 
is an inhibitor of 26 S proteasomal complex, a large multi-subunit complex that 
degrades ubiquinated proteins in eukaryotic nucleus and cytosol. Bortezomib 
induces apoptosis in a wide variety of cancer cell lines with relatively few toxic 
effects on their normal counterparts. By inhibiting proteasomal pathway, Bortezomib 
interferes with numerous signaling pathways (Mitchell  2003  ) . 
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 The treatment of leukemic T- or NK-LGL with Brotezomib led to induction of 
apoptosis in these cells. Bortezomib also induced the expression of Bid. It was pro-
posed that Bortezomib induces the expression of Bid which is followed by cleavage 
of Bid into tBid. tBid, then, proceeds with its pro-apoptotic activity. Bortezomib 
also induced Fas or TRAIL-independent apoptosis in leukemic LGL, leading to a 
hypothesis that Bid induced apoptosis may be explained by its role in DNA damage 
and repair (Hodge et al.  2009  ) .  

   Deregulation of PDGF Signaling in LGL Leukemia 

 PDGF is a major growth factor and mitogen for various cell types. A molecule of 
PDGF is a dimer made up of structurally similar A, B, C, and D polypeptide chains, 
which combine to four homodimeric (PDGF-AA, PDGF-BB, PDGF-CC and 
PDGF-DD) and one heterodimeric PDGF-AB proteins. PDGF is synthesized by 
many different cell types, and its expression is broad. The PDGF isoforms exert 
their cellular effects by binding to two structurally related receptor subunits, denoted 
the  a -receptor and the  b -receptor. Three PDGF receptor (PDGFR) complexes 
PDGF- a  a , PDGF- b  b  and PDGF- a  b  mediate overlapping but not identical signaling. 
PDGF- a  and PDGF- b  belong to type III–receptor tyrosine kinase (RTK) families 
and are characterized by  fi ve immunoglobulin-like domains in the extracellular 
region, a transmembrane domain, an ATP-binding site, and a hydrophilic kinase 
insert domain in the cytosol. The activation of PDGFR complex can activate many 
major signal transduction pathways, including the Jak-Stat, PI3k-Akt, and Ras-
Mek-Erk signaling pathways. The activation of PDGFR thus results to downstream 
effects such as stimulation of cell growth, DNA replication, angiogenesis, and 
wound healing. 

 The  sis  oncogene of simian sarcoma virus (SSV) was found to encode the B-chain 
of PDGF more than two decades ago. SSV transformation involves autocrine 
stimulation by a PDGF-like molecule. Since then, dysregulation of PDGF signaling 
has been implicated in various malignancies including leukemia, gastrointestinal 
stromal tumors (GIST), glioblastoma multiforme (GBM), dermato fi brosarcoma 
protruberans, and in myeloproliferative diseases such as chronic myelomonocytic 
leukemia (CMML). In addition, overproduction of PDGF is implicated in autocrine 
and paracrine growth stimulation of various tumors (Heldin and Westermark  1999 ; 
Alvarez et al.  2006  ) . 

 As described above, the presence of enhanced IL15 and PDGF signaling is 
suf fi cient to reproduce all known deregulations in T-LGL leukemia (Zhang et al. 
 2008  ) . In this sense, PDGF can be considered one of the master switches in orches-
trating survival signaling in T-LGL leukemia. Platelet-poor plasma from patients 
from both forms of LGL leukemia had about threefold higher levels of circulating 
PDGF-BB compared to their normal counterparts. The source of PDGF-BB was 
traced back to leukemic LGL. Interestingly, PDGF signaling operates in autocrine 
nature as leukemic LGL overexpress PDGFR- b  transcripts compared to their 
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normal counterparts. Sera from patient with LGL leukemia results in enhanced 
autophosphorylation of PDGF-RTK in leukemic LGL. Enhanced PDGF signaling 
results in constitutive activation of Sfk-PI3k-Akt and Mek-Erk signaling pathways 
in leukemic LGL. The inhibition of SFK activity (using chemical inhibitor PP2) or 
PI3K activity (using chemical inhibitor LY294002) inhibited PDGF-BB-induced 
activation of AKT and ERK in both the forms of LGL leukemia, resulting in the 
induction of apoptosis. Finally, the inhibition of PDGF- b -RTK (using chemical 
inhibitor AG1296) induces apoptosis in leukemic LGL (Zhang et al.  2008 ; Yang 
et al.  2010  ) . 

 The direct effect of PDGF signaling on proliferation of leukemic LGL was dem-
onstrated when the addition of PDGF-BB led to sixfold increase in cell numbers 
compared to sera from normal counterparts. This PDGF-BB dependent proliferation 
of leukemic LGL could be blocked by inhibition of PDGF- b -RTK, SFK, or PI3K. 
Neutralizing antibody to PDGF-BB inhibited cell proliferation in the leukemic LGL 
in PI3k-Akt dependent manner, placing PDGF signaling upstream to PI3k-Akt in 
LGL leukemia survival signaling (Yang et al.  2010  ) .  

   Therapeutic Implications 

 Imatinib (STI-571, Gleevec) is a RTK-inhibitor that inhibits tyrosine kinases such 
as PDGFR, ABL and KIT at therapeutic concentrations  in vivo . Imatinib has been 
successfully tried in patients with myeloproliferative disease involving dysregu-
lation of PDGFR signaling (Apperley et al.  2002  ) . While the anti-neoplastic role of 
imatinib is well established, recent publications suggest its usefulness in chronic 
in fl ammation and autoimmune conditions such as scleroderma and arthritis 
(Paniagua et al.  2006 ; Chung et al.  2009  ) . While the exact mechanism of action of 
imatinib in autoimmune conditions is not known, it may be hypothesized that the 
inhibition of PDGF signaling as occurs in leukemic LGL may play a role. Given the 
safety pro fi le of imatinib and the fact that PDGF- b  is implicated in the survival of 
leukemic LGL, it would be of interest to see if imatinib can be used as a potential 
therapeutic strategy for patients with both T- and NK-LGL leukemia.  

   Concluding Remarks 

 LGL leukemia is a rare lymphoproliferative disorder of cytotoxic cells. The main-
stay of treatment for LGL leukemia as discussed above is immunosupression. While 
drugs such as MTX and CSA are effective in many patients, the current modalities 
of treatment are not curative. The problems with such conventional therapies include 
the long duration of treatment with many patients receiving the treatment inde fi nitely, 
side effects including the possibility of second malignancy, and frequent recurrence. 
Further, in most studies complete hematological response (CHR) was achieved 
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far less common than partial response (PR) indicating residual disease. Given 
these problems, it is imperative that more targeted therapy for LGL leukemia be 
developed. 

