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v

 The origins of this project began when I was approached by Beverly Grif fi n, who 
suggested that I put together a volume on Burkitt’s Lymphoma, a problem which is 
still as dominant in Equatorial Africa as it was 50 years ago. Burkitt’s lymphoma 
was  fi rst brought to the spotlight and recognized as a major cancer in the human 
population in the late 1950s to early 1960s by Dr. Denis Burkitt, a missionary sur-
geon in Equatorial Africa. The incidence of this disease can vary in different parts 
of Equatorial Africa, and is epidemic in proportion in this region of the African 
continent. It is quite concerning and disheartening that this treatable disease is still 
an epidemic in susceptible African children. 

    This project aims to bring together a spectrum of ongoing efforts by having a 
patient-oriented focus from physicians, to diagnostics and clinical implications of 
the disease as mostly seen in the Equatorial African setting. Importantly, the chap-
ters cover the breadth of studies in Burkitt’s lymphoma with some clues for the 
potential future of studies that can have therapeutic bene fi ts for patients. A volume 
like this has not been previously completed; so this represents a unique text of its 
kind. 

 Additionally, we are grateful for the video documentary on Burkitt’s lymphoma 
that is included in this volume as a compendium to the text. The documentary will 
give readers a real-life account of the clinicians’ and scientists’  fi ght against this 
deadly cancer, in areas of the world that have less access to  fi rst rate medical care. 
   It is still heart breaking to know that in developed countries, where patients have 
access to the best medical care (if detected early), Burkitt’s lymphoma is over 90% 
curable. However, in countries where access to good medical care is limited or non-
existent, the survival rate is sometimes less than 50%. More tragic is the fact that the 
time period most affected is during early childhood where most of these patients are 
from families that are less capable of providing the best medical care. How do we 
deal with this devastating disease in this setting when we have the ability to enhance 
care and survival of these young patients? Developed countries in the West have a 
moral imperative duty to support efforts that substantially minimize and hopefully 
eliminate this disease in our world. 

   Preface   
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 I’m dedicating this volume, in part, to Dr. Beverly Grif fi n who has been tireless 
in her    pursuit to improving global exposure to Burkitt’s lymphoma. She eventually 
convinced me that this project should be done, especially with a focus on highlight-
ing the quest of clinicians and researchers in this  fi eld which would eventually bring 
better access to care and greater visibility to this devastating disease. 

 I would also like to thank the contributing authors who have provided insights 
and suggestions for topics that should be covered and to take time out of their hectic 
lives to contribute a chapter. I am grateful to all of them for their tireless    pursuit to 
 fi nd therapies and develop vaccines to treat Burkitt’s lymphoma. 

    I suspect that Denis Burkitt would be happy that his initial contribution continues 
to be pursued, although he may have more immediate questions as to why the avail-
able therapies are not available to the population most at risk. I hope that patients, 
physicians, and scientists are able to use the up-to-date information from this vol-
ume, and that it provides a helpful guide to novices including students, residents, 
and junior investigators who are now thinking about entering this  fi eld hoping that 
they may be able to have an impact. 

 Finally, a special thanks to Rosemary Rochford for her encouragements, Beverly 
Grif fi n for her efforts even during dif fi cult times, and Harald Stein for working with 
Lorenzo Leoncini in completing their chapter even after having major dif fi culties 
which minimized his ability to use his hands. This was admirable and shows the 
enormous conviction of this group of individuals to one of the world’s most devas-
tating diseases affecting mostly children in Africa. 

     Philadelphia, PA, USA Erle S. Robertson 
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 The  fi rst description of Burkitt lymphoma (BL) was probably that of Albert Cook, 
the  fi rst missionary doctor in Uganda. He founded Mengo Hospital and subsequently 
Mulago Hospital, initially a center for the treatment of tuberculosis, which eventu-
ally became the University Hospital of Makerere University. Cook reported a child 
with a large jaw tumor who came to Mengo Hospital in 1910, and his illustration of 
the appearance in his meticulous clinical notes leaves little doubt that this was a 
case of BL  [  1  ] . In the  fi rst half of the twentieth century, a number of European 
pathologists working in equatorial Africa noted the high frequency of jaw tumors, 
or of lymphomas in children  [  2–  6  ] , but it was Denis Burkitt who provided the  fi rst 
detailed clinical description of the tumor in 1958  [  7  ]  while working at Mulago 
Hospital. He recognized a number of different clinical presentations of tumors in 
children, including jaw tumors and intraabdominal tumors, that could occur either 
alone or together, and it was this that led him to believe that many, if not all these 
children, had the same disease, although up until then girls with ovarian tumors 
were often diagnosed as having dysgerminomas, while other children were thought 
to have retinoblastoma, soft tissue, or even bone sarcomas. However, it should be 
remembered that at the time, pathologists also used the term “lymphosarcoma” such 
that the title of Burkitt’s  fi rst paper,  A sarcoma involving the jaws in African chil-
dren , in which a brief description of the histopathology was given by Jack Davis, 
then the head of the pathology department at Mulago Hospital, may not have been 
as misleading concerning the origin of the tumor cells as would appear to be the 
case today. 