 Given the cytotoxic potential of CTL and NK cells, it is hardly any surprise that 
LGL leukemia is associated with various autoimmune disorders. Due to this close 
association with variety of autoimmune diseases, it is proposed that therapy aimed 
at leukemic LGL may also be of use in patients with autoimmune diseases. Since its 
 fi rst description, many survival mechanisms in leukemic LGL are unraveled. With 
development of more speci fi c small molecular inhibitors, oligonucleotides, peptides, 
and monoclonal antibodies, it will be of great interest to see evolution of the thera-
peutic armamentarium for patients with LGL leukemia.      
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         Introduction    

 Lymphoid malignancies usually represent malignant counterparts of lymphocytes at 
discrete stages of normal lymphocyte differentiation; this disease is characterized 
by uncontrolled proliferation and survival of clonal neoplastic lymphoid cells. 
Major breakthroughs in the past have contributed to our understanding of the genetic 
failures and the changed biology in lymphoma cells that underlie the initiation and 
progression of the disease. It is now recognized that not only genetic but also epige-
netic alterations are similarly important in this process. Enormous evidence has 
accumulated in the past decades that establishes the importance of epigenetic 
modi fi cations in cancer and has resulted in shifting the focus from entirely genetic-
based studies to integrated studies involving both genetic and epigenetic alterations. 
Since these alterations do not change the DNA sequences and are pharmacologically 
reversible, they have been regarded as optimal targets for what is now known as 
epigenetic therapy. In this review, we will discuss our current understanding of 
normal epigenetic processes, outline our knowledge of epigenetic alterations, dis-
cuss advances in the understanding of post-translational histone modi fi cations 
(DNA acetylation and methylation) and microRNA in normal and in lymphoma 
cells, and explore novel therapies. We will also discuss how this information is 
being used to improve current therapy of this disease.  
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   Targeting Histone Deactylation in the Treatment of Lymphoma 

 Histone acetylation plays a critical role in the regulation of gene expression. In general, 
hyperacetylated histones are associated with transcriptionally active genes, whereas 
hypoacetylated histones are associated with suppressed transcription. Histone 
acetyltransferase and histone deacetylase (HDAC) controls these changes and the 
dynamic balance between chromatin structure and gene expression of proteins 
involved in regulation of a variety of functions (Sharma et al.  2010  ) . Therefore, 
HDAC is considered closely associated with a variety of tumors (Hagelkruys et al. 
 2011  ) . As a promising new generation of targeted anti-cancer drugs, HDAC inhibi-
tors (HDACi) have a higher response rate and have been highly focused in recent 
years. The anti-tumor activity of HDACi has been con fi rmed from a number of 
experiments, and I/ II clinical trials have shown that HDACi can have an effect on 
refractory cutaneous T cell lymphomas (CTCL), Hodgkin lymphoma (HL), myel-
oid tumors, and solid tumors (Mehnert and Kelly  2007  ) . Presently, vorinostat and 
romidepsin have been approved by the US FDA for the treatment of relapsed 
CTCL.  

   Concept of HDAC 

 Studies have shown that histone acetylation and deacetylation modi fi cations play 
important roles in the regulation of gene expression and tumor development. There 
are two types of enzymes that determine the degree of histone acetylation: histone 
acetyltransferase and HDAC. 

 HDACs are enzymes involved in the remodeling of chromatin and have a key 
role in the epigenetic regulation of gene expression. They catalyze the removal of 
acetyl groups from lysine residues in histone amino termini, leading to chromatin 
condensation and transcriptional repression. In addition, the activity of non-histone 
proteins can be regulated through HDAC-mediated hypo-acetylation (Fig.  1 ) 
(Hagelkruys et al.  2011  ) .   

   Classi fi cation of HDAC 

 To date, eighteen HDACs have been identi fi ed in humans. They have been grouped 
into two major categories: zinc-dependent HDACs and NAD-dependent HDACs. 
These have been further classi fi ed into four major classes based on their homology 
to yeast HDACs, their subcellular localization, and their enzymatic activities. The 
class I HDACs (1, 2, 3, and 8) are homologous to the yeast RPD3 protein, can gen-
erally be detected in the nucleus, and show ubiquitous expression in various human 
cell lines and tissues. Class II HDACs (4, 5, 6, 7, 9, and 10) share homologies with 
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the yeast Hda1 protein and can shuttle between the nucleus and the cytoplasm. The 
class IIb HDACs, HDAC6 and 10, are found in the cytoplasm and contain two 
deacetylase domains. HDAC6 has unique substrate speci fi city with a tubulin 
deacetylase domain speci fi c for the cytoskeletal protein tubulin. The class III 
HDACs (SIRT1, 2, 3, 4, 5, 6, and 7) are homologues of the yeast protein Sir2 and 
require NAD+ for their activity to regulate gene expression in response to changes 
in the cellular redox status. SIRT1 has been shown to interact with p53, then deacety-
late it, resulting in repression of p53-mediated transcriptional activity. SIRT1 can 
negatively regulate multiple pathways, including both tumor suppressors (p53, 
FOXO) and oncogenic proteins (survivin,  b -catenin, NF- k B). HDAC11 is the sole 
member of the class IV HDACs. There is similarity to the catalytic core regions of 
both class 1 and 2 enzymes; however, HCAD11 does not have a strong enough 
identity to be placed in either class (Fig.  2 ) (Copeland et al.  2010  ) .   

   Role and Classi fi cation of HADC Inhibitors (HDACi) 

 HDACi alters gene transcription by inhibiting histone deacetylase activity and 
remodeling chromatin architecture. The rapid development in understanding the 
biology of lymphoid cells has led to the development of HDACi as a promising 
class of mechanism-based agents for the treatment of lymphoma. All currently 

  Fig. 1    Histone acetyltransferase (HAT) and histone deacetylase (HDAC) determine the degree of 
histone acetylation. The extent of acetylation and deacetylation on different positions of core 
histones is determined by the antagonistic activity of histone acetylases (HAT) and histone deacety-
lases (HDAC) and alters the nucleosomal conformation of both transformed and non-transformed 
cells       

 



398 Y. Zhang et al.

available HDACis mainly inhibit class 1 and 2 HDACs. Many structurally diverse 
compounds can bind to HDACs and inhibit their enzymatic activity. These com-
pounds include hydroxamates, cyclic peptides, aliphatic acids, benzamides, and 
electrophilic ketones. 

 HDACi can be divided into the following  fi ve types based on their chemical 
structure (Table  1 ): 

    1.    Hydroxamic acids, including trichostatin A, vorinostat (SAHA), panobinostat 
(LBH-589), and others. They are the earliest discovered and most extensively 
studied HDAC inhibitors so far. Hydroxamic acids have strong activity and 
simple structure, with major effects on the ClassI and Class II HDACs.  

  Fig. 2    Histone deacetylase (HDAC) classes based on function and DNA sequence similarity       

   Table 1    Classi fi cation of histone deacetyalse inhibitors   

 HDAC inhibitors  Compounds  Pharmacologic pro fi le 

  Short chain fatty acids   Valproic acid, phenylbutyrate  Short plasma half life, rapid 
metabolism, non-speci fi c 
mode of action 

  Hydroxamic acids   TrichostatinA, vorinostat 
(SAHA), PXD-101 
(belinostat), LBH589 
(panobinostat), ITF2357, 
pyroxamide, oxam fl atin, 
scriptaid 

 Potent HDAC I/II/IV inhibitors, 
also called pan-HDAC 
inhibitors 

  Benzamides   MGCD0103, MS-275, CI-994, 
SK-7041 

 MGCD0103 is a class I 
 speci fi c HDAC inhibitor 

  Cyclic peptides   Romidepsin, etinostat (MS-275)  Very potent HDAC inhibitor with 
IC50s in low nanomolar range 

  Situin inhibitors   Niacinamide, sirtinol  Class II speci fi c HDAC inhibitors 
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    2.    Short-chain fatty acids, such as butyric acid, benzene acid, and valproic acid. 
Compounds of this type possess a relatively simple structure, less selectivity, low 
inhibitory activity and bioavailability, and fast metabolism in vivo.  