 Gregory O’Conor, an American pathologist working quite separately from Dennis 
Burkitt, recognized, with Jack Davis, around the same time as Burkitt’s description that 
approximately half the cases in the childhood cancer registry that had been established 
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in the Mulago Hospital Pathology Department some 7 years earlier were lymphomas 
 [  8,   9  ] . The high frequency of BL observed in Africa, however, was not seen in Europe 
and the USA, leading to debate as to whether this disease was unique to Africa—many 
believed that it was, leading to the use of the term “African lymphoma”—but in the 
mid-1960s, several pathologists described lymphomas in Europe and the USA that 
were indistinguishable at a histological level, and also, for the most part, clinically, from 
African BL. This was doubtless because of the selection of children with jaw tumors 
that resembled those so characteristic of BL in African children, but regardless of this, 
these observations established that the tumor was not unique to Africa  [  10–  12  ]    . 

 It was not until 1969 that a group of experts in the pathology of hematological 
neoplasms assembled under the auspices of the World Health Organization decided 
that the tumor should be de fi ned purely on histological grounds  [  13  ] . While seem-
ingly indicating that BL is a single disease, the high incidence in Africa, compared 
to the USA and Europe, led to the African variety (also common in Papua New 
Guinea) being referred to as “endemic” BL because of its higher incidence in these 
two regions. Tumors occurring elsewhere were referred to as “sporadic” although, 
unfortunately, these terms are often used in different ways such that they are not 
particularly helpful. In 1984 the observation that HIV infection predisposes to BL 
 [  14  ]  led to the inclusion in the subsequently developed World Health Organization 
classi fi cation of hematological malignancies of a third variety of BL— 
immunode fi ciency-related BL (see Fig.  1.1 ). The histological and immunopheno-
typic characteristics of BL are are described in detail in subsequent chapters. 

   Clinical    Characteristics 

 Perhaps the most characteristic feature of BL in equatorial Africa (and New Guinea) is 
the occurrence of jaw tumors (Fig.  1.2 ) in young children (less than 5 years, and prob-
ably peaking at the age of 3). Why this should be the case is unknown, but the tumors 
arise predominantly around and within the developing molar teeth (often involving all 
four jaw quadrants, even if this is not always clinically apparent). Early clinical signs 
are loose teeth, and the earliest radiological sign is loss of the lamina dura surrounding 
the developing molar teeth with adjacent lytic lesions, all of which are readily detected 
by oblique X-rays of the jaws. These tumors tend to grow very rapidly, such that the 
teeth sometimes appear to be  fl oating on top of the tumor, and although they may be 
lost, in some patients they settle quite quickly back into their sockets once treatment is 
begun. At this age, the jaw contains bone marrow tissue, and it is remarkable, there-
fore, that although the tumor cells in fi ltrate the marrow of the jaw, it tends not to spread 
to other marrow-bearing bones and diffuse bone marrow involvement is, therefore, 
uncommon (less than 10% in most newly diagnosed children). Although orbital 
involvement is also common at this age, and it has been suggested that orbital tumors 
arise from the maxilla, they are not necessarily associated with clinical jaw tumors and 
often do not seriously damage the eye, unless the ophthalmic artery or vein is com-
pressed, or there is direct involvement of the retina—a very rare occurrence.   