    3.    Cyclic tetrapeptide classes, including trapoxin and depsipeptide (FK228). This 
class can be further divided into two subclasses: Aoe-containing inhibitors and 
that without Aoe moiety. Moreover, Aoe-containing cyclic peptide could irre-
versibly bind and inhibit HDACs, while the other subclass without Aoe moiety 
refers to reversible inhibitors.  

    4.    Benzamide comprises MS-275, MGCD103 and CI-994 and so on. The activity of 
these inhibitors is lower than that of the corresponding hydroxamic acids and cyclic 
peptide compounds, but this type has a high selectivity with class I HDAC.  

    5.    Electrophilic ketones include a variety of tri fl uoromethyl ketones. When 
tri fl uoromethyl ketone carbonyl is reduced to hydroxyl groups, then it loses its 
activity.

Mechanisms of Action of HDACis

HDAC inhibitors exert a myriad of biological effects, including induction of dif-
ferentiation/apoptosis, cell-cycle/mitotic arrest and induction of autophagic cell 
death. HDACIs can modify gene expression and altering the acetylation status of 
transcription factors and other proteins involved in transcription, and can lead to cell 
death by activating apoptosis by both the intrinsic and the extrinsic pathways, also, 
HDACis can cause DNA damage through production of ROS, and blocking the 
activity of the chaperone protein Hsp90. 

Abnormal regulation of cell cycle is an important mechanism of tumorigenesis. 
Studies have shown that a variety of HDACi can induce cyclin-dependent kinase 
inhibitor p21 and activate the expression of apoptosis precursor protein. p21 is an 
important differentiation-related genes, and plays an important role for growth 
arrest by blocking cyclin-dependent kinase activity. Richon et al found that cell 
cycle kinase inhibitor p21 protein levels were signi fi cantly increased after giving 
HDACi for 6 ~ 24 hours, while the levels of cyclin A and D1 were decreased. 
Researches also indicate that HDACi can also induce p16, cyclin E, thioredoxin 
binding protein 2 (TBP2) and other cell cycle regulators.

It is noteworthy that though HDACi can cause high degree of histone acetylation, 
these genes in the activation of transcription are less than 2%, so we conclude that 
the HDACi on gene expression is selective.

HDACi can also regulate non-histone acetylation. The substrate proteins of HS0 
involved in tumor cell proliferation and apoptosis and related to anti-tumor proper-
ties of the regulation. Yang et al show that by inducing acetylation of HSP90, 
Panobinostat induce tumor cell growth arrest and apoptosis. HDACi-induced HSP90 
acetylation achieved by inhibiting the activity of HDAC6 .

HDACi mainly through the death receptor pathway or the mitochondrial pathway 
activate caspase and induces tumor cell apoptosis. Bokelmann reports suggest that 
valproic acid and vorinostat can activate pro-apoptotic factors Bid and Bim, while 
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inhibiting anti-apoptotic Bcl-2 factor. Zhao and others found that excessive expres-
sion of E2F1 which is regulated by the pro-apoptotic factor Bim leading to cell apop-
tosis. Interestingly, Rosato et al have shown that HDACi can still induce cell death 
even deal all the cells with inhibitors of apoptosis. So we believe HDACi can also 
cause non-apoptotic cell-death. At present, most reports consider this is related to 
autophagy , but the speci fi c mechanism remains unclear. Some believe that the mech-
anisms of HDACi-induced cell death also including the expression of Bcl-2 family 
with BH-3 region,P53 pathway, and ROS regulation (Mehnert and Kelly  2007 ; Cotto 
et al.  2010 ; Copeland et al.  2010 ).      

   Clinical Application of HDACis in Lymphoma 

 The rapid development in understanding the biology of lymphoid cells has led to 
HDACi developed as a promising class of mechanism-based agents for the treat-
ment of lymphoma (Zain and O’Connor  2010  ) . 

 All currently available HDACis mainly inhibit classIand II HDACs. Many struc-
turally diverse compounds can bind to HDACs and inhibit their enzymatic activity, 
including hydroxamates, cyclic peptides, aliphatic acids, benzamides, and electrophilic 
ketones. Presently, vorinostat and romidepsin have been approved in the United States 
for the treatment of relapsed and refractory CTCL (Shakovich and Melnick  2011  ) . 

   Hodgkin Lymphoma    

 With current therapies available, such as chemotherapy, radiotherapy, and hematopoi-
etic stem cell transplantation, the cure rate of Hodgkin lymphoma (HL) is higher 
than 85%. However, for patients without complete remission, the prognosis is rela-
tively poor and the median survival time is about 3 years. The latest clinical trials 
have shown that HDACi has a promising effect on the relapsed or refractory HL 
(Buglio and Younes  2010  ) . 

 A phase II clinical trial of oral panobinostat (LBH589), conducted in 28 patients 
with relapsed or refractory HL, reported clinical ef fi cacy in 2 cases (complete 
response; CR) and 24 cases of progressive response (PR), with maximum tolerated 
dose (MTD) de fi ned as 40 mg/day. Subsequently, in another following phase II 
clinical trial in which panobinostat was dosed at MTD, of all 61 relapsed or refractory 
HL patients enrolled, one patient achieved CR, ten patients achieved PR, and 31 
patients showed stable disease (SD). The common toxicity was thrombocytopenia, 
which was reversible by decreasing the dose. Panobinostat demonstrated an encour-
aging clinical activity in relapsed or refractory HL with fewer side effects (Sureda 
et al.  2010  ) . 

 Mocetinostat (MGCD0103) is an amino phenylbenzamide inhibitor speci fi c for 
HDAC classesIand IV. Researches have demonstrated that mocetinostat has a 
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potent anti-proliferative activity in HL cell lines. Furthermore, mocetinostat can 
induce tumor necrosis factor  a  (TNF- a ) expression and secretion. In a phase II 
clinical trial in relapsed or refractory HL, mocetinostat was administrated at a dose 
of 110 mg three times per week. Among the enrolled 20 patients, 7 had CR. 
However, as a result of an intolerable side effect, an additional ten patients were 
enrolled at a dose of 85 mg three times per week .The disease control rates in the 
85 mg and 100 mg cohorts were 35% and 25%. Of four patients who died, all in 
the 100 mg cohort, two cases may have resulted from the pharmaceutical adminis-
tration. However, mocetinostat, at 85 mg three times per week, was shown to be an 
effective single agent for relapsed or refractory HL with a manageable safety 
pro fi le (Buglio et al.  2010  ) .  

   B Cell Non-Hodgkin Lymphoma 

 B-cell non-Hodgkin lymphoma (NHL) is the most common type of lymphoma and 
has been readily classi fi ed into aggressive subtypes and indolent diseases. Diffuse 
large B-cell lymphoma (DLBCL) and follicular lymphoma (FL) are common types 
of NHL. Because of frequent relapse in B-cell lymphomas, novel effective treat-
ments are clearly needed. At present, there are no HDACis approved speci fi cally for 
the treatment of B-cell lymphomas, but a strong rational and clinical trials of some 
HDACis have shown potent activity for B-cell NHL (Crump et al.  2008a  ) . 

 Vorinostat (SAHA), a pan-HDACi of class Iand II, is reported to be the  fi rst clini-
cally effective HDACi in B-cell lymphomas, because it helped a transformed B-cell 
lymphoma patient achieve a CR. In an oral vorinostat phase I clinical trial in ten 
patients with B-cell malignancy, four patients achieved CR/PR (3 with follicular 
and 1 with mantle cell lymphoma), with MTD of oral vorinostat de fi ned as 400 mg 
daily. The common related adverse events were anorexia, hyperlipidemia, albumin-
urea, fatigue, nausea, diarrhea, hypocalcemia, ana abnormal hematology (thrombo-
cytopenia, anemia, leukopenia). However, adverse hematology reactions were 
reversible, with patients recovering from these events through a period of rest. In a 
phase II trial of vorinostat in the DLBCL, 1 of 18 patients enrolled achieved CR, 
with the time to remission more than 468 days. Thus, vorinostat, as a single agent, 
does not show the expecting activity in the treatment of B-cell lymphoma (Watanabe 
et al.  2010 ; Crump et al.  2008b  ) . 