 These characteristic jaw tumors have been described in other countries, even 
in Europe (at least, in the 1960s or so), and occur at somewhat higher frequency in 
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some countries, such as Turkey, or Northern Brazil (and of course, New Guinea, 
where holoendemic malaria occurs in the river valleys). There is an impression that 
they were once more common, but today are vanishingly rare outside equatorial 
Africa and New Guinea. The reason for this is unknown. The high frequency of jaw 
tumors in young children is not the only difference in the clinical distribution of the 
tumor in endemic tumors versus tumors occurring elsewhere. In the former, fre-
quent sites of disease include the salivary glands, ovaries, endocrine glands, and 
retroperitoneal structures, especially the kidneys  [  15  ] . Intraabdominal disease is the 
second most frequent site of involvement in African BL (Fig.  1.2  )  and the most 
frequent in all other world regions. Testicular involvement, extradural tumor caus-
ing cord compression, and malignant pleocytosis of the cerebrospinal  fl uid and cra-
nial nerve palsies are also seen in a signi fi cant fraction of cases, but interestingly, 
peripheral lymph node involvement is uncommon as is involvement of the bone 
marrow or spleen, although splenomegaly is often present because of holoendemic 
malaria. In Dennis Wright’s series of 50 post-mortem cases of BL, the most com-
monly involved organ was the kidney, and he clearly demonstrated the rarity of 
signi fi cant splenic involvement  [  16  ] . It was also possible to demonstrate, at post 

  Fig. 1.1    Cytological appearance of BL showing the fenestrated nuclear chromatin with multiple 
nucleoli, and dark blue cytoplasm containing lipid vacuole. BL is a B cell lymphoma (i.e.,. derived 
from B cells, which are primarily involved in antibody production). BL expresses surface immuno-
globulin, normally IgM, although sometimes IgG. It expresses other B cell markers such as CD20, 
CD22, CD79 and CD10 as well as proteins associated with very rapidly dividing cells – Ki67 
(almost 100% of cells are positive). There is an indistinct dividing line between BL and diffuse 
large B cell lymphoma, which is re fl ected in tumors which have a molecular pro fi le (gene expres-
sion pattern) that is intermediate between BL and DLBCL. Some of these intermediate tumors are 
probably derived from follicular lymphomas and have a more complex karyotype, occasionally 
expressing both the typical BLl MYC/Ig translocations (t8:14) and those found in follicular lym-
phomas, and some DLBCL, i.e., (t14;18). BL also has a typical gene expression pattern, although 
once again, intermediate patterns between BL and DLBCL are observed. The BL molecular pro fi le 
is associated with a good response to intensive combination chemotherapy in countries where this 
can be given – with a higher survival rate than DLBCL, being in the range of 90–95%       
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mortem, that cranial nerve involvement was due to in fi ltration of the nerve by tumor 
cells—a situation reminiscent of Marek’s disease in chickens, a diseases caused by 
a Herpesvirus. Bowel and mesenteric involvement is frequent (and lymph nodes in 
the mesentery adjacent to tumor sites in the bowel, most often the ileum may or not be 
invaded by tumor). Presentation with right-sided abdominal pain, suggesting appen-
dicitis, or acute severe abdominal pain resulting from ileo-ileal intussusception 
appears to be much more common outside equatorial Africa, although occasional 
African cases have been described. Interestingly, involvement of the breast occurs 
particularly in pubertal girls or lactating women  [  17  ] , suggesting that hormonal or 
growth factors are involved in creating an appropriate microenvironment in the 
breast for BL cells—the microenvironment probably also accounts for the high fre-
quency of jaw tumors, and the differences in this respect between equatorial African 
and children elsewhere may well account for the observed differences in the sites of 
involvement of BL in different geographical regions. There can be little doubt, how-
ever, that at a global level, the abdomen is the most frequent site of involvement, 
sometimes accompanied by varying degrees of ascites, which can be massive, or 
involvement of other serous membranes such as the pleura or pericardium. In gen-
eral, BL occurs particularly in areas where mucosal-associated lymphoid tissue is 
found and could be considered as a subtype of aggressive MALT lymphoma.  