 Belinostat is another hydroxamic acid derivative, without preferential activity 
versus a special class of HDACs. In a phase I clinical trial of belinostat for treatment 
of advanced B cell tumor, with belinostat administered by shirt infusion at different 
doses (600, 900, and 1,000 mg/m 2 /day) in 16 patients with relapse or refractory B 
cell lymphoma,  fi ve patients, including two patients with DLBCL, two with chronic 
lymphocytic leukemia (CLL), and one with multiple myeloma achieved disease 
stabilization, The adverse events reported were nausea, vomiting, fatigue, and 
diarrhea. Importantly, there were two patients, both with multiple myeloma, who 
suffered renal failure, the cause of which was not clear and needed further research. 
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Data in another phaseI clinical trial of oral belinostat in recurrent refractory lym-
phoma also showed an acceptable safety pro fi le and more importantly signs of clinical 
ef fi ciency in terms of stable disease. Particularly, clinical responses were reported 
in all patients with mantle cell lymphoma (Gimsing et al.  2008 ; Zain et al.  2009  ) .  

   T Cell Non-Hodgkin’s Lymphoma 

 T cells and NK cell tumors account for about 12% of NHL, with 15–20% being 
aggressive lymphomas. Presently, the 5-year survival rate for these patients was 
only 10–30%. Relapsed or refractory lymphoma is still a signi fi cant clinical problem 
to be solved (Zain and O’Connor  2010  ) . 

 In a phaseI/II clinical trial of oral vorinostat, in which a total of 33 patients with 
relapsed or refractory CTCL were enrolled, the overall response rate (ORR) was 
24.4%, the medium time to respond (mTTR) was 11.9 weeks, and the medium dura-
tion of response (mDOR) was 15.1 weeks. Consequently, the 400 mg/day dose was 
considered optimum in terms of response-toxicity pro fi le for evaluation in a phase 
II multicenter trial. The related dose-limited toxicities included gastrointestinal disor-
ders, anorexia, dehydration, fatigue, and bone marrow depression. 

 In a subsequent phase II study conducted in 74 relapsed or refractory CTCL 
patients, the ORR was 29.7% (including 1 CR), the mTTR, by far shorter, was just 
8 weeks, and the mDOR was more than 185 days. The most common toxicities were 
diarrhea, fatigue, nausea, and anorexia. Compared with other drugs, vorinostat has 
the advantage of short time to respond, a good tolerance, and convenient oral admin-
istration, The agent has already been approved by the US FDA for treatment of 
relapsed or refractory CTCL in 2006 (Duvic et al.  2007 ; Olsen et al.  2007  ) . 

 In a phase II study conducted by the National Cancer Institute, 71 patients with 
relapsed or refractory CTCL were given intravenous romidepsin at 14 mg/m 2 . The 
results showed that the ORR was 34%, a CR was observed in four patients, mTTR 
was 2 months, and mDOR was 13.7 months. The related side effects included 
fatigue, anorexia, and hematologic abnormalities. 

 The activity of romidepsin in CTCL was de fi ned further in another phase IIb trial 
conducted by Gloucester Pharmaceuticals. The results showed that romidepsin was 

   Table 2    Clinical trials of HDACi in the CLTL   

 Agent  Phase  Sponsor or author 
 Number 
of cases  ORR  mDOR  mTTP  mTTR 

  Vorinostat   I/II  Duvic M  33  8%  15.1w  30.2w  11.9w 

  Vorinostat   II  Olsen  74  29.7%  >185d  4.9 m  55d 
  Romidepsin   II  NCI  71  34% 

  (4CR) 
 13.7 m  15.1 m  2 m 

  Romidepsin   IIb  Gloucester 
Pharmaceutical 
company 

 96  34% 
  (6CR) 

 15 m  8 m  2 m 
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associated with an ORR of 34% in the overall population, with four patients achieving 
a CR. The mDOR was 13 months, resulting in romidepsin being regarded as an 
important drug in treatment of relapsed or refractory CTCL. However, this drug 
should be carefully used in patients with heart disease because the cause of cardiac 
side effects is not yet exactly known. The agent was approved for the treatment of 
relapsed or refractory CTCL by the US FDA in 2009 (Table  2 ) (Piekarz et al.  2009 ; 
Bates et al.  2008  ) .   

   Conclusion 

 As a new class of targeted antitumor drugs in epigenetics, HDACi regulates gene 
expression mainly through changing the histone acetylation and modulating chro-
matin structure. Compared with other chemotherapy agents, HDACi is found to 
have higher selectivity to tumor cells than normal ones. They can effectively target 
tumor cells to growth arrest, differentiation, and apoptosis, while have little effect 
on normal cells. HDACi has become the focus of clinical research; at present, many 
HDACis have shown promising activity in the clinical research malignant lym-
phoma treatment. Among them, vorinostat and romidepsin were approved for the 
treatment of relapsed or refractory CTCL. Other studies, such as romidepsin used in 
peripheral T-cell lymphoma (PTCL) and MGCD0103 in HL, have demonstrated 
remarkable and prospecting clinical effect. 

 However, there are still many problems to be solved, such as the speci fi c anti-
cancer mechanism and the relationship between concentration and duration of 
HDACi with the clinical effect. In addition, because of the short half-life and fast 
metabolism rate of HDACi, endeavors to  fi nd the proper delivery methods and 
dosage and methods to improve pharmacodynamic stability are also needed.   

   Histone Methylation in Lymphoma 

 As a signi fi cant epigenetic regulation mechanism, histone methylation plays an 
important role in many biological processes. In cells, there are various histone meth-
yltransferases and histone demethylases working cooperatively to regulate the 
histone methylation state. Upon histone modi fi cation, effector proteins recognize 
modi fi cation sites speci fi cally and affect gene transcriptional process. Histone lysine 
methylation generally happens in lysine (K) residues and arginine residues. Histone 
H3 K4, K9, K27, K36, K79, and H4 K20 can be methylated. Post-translational 
modi fi cation of chromatin and regulation of gene transcription through amino-
terminal residues of histone is an important part of epigenetics. Enhancer of zests 
homolog 2 (EZH2) is the catalytic component of a polycomb group protein that 
mediates repression of gene transcription, silencing of the target genes, and leading 
to tumorigenesis through its histone 3 lysine 27 methyltransferase activity. Because 
EZH2 gene is highly expressed in human malignancies and is capable of promoting 
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cell proliferation, and facilitating malignant tumor cell diffusion, the progression of 
lymphoma has been shown to be closely associated with EZH2 dysregulation.  

   Histone Methylation 

 Histone lysine methylation is catalyzed by different speci fi c histone lysine methyl-
transferases (histone lysine (K) methyltransferases). Histone lysine methylation 
carries histone H3 and H4; for both, there are a total of six protein lysine residue 
methylation sites. The lysine side chain could be methylated, dimethylated, and 
trimethylated. 

 Histone arginine methylation plays a key role in the regulation of gene transcrip-
tion, with such modi fi cation mediated by protein arginine methyltransferases 
(PRMTs). The methylation modi fi cation of PRMT1 and PRMT4 are related to acti-
vation of gene transcription, whereas methylation modi fi cations of PRMT5 and 
PRMT6 are associated with inhibition of gene transcription. Histone arginine meth-
ylation is a dynamic reversible process. The arginine residues are related to a variety 
of covalent modi fi cations, and these modi fi cations are present in multiple sites, with 
transcription of genes having different effects and which could further regulate other 
physiological functions within cell, such as cell development, dynamic chromatin 
regulation, and DNA replication and repair (Wang et al.  2008  ) .  

   Histone Demethylation 

 Histone demethylases mainly contains PADI4, LSD1, and JmjC domain-containing 
proteins. 

 PADI4 (peptidyl arginine deiminase, type IV) is a member of a gene family that 
encodes enzymes responsible for the conversion of arginine residues to citrulline 
residues. This gene may play a role in granulocyte and macrophage development, 
leading to in fl ammation and immune response. Multiple arginine sites mainly on 
histone 3 and histone 4 can be catalysed by PADI4 (Liu et al.  2011  ) . 

 LSD1 (lysine-speci fi c demethylase 1), a nuclear homolog of amine oxidases, func-
tions as a histone demethylase and transcriptional corepressor, represses transcription 
via histone demethylation, and speci fi cally demethylates histone H3 lysine 4. LSD1 is 
a kind of protein with the functions of demethylation and transcriptional repressor. 
Experiments con fi rmed that the inhibition of LSD1 by interfering RNA (RNAi) can 
lead to increased H3-K4 methylation, so that the target gene is expressed and LSD1 
achieves transcriptional repression by demethylation. In 2004, LSD1 was identi fi ed 
as the  fi rst histone demethylase. It contains a C-terminal amine oxidase domain that 
is responsible for the demethylase activity through a FAD-dependent mechanism. 
An N-terminal SWIRM domain that is important for the stability and chromatin 
targeting of LSD1 was also found in other chromatin regulators. The mechanism of 
LSD1-mediated demethylation requires a protonated nitrogen for the reaction to 
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proceed, the substrate speci fi city of it is limited to mono- or dimethylated lysine 
residues. LSD1 regulates gene expression mainly through three aspects: (1) through 
the integration of the SANT2 structure domain of CoREST and the target gene, 
causing demethylation of H3K4 and then gene transcription repression; (2) through 
binding of LSD1 and androgen/estrogen receptor can cause the demethylation of H3K9, 
leading to activation of hormone receptor-dependent transcription; and (3) through 
demethylation of H3K4, DNMT3L, which is the positive regulator of DNA methy-
lation transferase (DNMTs) and could combine with unmethylated K4, promoting 
expression of DNMTs and resulting in DNA re-methylation (de novo methylation) 
and the inhibition of gene transcription (Escoubet-Lozach et al.  2009  ) . 

 Unlike LSD1, the JmjC domain-containing proteins that have been tested do not 
require a protonated nitrogen and are able to reverse all three states of lysine methy-
lation. In vivo, the overexpression of it can reduce dimethylation of H3-K36 level. 
We could consider JmjC domain protein as a demethylase. When compared with 
LSD1,  fi rst, they have different reaction mechanisms; second, the LSD1 protein 
family only has a small part of the proteins associated with demethylation, whereas 
the JmjC domain protein is a large family with the potential ability to regulate and 
inhibit different histone methylation. Finally, the LSD1 demethylation reaction 
requires protonated nitrogen, thus limiting its three methylated histone methylation 
capacity (Pfau et al.  2008  ) .  

   Role of EZH2 in Lymphoma 

 A recently identi fi ed human gene (EZH2) is the human homologous genes of the 
zeste gene enhancer of  Drosophila . It is an important member of the polycomb gene 
family. EZH2 is highly expressed in a variety of tumors and can promote cell pro-
liferation and facilitate malignant tumor cell differentiation (Chase and Cross  2011  ) . 
EZH2’s role in the tumor has become the focus of current research. 

 EZH2 is a subunit of PRC2, and its SET domain catalyzes trimethylation of 
H3K27, a histone modi fi cation associated with transcriptional silencing. H3K27me3 
helps recruit PRC1 to chromatin; it is thought that PRC1 is the effector of PcG-
mediated silencing and long-term epigenetic memory. 

 In the PcG family, EZH2 plays a central role. PcG and TrxG (trithorax group) are 
widely conserved genes and play an important role in cellular memory system to 
prevent cell identity changes. The system is established from the early embryonic 
development, throughout the development process, and until adulthood. Through 
the formation of different components of the PcG and TrxG protein complex, they 
regulate the chromatin “active” or “inactive” status, maintaining corresponding 
gene transcription or inhibition. As an important PcG protein, EZH2 participates in 
the formation of chromatin structure, gene expression regulation, and growth control. 
EZH2 affects the formation of PcG and TrxG protein complexes, development and 
differentiation of hematopoietic cells, X chromosome inactivation, and even the 
process of tumorigenesis (Wang et al.  2004  ) . 
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   The Role of EZH2 in Cancer 

 The EZH2 gene is expressed in all fetal and adult tissues but is signi fi cantly reduced 
in the adult heart, brain, and kidney. There are many reports that the EZH2 gene is 
highly expressed in human malignancies. High expression of the EZH2 gene was 
 fi rst found in hematological malignancies, including bone marrow cancer, Hodgkin 
disease, non-Hodgkin lymphoma, and mantle cell lymphoma. Subsequently, pros-
tate cancer, breast cancer, bladder cancer, liver cancer, colorectal cancer, and gastric 
cancer were found to have high expression of the EZH2 gene, while EZH2 in the 
corresponding normal tissues is not expressed or shows only a small amount of 
expression (Chase and Cross  2011  ) . 

 Deregulation of PcG gene expression in experimental model systems has clearly 
been linked to oncogenesis. Because of the crucial effects of EZH2 in individual 
development and cell growth, especially in normal lymphoid organs, B-cell differ-
entiation, and proliferation of lymphoid tissue, EZH2 was  fi rst studied in hematopoietic 
malignances. BMI-1 and EZH2 are involved in two different types of PcG com-
plexes that regulate speci fi c binding of target gene expression in normal B lympho-
cytes. Germinal center (GC) B lymphocyte development at different stages is related 
to different types of PcG gene expression. Because the PcG complex could affect 
pluripotent hematopoietic stem cells (HSCs) and directed differentiation potential 
through chromatin modi fi cations, the imbalanced expression of EZH2 may lead to 
lymphomas. Research has also indicated that EZH2 may be involved in the malig-
nant disease process. BMI-1 gene in mice shows the imbalance in the gene leads to 
B-cell and T-cell lymphoma, and its absence causes serious developmental defects 
in the hematopoietic system (Chase and Cross  2011 ; Wang et al.  2004 ; Velichutina 
et al.  2010  ) .  

   EZH2 and Lymphoma 

 Lymphoma represents a group of malignancies that originate in the lymph nodes or 
other lymphoid tissues. There is increasing evidence that the up-regulated EZH2 in 
normal GC B cells as well as the deregulation of PcG expression are related to the 
formation of lymphomas (Velichutina et al.  2010  ) . 