   Epidemiology 

 Early estimates of the incidence of African BL in children (0–14 years) are quite 
variable, ranging from a few cases per 100,000 to as high as 18 per 100,000, but 
more recent  fi gures suggest that the incidence in equatorial Africa is similar, in 

  Fig. 1.2    The two most common sites of involvement in African BL—the jaw ( left ) and the abdo-
men ( right )       
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children, to that of acute lymphoblastic lymphoma—the commonest childhood 
malignancy in European countries and the USA—probably of the order of 2–6 per 
100,000 in children of 0–14 per year. However, case ascertainment is far from reli-
able, the quality of pathological diagnosis is variable and the incidence often varies 
within countries, possibly depending upon the local intensity of malarial transmis-
sion (see below). Good incidence  fi gures are limited from most world regions, 
although in the USA and Europe, incidence is probably of the order of 1–3 per 
million—considerably lower than that of equatorial Africa (Fig.  1.3 )  [  18  ] . Other 
world regions appear to have an intermediate incidence, although, once again, the 
paucity of population-based data, and the variable quality of the data must be taken 
into consideration in drawing such conclusions. This issue is further compounded 
by the de fi nition of BL, since the use of microarray techniques does not result in 
precisely the same dividing lines between diffuse large B-cell lymphoma and BL as 
does pure histology. Nonetheless, there is no doubt that (a) BL is much more com-
mon in equatorial Africa than in other world regions and (b) the incidence varies 
throughout the world, probably due to differences in environment, and particularly, 
differences in exposure to particular infectious agents.  

 Because of its rarity outside Africa, Burkitt was curious with respect to the 
distribution of the tumor within Africa. He began to indicate on a map places where 
children with jaw tumors had been seen and sent 1,000 brochures to government and 
mission hospitals throughout Africa, using the information to plot the “lymphoma 
belt” shown in Fig.  1.4 . Early publications had interested several research organiza-
tions in the tumor and Burkitt was given several grants, totaling £700, which enabled 
himself and two friends, Ted Williams and Cliff Nelson, both missionary doctors, to 
undertake a safari to de fi ne the southern limit of the high incidence zone on the 
eastern side of Africa. Burkitt and his coresearchers set off from Kampala on 
October 7, 1961 in a 1954 Ford station wagon and returned 10 weeks later, having 
visited some 57 hospitals in 8 countries and traveled 10,000 miles. In addition to 

  Fig. 1.3    Incidence of BL in selected countries. Data from the International Agency for Research 
on Cancer (1998)       
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personal visits he and his colleagues had sent out a large number of lea fl ets showing 
pictures of the disease and to ask whether children with large jaw tumors and/or 
abdominal masses were frequently seen in that region. What came to be known as 
the “long safari” showed the southern limit of the high incidence region in the east-
ern part of Africa to be Lourenço Marques in southern Mozambique. As more infor-
mation became available, it became clear that the “African lymphoma” had a high 
frequency in a broad band across equatorial Africa. At  fi rst, this was thought to be 
an altitude barrier, but later, it became clear that the height above sea level at which 
BL occurred became progressively lower as one moved either to the north or south 
of the equator, and that what appeared to be an altitude barrier was, in fact, a tem-
perature barrier. Alexander Haddow, working in the Entebbe Virus Research 
Institute, also in Uganda, observed that the distribution was very similar to that of 
several virus diseases vectored by mosquitoes, such as yellow fever and various 
Arbor virus diseases, and it seemed quite likely that BL was caused by a virus vec-
tored by an insect  [  19,   20  ] . Similar  fi ndings were reported by Booth from New 
Guinea, the other region where BL was known to have a high incidence  [  21  ] . 
However, Dalldorf proposed, in 1964, that malaria may well be implicated in the 
pathogenesis of the disease, since the distribution of BL corresponded not only to 
the distribution of malaria (not greatly different from that of other mosquito-borne 
infections) but also to the intensity of malarial infection  [  22,   23  ] . Subsequent obser-
vations have con fi rmed the relationship between the incidence of BL and the inten-
sity of malarial infection   

  Fig. 1.4    The lymphoma belt 
extends across Africa 
approximately 15° north and 
south of the Equator, 
indicating a temperature and 
rainfall barrier to the 
occurrence of African BL, 
and suggesting that a disease 
transmitted by an insect 
vector predisposes to, or is 
causally related to the 
occurrence of BL       
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   Malaria and BL 

 Among the many insect-vectored diseases in equatorial Africa, malaria (predomi-
nantly  Plasmodium falciparum , the most severe form) has one particular and unique 
attribute, which provides a potential mechanism for its ability to predispose to BL—it 
induces B-cell hyperplasia. Equatorial Africa and New Guinea are holoendemic 
malarial regions (i.e., regions where essentially the entire population suffers from 
the disease). In holoendemic regions, >75% of children have splenomegaly and >60% 
of <5 years olds have parasitemia at any given time. Transmission is throughout the 
year (as opposed to hyperendemic malarial regions, where transmission may be 
limited in the dry season) and spleen and parasitemia rates are <70% in children less 
than 5 years. Most deaths from malaria occur in children <5 years, particularly in 
the  fi rst 2 years of life, and 75% of deaths from malaria occur in Equatorial Africa. 