 The overexpression of EZH2 has been reported in mantle cell lymphoma and 
adult T-cell leukemia/lymphoma cells. In Burkitt lymphoma, the overexpression of 
c-Myc contributes to stimulate EZH2 expression. Hodgkin/Reed-Sternberg (H/RS) 
cells co-express BMI-1 and EZH2 (Dukers et al.  2004  ) . Within the B-cell lineage, 
it was shown that EZH2 is highly expressed in lymphoid progenitors, and 
EZH2 de fi ciency induces defects in early lymphopoiesis (Sneeringer et al.  2010  ) . 
Moreover, EZH2 mutations also exert in fl uence on lymphomagenesis. A missense 
mutation in the EZH2 SET domain was discovered in a sizeable fraction of 
DLBCLs, and a truncation mutation of EZH2 was found in only 2 of 221 other 
tumors, suggesting that mutation of EZH2 is a lesion speci fi c to lymphoma. 
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 There is increasing evidence that the deregulation of PcG expression is related to 
the formation of lymphomas. Also, the irregular expression pro fi le of BMI-1 and 
EZH2 in B-NHL suggests that the distinct balance between the BMI-1 and EZH2-
containing PcG complex is disturbed in these lymphomas. Furthermore, the extent 
of irregular PcG expression is correlated with the type of lymphoma and therefore 
the clinical behavior (Park et al.  2011  ) . 

 The expression of PcG complexes during GC reaction is linked to the differentia-
tion status of follicular B cells and a mutually exclusive pattern of BMI-1/RING1 
and EZH2/EED. PcG proteins are in reactive centroblasts and centrocytes. These 
observations suggest that expression of PcG complexes is highly regulated during 
GC reaction and that PcG proteins may contribute to antigen-speci fi c B-cell matura-
tion. Research has also shown that adult T-cell leukemia/lymphoma cells (Sasaki 
et al.  2011  )  have deregulated polycomb repressive complex 2 with over-expressed 
EZH2 and that there is the possibility of a new therapeutic strategy targeting histone 
methylation in this disease. 

 On the basis of the discovery that EZH2 is a mutant oncogene in germinal B cell 
lymphomas and the fact that the extent of abnormal PcG expression correlated with 
the type of lymphoma and therefore the clinical behavior, a new therapeutic strategy 
against EZH2 may exist for mechanism-based epigenetic treatment of patients with 
these lymphomas. Important steps toward this goal include further delineation of 
the lymphoma types in which this mutation occurs and development of assays ame-
nable to detection of these mutations in routine clinical specimens.  

   The Mechanism of Action of EZH2 

 Beside PcG, with the function of controlling expression of Hox genes, a growing 
number of studies have revealed the function of PcG in stem cell function, differen-
tiation, development, and cell cycle control. PcG proteins have been identi fi ed as 
important proteins in tumorigenesis due to their potential to repress tumor suppressor 
genes. Through the repression of the INK4/ARF locus, which encodes both 
p16INK4a, which prevents inactivation of the tumor suppressor RB, and p19ARF, 
which stabilizes the tumor suppressor p53, PcG plays a central role in cell proliferation. 
Genome-wide mapping by chromatin immunoprecipitation experiments of PcG 
members in human and murine stem cells has shown that several genes involved in 
regulation of cell development and more importantly, the localization and expres-
sion patterns of PcG genes change during the stages of differentiation. The PcG 
proteins maintain cellular identity by preserving chromatin states against chroma-
tin-disrupting processes during cell cycle transitions. For example, during the pro-
cess of DNA replication, H3K27-methylated histones recruit PRC2 and PRC1 
complexes to nucleosomes of the nascent DNA strand to continue gene silencing, 
then PRC1 and PRC2 provoke changes in chromatin structure. At present, PRC1 is 
believed to recognize the PRC2-methyl mark and the PRC2 complex is considered 
to be required for the repressive capacity of PRC1 complex. Furthermore, PcG 
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genes play a major role in regulating hematopoietic function, especially for HSCs. 
For instance, BMI-1-de fi cient mice have severely impaired HSC self-renewal, and 
bone marrow progenitors lacking BMI-1 have a restricted proliferative potential; 
overexpression of EZH2 confers long-term repopulating potential on HSCs, pre-
venting its exhaustion after replicative stress; and expression of one null EED allele 
or 2 hypomorphic EED alleles results in greater lymphoproliferation and a greater 
risk of developing hematologic tumors. Additionally, a gene expression signature of 
PRC2 target genes predicts poor outcome in patients with breast and prostate can-
cer, implying that there might exist a window to improve therapeutic ef fi ciency for 
neoplasms (Tsang and Cheng  2011 ; Bracken et al.  2003 ; Yap et al.  2011  ) . 

 Genome-wide searches of PRC2 target genes in mammalian cells including 
 fi broblasts, ES, and cancer cells also revealed cohorts of signaling components that 
control cell differentiation. Emerging data indicate that EZH2 has a master regula-
tory function in controlling key signaling pathways in cancers by transcriptional 
repression of signaling molecules. EZH2 activates oncogenic signaling cascades 
and inhibits pro-differentiation pathways through epigenetic silencing of the 
negative regulators and positive effectors, respectively, thereby establishing an 
oncogene-tumor suppressor signaling paradigm in driving tumor initiation, growth 
and progression.  

  Fig. 3    EZH2-mediated epigenetic regulation of signaling pathways.EZH2 activates oncogenic 
signaling cascades and inhibits pro-differentiation pathways through epigenetic silencing of the 
negative regulators and positive effectors, respectively, thereby establishing an oncogene-tumor 
suppressorsignaling paradigm in driving tumor initiation, growth and progression. As DACT3 is 
repressed via H3K27me3, EZH2 is implicated to be its epigenetic regulator       
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   Conclusion 

 In summary, the roles for EZH2 in normal GC B-cells are to favor cellular prolifera-
tion by directly repressing several tumor suppressor genes; to create a repression 
state similar to that found in stem cells that might foster self-renewal and prevent 
premature differentiation; and to maintain and stabilize a transcriptional repression 
program (as shown in Fig.  3 ).  

 Preclinical data and results suggest that therapeutic targeting of EZH2 might 
have signi fi cant antilymphoma effects and support the rationale for development of 
inhibitors of the EZH2 SET domain (Hang et al.  2011  ) .   

   Role of miRNAs in Lymphoma 

 MicroRNAs (miRNAs) are an abundant class of short regulatory (~22 nt) noncoding 
RNAs widely expressed in all metazoan eukaryotes and highly conserved throughout 
different organisms. Biogenesis of miRNAs is a complex process starting in the 
nucleus and ending in the cytoplasm (Li et al.  2011  ) . miRNAs are encoded by genes 
that are presumably transcribed into single or clustered primary transcripts, which are 
processed to produce the mature miRNAs. These, in turn, are incorporated into a 
ribonucleoprotein complex called RNA-induced silencing complex (RISC) and guide 
the RISC to the target mRNA. RISC plus miRNA mediate target gene downregulation 
by mRNA cleavage or translational repression, mainly through binding to 3 ¢ UTR of 
target mRNA. miRNAs are involved in critical biologic processes, including develop-
ment, cell differentiation, apoptosis, and proliferation. Recently, a growing body of 
evidence has implicated speci fi c miRNAs in the pathogenesis of lymphoma.  