 The particularly high frequency and severity of malaria in young children could 
explain the age distribution of BL in Africa. Malaria causes polyclonal elevation of 
immunoglobulins, IgM being elevated only in infants, but IgG being persistently 
raised thereafter, and also an increase in B-cell autoantibodies and an eventual loss 
of B-cell memory. In fact, malaria initially preferentially activates the B-cell memory 
compartment via a Plasmodium membrane protein known as cysteine-rich-inter-
domain-region 1alpha (CIDR1 a ), expressed on the red cell surface. It can also 
induce virus production from such cells  [  24,   25  ] . This is almost certainly relevant to 
the increase in Epstein–Barr virus (EBV)-containing circulating B cells that occur 
in acute malaria  [  26,   27  ] , which could be caused either by infection of other B cells 
by EBV or by inducing replication in the memory B-cell compartment . It is inter-
esting that EBNA1 (see below) is only expressed in replicating memory B cells, not 
resting cells  [  28  ] , creating yet another connection between malaria and BL, although 
by no means providing a de fi nitive explanation for this relationship.  

   A Role in the Induction of Genetic Change? 

 In addition to its ability to cause B-cell hyperplasia, which could, on the basis of 
chance alone, increase the risk of a genetic change leading to BL, it is possible—
even probable—that malaria has a direct role in the production of the chromosomal 
translocations associated with BL. This results from interactions with Toll-like 
receptors, which are part of the adoptive immune system. Toll-like receptors are 
expressed on a variety of cell types including monocytes/macrophages and mature B 
cells and are activated by T-cell independent, highly conserved antigens, such as 
lipopolysaccharide and CpG-enriched DNA that are present in a large number of 
microorganisms. The adoptive immune system is linked, via Toll-like receptors, to the 
adaptive immune systems, since Toll-like receptors are able to induce activation-
induced cytidine deaminase (AID) in B cells, an enzyme which causes hypervari-
able region mutations and class switch recombination as well as B lymphocyte 
activation  [  29–  31  ] . TLR9 receptors, for example, are expressed at all stages of 
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B-cell differentiation and ligand binding has been shown to result in the induction 
of AID, and in turn, class switching in all such cells regardless of the presence of 
VDJ joining. TLR9 agonists include hemozoin, produced by malaria parasites from 
hemoglobin, as well as CpG-enriched DNA. They bind to B cells in the course of 
acute malaria, leading to B-cell hyperplasia and class switching, regardless of the 
stage of differentiation of B cells. It is the ability of AID to cause DNA breaks 
between the heavy chain constant regions, an essential component of class switching, 
that leads occasionally, via erroneous re-ligation, to the genesis of chromosomal 
translocations or other genetic defects  [  32  ] . 

 In primary B cells, the expression of the catalytically active form of AID has 
been shown to lead to  MYC /Ig translocations, similar to those which occur in BL 
(see below) within a matter of hours  [  33  ] . These translocations are normally pre-
vented by the tumor suppressor genes ATM, p19 (ARF) and p53, consistent with the 
ability of these genes to inhibit progression through the cell cycle and to initiate 
DNA repair or apoptosis in the presence of DNA damage, although the particular 
genes that protect against translocations varies with the translocation partner  [  34  ] . 
The development of translocations involving MYC is also inhibited by the pro-
apoptotic genes PUMA, BIM, and PKCd and enhanced by the anti-apoptotic genes 
BCL-XL and BAFF, while FAS-induced apoptosis is involved in the elimination of 
cells in which a functional class switch does not result. It is clear that inactivating 
abnormalities in protective pathways that normally induce cell cycle arrest and 
apoptosis in the presence of inappropriate regulation could lead to the persistence of 
chromosomal aberrations, including translocations. In this regard it is interesting 
that mutations in p53 are common in BL  [  35,   36  ] . There is also direct evidence, in 
mice at least, that the occurrence of MYC/IgH translocations similar to those occur-
ring in B cell tumors is dependent on AID  [  37  ] . 

 Finally, there is evidence for the induction of RAG1 and RAG2 in peripheral 
blood B cells in malaria  [  38  ] , and although there is no de fi nitive information that 
these enzymes, responsible for the normal rearrangement—and rearchitecture, e.g. 
in the case of autoreactivity, of the variable region of the immunoglobulin molecule 
 [  39  ] —are involved in the pathogenesis of BL, they may mediate at least some of 
the chromosomal translocations, particularly those occurring in the VDJ region of 
the immunoglobulin gene. 

 In spite of these experimental observations, there is no direct evidence that 
malaria is important to the pathogenesis of equatorial African BL. The most 
 suggestive evidence is the correlation between the incidence of BL and the intensity 
of malaria transmission (Table  1.1 )  [  40,   41  ] . This was  fi rst observed not long after 
the distribution of BL had been mapped in Uganda  [  41  ] , and several investigators 
have con fi rmed these  fi ndings. Of particular interest in this regard are experiments 
of nature—the absence of BL in arid regions within the so-called “lymphoma belt” 
running across equatorial Africa, and alterations in the incidence of BL associated 
with the control of malarial infection. Thus, in the late 1960s, malaria had been 
essentially eradicated from the Zanzibar archipelago off the coast of Tanzania, and 
BL too, was noted by Burkitt to be essentially absent. Soon after, the eradication 
program was halted (it was felt that total success had been achieved), and BL 
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 rapidly returned. Similarly, the administration of chloroquine prophylaxis against 
malaria to children in the North Mara region in Tanzania was associated with a 
reduction in the incidence of malaria, and a return to its previous incidence after 
cessation of the clinical study  [  42  ] . Some critics, however, noting a fall in the inci-
dence of BL prior to the introduction of chloroquine have questioned the validity of 
these  fi ndings. More recently, malaria has again been eliminated from Zanzibar, and 
it would be of great interest to determine whether the incidence of BL has fallen 
correspondingly. It has also been known for some time that individuals with sickle 
cell trait and thalassemia are protected against severe malaria, such that it might be 
expected that individuals with these inherited hematological disorders would also 
be protected against BL. Although trends in this direction have been noted, statisti-
cal signi fi cance has not been demonstrable.   

   Epstein–Barr Virus 

 The distribution of BL in Africa suggested to Haddow, Burkitt and others that BL 
could be caused by an insect-vectored virus, a notion that was entirely consistent 
with the several animal tumors known to be caused by viruses at the time, although 
no human tumors caused, or even associated with a virus, had been described. In the 
early 1960s, following a lecture by Denis Burkitt on the African lymphoma in 
March, 1961 at the Middlesex Hospital in London, Epstein, a young microbiologist 
at the Middlesex Hospital, discussed with Burkitt the possibility of searching for 
virus particles in the tumor cells using the then quite recently developed technology 
of electron microscopy. Although no viruses were observed in fresh tumor cells, the 
delayed delivery of one particular sample was such that by the time it reached the 
United Kingdom, the tumor cells were growing as a continuous cell line in the 
media it had been sent in. When Epstein examined the cloudy medium, which he 
assumed was a result of infection, he saw that the cloudiness was caused by tumor 
cells freely  fl oating in the tissue culture medium  [  43  ] . He examined the cells, which 
proved to be able to grow continuously in culture, by electron microscopy, and was 
able to rapidly establish the presence of an unusual type of Herpesvirus (unusual in 
that it appeared to be present in only a small percentage of the cells, and that the 
majority of cells appeared to be healthy). 

   Table 1.1    BL is an aggressive B cell lymphoma with cells intermediate 
in size between diffuse large B cell lymphoma (DLBCL) and follicular 
lymphoma. BL cells typically have fenestrated nuclear   
 Malarial intensity  BL incidence rate  95% CI 

 Lake endemic  3.47  1.30–9.30 
 Endemic coast  1.67  0.56–4.27 
 Highland  1.22  0.46–3.17 
 Arid/seasonal  0.58  0.26–1.27 
 Low risk  –  – 