   MiRNAs in B Cell Lymphomas 

   Chronic Lymphoid Leukemia (CLL) 

 It was in CLL that a role of miRNAs in cancer was  fi rst reported by Calin et al. in 
2002. The miR-15a/16-1 cluster at chromosome 13q14 within the most commonly 
deleted region in CLL was found to be down-regulated in 68% of cases with the 
deletion. Subsequently, these miRNAs have been shown to target Bcl-2 and remove 
the suppressor in fl uence on anti-apoptotic Bcl-2, which is overexpressed consis-
tently in CLL. Unique miRNA signatures have been generated dependent on VH 
gene mutation and ZAP70 status. The miR-29 family and miR-223 have been found 
consistently to be down-regulated in association with unmutated VH genes and are 
decreased dramatically in patients with poor prognosis independently of the prog-
nostic marker classi fi cation used. 
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 Possibly of as much importance in CLL associated with the very poor prognostic 
genotype, 17p13/TP53 deletion is consistently associated with down-regulation of 
miR-34a (Merkel et al.  2010  ) . Members of the miR-34 family have been discovered 
to be direct p53 targets and mediate some of the p53-dependent effects. While miR-
34b/c are not expressed in CLL cells, low miR-34a levels are a sensitive indicator of 
the activity of the p53 axis in CLL (Moussay et al.  2010  )  and are associated with 
p53 inactivation and chemotherapy-refractory disease irrespective of 17p deletion/ 
TP53 mutation status. Among patients harboring a 17p deletion, low expression of 
the miR-223, miR-29c, miR-29b, and miR-181 family were associated strongly 
with disease progression, con fi rming the adverse effects of low levels of miR-29 
and miR-223 in CLL progression. In a separate study, the 17p-deleted miRNA sig-
nature comprised high levels of miR-15a, miR-21, and miR-155 and low levels of 
miR-34a and miR-181b. In addition, miR-21 expression strati fi ed survival in patients 
with 17p-deleted CLL and among cohorts of patients with CLL with a variety of 
chromosomal aberrations. Among both the good- and poor-prognosis subgroups, 
miR-181b levels identi fi ed patients who required early therapy and who thus need 
closer follow-up. Furthermore, studies have identi fi ed miRNAs that may predict 
clinical resistance of CLL to  fl udarabine and a similar expression pro fi le emerges 
with miR-29a, miR-181a and miR-221 among those being expressed differentially 
(Moussay et al.  2010  ) .  

   Diffuse Large B-Cell Lymphoma (DLBCL) 

 miR-155 was increased in several types of B cell lymphomas. SHIP1 has been 
identi fi ed as a target of miR-155 and is down-regulated by miR-155 in DLBCL as a 
consequence of autocrine stimulation by TNF- a . Another target of miR-155 is 
SMAD, which is suppressed by high levels of miR-155 and protects DLBCL cells 
from the growth-inhibitory effects of transforming growth factor- b  (Rai et al.  2010  ) . 
It is reported that miR-96, miR-182, miR-589, and miR-25 were shown to be 
signi fi cantly up-regulated in 7q + DLBCL, which were associated with lower death 
rate and better overall survival in patients treated with R-CHOP (Chigrinova et al. 
 2011  ) . The expression of miR-18a correlated with overall survival, whereas the 
expression of miR-181a and miR-222 correlated with progression-free survival, 
suggesting that the expression of speci fi c miRNAs may be useful for DLBCL 
survival prediction (Alencar et al.  2011  ) . Myc-mediated repression of miRNA-34a 
promotes high-grade transformation of B-cell lymphoma by dysregulation of FoxP1 
gastric marginal zone B-cell lymphoma of MALT type (MALT lymphoma). In addi-
tion, the miR-34a showed the strongest anti-proliferative properties through the 
targeted gene FoxP1, which promotes DLBCL proliferation, elucidating a novel 
Myc- and FoxP1-dependent pathway of malignant transformation and suggesting 
miR-34a replacement therapy as a promising strategy in lymphoma treatment (Craig 
et al.  2011a  ) .  
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   Mantle Cell Lymphoma (MCL) 

 miR-16-1 regulates the expression of cyclin D1 (CCND1) in MCL, which is asso-
ciated with a poor prognosis, whereby miR-16-1 binding sites within the CCND1 
mRNA 3 ¢ UTR are deleted and miRNA regulation of CCND1 is altered. miR-17-5p/
miR-20a from the miR-17_92 cluster were expressed at high levels concomittantly 
with MYC and associated with poor disease prognosis. Subsequently, Zhao et al. 
 (  2010  )  found that 18 miRNAs were down-regulated and 21 were up-regulated in 
MCL compared with normal B lymphocytes, with the most frequent alterations 
being decreased miR-29, miR-142 and miR-150 and increased miR-124a and miR-
155. Patients with signi fi cantly down-regulated miR-29 had a shorter survival 
compared with those who expressed relativesly high levels of miR-29. Down-
regulation of the miR-29 family was associated with CDK6 overexpression, and 
CDK6 was found to be a direct target of miR-29. Zhang et al. demonstrated that 
Myc acts as a repressor of miRNA-15a/16 by recruiting HDAC3, by the way that 
both c-Myc and HDAC3 co-localized to the two promoters of the miR-15a/16-1 
cluster gene, DLEU2, suggesting the role of HDAC3 in Myc-induced miR-15a/16-1 
changes and reveal novel mechanisms for c-Myc-driven miRNA suppression and 
malignant transformation in aggressive B-cell malignancies (Zhang et al.  2011  ) . 
Follicular dendritic cells protect B-cell lymphoma cells against apoptosis, in part 
through activation of a miR-181a-dependent mechanism involving down-regula-
tion of Bim expression, indicating that cell-cell contact controls tumor cell survival 
and apoptosis via miRNA in mantle cell and other non-Hodgkin lymphomas (Lwin 
et al.  2010  ) .  

   Mucosa-Associated Lymphoid Tissue (MALT) 

 miR-203 is decreased in MALT lymphoma, which results from extensive promoter 
hypermethylation of the miR-203 and coincides with dysregulation of the miR-203 
target ABL1. Reexpression of miR-203 can prevent tumor cell proliferation, and 
ABL inhibitors prevent tumor cell growth, supporting that the transformation from 
gastritis to MALT lymphoma is epigenetically regulated by miR-203 promoter 
methylation and identifying ABL1 as a novel target for the treatment of this malig-
nancy (Craig et al.  2011b  ) .  

   Follicular Lymphoma (FL) 

 The miR-155, miR-221 and miR-21 are overexpressed similarly in FL as they are in 
DLBCL, with no signi fi cant differences between expression levels in these different 
lymphomas. A signature of four miRNAs (miR-330, -17-5p, -106A, -210) has been 
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proposed as a diagnostic classi fi er to discriminate FL, DLBCL, and non-neoplastic 
lymph node, but this has not been con fi rmed by other series.  

   Burkitt’s Lymphoma (BL) 

 It had been reported that the down-regulation of hsa-miR-9* seems to speci fi cally 
identify a particular subset of BL cases lacking MYC translocation and determined 
that the hsa-miR-9* is able to modulate E2F1 and c-Myc expression, suggesting it 
as a promising novel candidate for tumor cell marker (Onnis et al.  2010  ) . The 
expression of hsa-miR-127 was shown to be strongly upregulated in EBV-positive 
BL samples compared with the EBV-negative cases. In addition, it was shown that 
hsa-miR-127 is involved in a B-cell differentiation process through posttranscrip-
tional regulation of BLIMP1 and XBP1. These  fi ndings suggest that the overexpres-
sion of miR-127 may represent a key event in the lymphomagenesis of EBV-positive 
BL, likely by blocking the B-cell differentiation process (Leucci et al.  2010  ) . miR-
26a, repressed by MYC, was also found to be deregulated in primary human Burkitt 
lymphoma samples, and expression of miR-26a in fl uenced cell cycle progression by 
targeting the oncogene EZH2, suggesting that MYC modulates genes important to 
lymphomagenesis via deregulation of miRNAs. Overexpression of let-7a decreased 
Myc mRNA and protein. Down-regulation of Myc protein and mRNA using siRNA 
MYC also elevated let-7a miRNA and decreased Myc gene expression. These 
 fi ndings with let-7a add to the complexity of MYC regulation and suggest that 
dysregulation of these miRNAs participates in the genesis and maintenance of the 
lymphoma phenotype in Burkitt lymphoma cells.  