  Based on a 10-year retrospective review described in  [  40  ]   
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 It has subsequently become clear that all BL cells nearly always contain multi-
ple EBV genomes  [  44  ]  and that essentially all cells in culture express latent genes, 
i.e. either EBV nuclear antigens (expressed in the cell nucleus) or latent membrane 
proteins (expressed in the cell membrane)  [  45,   46  ] . EBV latent genes (Fig.  1.5 ) are 
necessary for the persistence of the virus in B cells (and possibly other cell types) 
throughout the life of the individual. The primary location of virus persistence is 
the memory B cell, and the latent genes can be thought of as ensuring that cells 
containing viral genomes are able to survive in situations in which uninfected cells 
would not. Normal B cells which do not make high af fi nity antibody undergo 
apoptosis when passing through the germinal center of lymphoid tissue, in order to 
hone the immune response, and ensure that only high-af fi nity antibody producing 
cells enter the memory B-cell pool. During this process, a large fraction of normal 
B cells undergo apoptosis because only those that make high af fi nity antibodies to 
the antigen that triggered their proliferation (functioning here as cell surface recep-
tors) receive the necessary viability signals, including antigen and CD40 that are 
required for them to survive. It seems likely that EBV-infected cells, by virtue of 
the functions of their latent genes, can avoid undergoing apoptosis even if they do 
not make high af fi nity antibody, and thus EBV is assured of entering the B-cell 
pool, where it can persist in the individual for life. More detailed information 
regarding the functions of latent EBV genes and their role in virus persistence 
and the causation of a number of diseases has been published in numerous reviews 
 [  28,   46–  48  ] .  

  Fig. 1.5    Latent and lytic cycles of EBV showing expression of latent genes (six nuclear proteins 
and three membrane proteins) and viral non-coding RNAs—2 EBERs and more than 20 microR-
NAs. Viral structural proteins are not present in the latent cycle, but develop once the lytic cycle is 
initiated by expression of the Zebra protein, which is necessary and ef fi cient, but is usually accom-
panied by the expression of other proteins such as “R”       
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   Persisting in the Population 

 The persistence of viral genomes in memory B cells is not enough, of course, to 
ensure survival of the virus in the human population. Virus propagation to other 
individuals requires the production of virus particles (in the viral  lytic  phase), which 
are released into the saliva, presumably largely from transformed cells present in 
pharyngeal lymphoid tissue—cells which may release their virus even as they die as 
a consequence of detection by T cells sensitized to various EBV latent antigens.
Virus that is present in saliva can easily be passed on to other individuals. The 
switch from latent to lytic phase is triggered by the Z or Zebra gene (Fig.  1.5 ). It is 
probable that propagation via saliva leads to the earlier infection of individuals in 
lower socioeconomic groups in which exchange of saliva is more likely to occur. 
For example, in African populations, mastication of food by the mother during the 
weaning process is common, particularly in rural settings, where soft baby foods are 
not available or are prohibitively expensive. However, the production of virus par-
ticles during the “lytic cycle” results in cell death, and is, therefore, incompatible 
with neoplasia. Even the expression of the full range of latent genes, involved in the 
“transformation” of normal B cells, inducing proliferation of the infected B cells 
and expanding the virus pool in the infected individual, is a dangerous proposition 
since the uncontrolled proliferation of such latently infected cells would be the 
equivalent of neoplasia. Hence ef fi cient immune responses develop shortly after 
primary infection against the latent EBV antigens, especially EBNA3a, 3b, and 3c, 
such that in the absence of mechanisms to overcome the immune response, cells 
transformed by the gamut of latent genes are rapidly destroyed by T cells  [  49  ] . In a 
number of inherited or acquired immunode fi ciency states, the infected cells can, in 
fact, cause death from the quasi-neoplastic process (which may progress to true 
neoplasia) that can occur in such circumstances. Evidence has subsequently been 
acquired that the expression of other viral proteins (particularly the EB nuclear anti-
gen 2) is likely to be detrimental to tumor cells   , both because of their immunogenic-
ity and because their expression appears to be inimical to  MYC  overexpression  [  50  ]  
(see below). The pathways to the immunode fi ciency-associated neoplasms and 
classical Burkitt lymphoma appear, therefore, to differ considerably. 