   Others 

 MiR-21, miR-19, and miR-92a levels in cerebrospinal  fl uid (CSF) collected from 
patients with primary central nervous system lymphoma (PCNSL) indicated a 
signi fi cant diagnostic value, and, more importantly, combined miRNA analyses 
resulted in an increased diagnostic accuracy with 95.7% sensitivity and 96.7% 
speci fi city. This shows that the CSF miRNAs are potentially useful tools as novel 
noninvasive biomarkers for diagnosis of PCNSL (Baraniskin et al.  2011  ) . It is shown 
that the plasma miR-92a values in NHL were extremely low when compared with 
healthy subjects, and the very low plasma level of miR-92a increased in the com-
plete response (CR) phase but did not reach the normal range, with plasma levels 
lower again in the relapse phase, indicating that the plasma miR-92a value could be 
a novel biomarker not only for diagnosis but also for monitoring lymphoma patients 
after chemotherapy (Ohyashiki et al.  2011  ) .   
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   MicroRNAs in T-Cell lymphomas 

   NK/T Cell Lymphoma 

 It was observed that circulating miR-221 was decreased in patients with NK/T 
cell lymphoma and a reverse correlation with performance status and the overall 
survival after treatment, indicating that plasma miR221 may be a diagnostic and 
prognostic marker for NK/T cell lymphoma (Guo et al.  2010  ) . miR-21 and miR-
155 expression levels were signi fi cantly greater in NK-cell lymphoma. Reducing 
expression of miR-21 or miR-155 led to up-regulation of phosphatase and tensin 
homologue (PTEN), programmed cell death 4 (PDCD4), or Src homology-2 
domain-containing inositol 5-phosphatase 1 (SHIP1). Moreover, transduction 
with either miR-21 or miR-155 led to down-regulation of PTEN and PDCD4 or 
SHIP1 with up-regulation of phosphorylated AKTser473. These results provide 
important new insight into the pathogenesis of NK-cell lymphoma/leukemia and 
suggest targeting miR-21 and/or miR-155 may represent a useful approach to 
treating NK-cell lymphoma/leukemia. It was shown that low miR-146a expres-
sion is an independent poor prognostic factors for NK/T cell lymphoma. miR-
146a overexpression can inhibit nuclear factor-kB (NF-kB) activity, suppress cell 
proliferation, induce apoptosis, and enhance chemosensitivity. TNF receptor–
associated factor 6, a target of miR-146a and a known NF-kB activator, was down-
regulated by miR-146a. Promoter methylation of miR-146a gene was observed, as 
well as in NK/T-cell lymphoma tissues with low miR-146a expression, and miR-
146a expression was induced by the conversion of methylation status with a dem-
ethylating agent. These results suggest that miR-146a might function as a potent 
tumor suppressor in NK/T-cell lymphomas and be useful for patient assessment 
and therapeutic targeting (Paik et al.  2011  ) .  

   Mycosis Fungodes (MF)/Sezary Syndrome 

 The most signi fi cant differentially expressed microRNA were miR-155 and miR-
92a (both up-regulated), while miR-93 showed the highest up-regulation in tumor 
stage mycosis fungoides (MF) by the miRNA microarray, unfortunately, when 
these miRNAs were validated by miRNA-qPCR on additional test groups. None 
of the miRNAs was up-regulated in tumor stage MF of those previously shown to 
be up-regulated in SS, and only 2 of the 19 miRNAs down-regulated in tumor 
stage MF were also down-regulated in SS (van Kester et al.  2011  ) . miR-21 expres-
sion is increased in Sézary cells when compared with CD4+ T cells from healthy 
donors. Silencing of miR-21 in Sézary cells results in increased apoptosis, sug-
gesting a functional role for miR-21 in the leukomogenic process (van der Fits 
et al.  2011  ) . 
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 It showed that expression of miR-223 can distinguish SzS samples from healthy 
controls and patients with mycosis fungoide. The miR-342 plays a role in the patho-
genesis of Sézary syndrome by inhibiting apoptosis, thus describing a novel mechanism 
of regulation for this miRNA via binding of miR-199a* to its host gene. Moreover, 
it also provides the  fi rst in vivo evidence for down-regulation of the miR-17-92 
cluster in malignancy and demonstrates that ectopic miR-17-5p expression increases 
apoptosis and decreases cell proliferation in Sézary syndrome cells (Ballabio et al. 
 2010  ) . A total of 45 miRNAs have been shown to be differentially expressed between 
Sézary syndrome and controls. Using predictive analysis, 19 miRNAs, including 
miR-21, miR-214, miR-486, miR-18a, miR-342, miR-31, and let-7 members, were 
also found. Moreover, a signature of 14 miRNAs, including again miR-21, was 
identi fi ed, which may be able to discriminate patients with unfavorable and favor-
able outcomes (Narducci et al.  2011  ) .  

   Anaplastic Large Cell Lymphoma (ALCL) 

 It was reported that the ALK(+) ALCL cell lines and biopsy specimens express a 
low level of miR-29a and that this down-modulation requires an active NPM-ALK 
kinase and that the low expression of miR-29a, probably through methylation 
repression, plays an important regulatory role in MCL-1 overexpression that could 
promote tumor cell survival by inhibiting apoptosis. Enforced miR-29a expression 
was found to modulate apoptosis through inhibition of MCL-1 expression in ALCL 
cell lines and in a xenografted model, with a concomitant tumor growth reduction. 
Thus, synthetic miR-29a represents a potential new tool to affect tumorigenesis in 
these lymphomas (Desjobert et al.  2011  ) .  

   Cutaneous T Cell Lymphomas (CTCL) 

 Data have shown that the most induced (miR-326, miR-663b, and miR-711) and 
repressed (miR-203 and miR-205) miRNAs distinguish CTCL from benign skin 
diseases with >90% accuracy. A qRT-PCR-based classi fi er consisting of miR-155, 
miR-203, and miR-205 distinguishes CTCL from benign disorders with high 
speci fi city and sensitivity and with a classi fi cation accuracy of 95%, indicating that 
miRNAs have a high diagnostic potential in CTCL (Ralfkiaer et al.  2011  ) .   

   Conclusion and Perspective 

 In summary, although it is clear that the functional importance of miRNAs in lym-
phoma is gaining momentum rapidly, we still have much to learn from these tiny 
molecules and further research on their target genes, speci fi c transcription factors 
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and their interactions is needed to integrate miRNAs into the regulatory network in 
the genesis of lymphoma. Recent researches have described remarkably effective 
inhibition of miRNAs in vivo, thus providing an entry point into the promising new 
discipline of microRNA therapeutics. Undoubtedly, the coming years will bring 
possibilities of designing miRNAs mediated targeting therapies and make miRNAs 
speci fi cally attractive as new tools for the diagnosis, prognosis, and therapy of lym-
phoma. It is to be hoped that some of these will be ef fi cient and will bene fi t future 
lymphoma patients.      
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