 After the discovery of EBV, it soon became clear, as the result of a collaboration 
between Epstein and colleagues, and the virologists Werner and Gertrude Henle, 
working in Philadelphia, that antibodies to the virus capsid antigen (VCA) of this 
new virus (which was referred to as EBV by the Henle’s, after the cell line in which 
it was  fi rst detected), were ubiquitous in human populations, although it tended to 
infect individuals of higher social class at a later age than children of low socioeco-
nomic status  [  51  ] . A  fi nding of particular importance was the approximately eight-
fold higher geometric mean titer of anti-VCA antibodies in patients with BL 
compared to controls  [  52  ] . The chance occurrence of infectious mononucleosis in a 
technician whose blood was frequently used as a negative control for the 
immuno fl uorescence tests that the Henle’s developed (initially for VCA) led to the 
observation that the virus was the cause of a high fraction of cases of infectious 
mononucleosis  [  53  ] . Although of great interest, this  fi nding did not shed light on a 
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possible role for EBV in the genesis of BL, since infectious mononucleosis is nearly 
always self-limiting. Miller and others subsequently showed that EBV was able to 
transform circulating B lymphocytes and produce continuously growing cell lines 
in vitro  [  54  ] . This led to the hypothesis that EBV was the causal factor of BL and 
was responsible for driving proliferation of the tumor cells, although this hypothesis 
was short-lived for a number of reasons. For example, the latent genes induce a 
cytotoxic immune response that normally ensures that such an event does not occur. 
Moreover, the ubiquity of the virus indicated that other factors must be involved in 
the genesis of BL, since clearly, only a very small fraction of infected individuals 
develop BL. Further studies also demonstrated that the virus is not transmitted by 
insect vectors, and that none of the latent genes expressed in B cells transformed 
in vitro, except EBNA1, were expressed in fresh BL cells, although the majority of 
cell lines, grown in vitro soon revert to the expression of all six latent viral pro-
teins and three latent membrane protein genes. As information accumulated, it 
became clear that the nuclear protein, EBNA1, was responsible for the persistence 
of EBV genomes in the form of intranuclear plasmids, and their equal distribution to 
daughter cells—thus ensuring the maintenance of the EBV genome in transformed 
cells. The expression of EBNA1 in BL suggested that the virus is required for the 
maintenance of the neoplastic state (although it could not be excluded that in some 
cases of EBV negative BL, the virus could have been lost from the cell after onoco-
genic genetic changes had occurred, thus rendering the presence of virus-derived 
molecules super fl uous). 

 In fact, African cases are almost always EBV+ whereas only a small fraction of 
cases in Europe and the USA contain EBV, and a signi fi cant fraction of EBV cases 
are seronegative for EBV, suggesting that the patient had never been infected by 
EBV. It also became clear that in addition to EBNA1, in EBV+ BL, small untrans-
lated RNAs including microRNAs from the BART and BHRF1 regions of the 
genome and the so-called “EBERs” are also present in tumor cells  [  55  ] . Thus, it 
seemed probable that EBV, and particularly early (i.e., at a young age) infection 
with EBV, predisposes to the development of BL, although it was not clear how. A 
much greater understanding of the survival strategy of EBV had been gained in 
recent years, however  [  47  ] , and Thorley-Lawson, in particular, began to consider 
the possibility that BL might use its B-cell transforming ability to gain access to 
the immune system, then switch off all its protein products in order to avoid detec-
tion and elimination by T cells such that it could persist throughout the life of the 
individual “invisible” to the host, or at least, to T cells generated against EBV 
latent antigens  [  28  ] . Whatever the mechanism of avoiding detection by the immune 
system, it may well be relevant to the pathogenesis of BL. Support for this hypoth-
esis was provided by the initial observation that only EBNA1 could be detected in 
circulating B cells (it subsequently became clear that some virus containing circu-
lating B cells fail to express any viral antigens)   , and that EBNA1 is the sole pro-
tein expressed when such cells replicate (this would be essential to ensure the 
persistence of the virus in the cell clone). This pattern of latent gene expression 
was remarkably similar to that observed in BL, but even EBNA1 is immunogenic, 
such that its persistence in BL cells could result in elimination of the tumor. 
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The demonstration that EBNA1 contains a glycine–alanine repeat region which 
inhibits the expression of EBNA1 in the context of class I major histocompatibil-
ity antigens (which are also expressed at low levels in BL cells), and hence makes 
it dif fi cult to for EBV-infected cells in the B-cell memory compartment to be 
detected by the immune system—even though EBNA-1 reactive T cells may be 
present, e.g., generated via antigen presentation after B-cell death by reticular 
dendritic cells. The blocking of the ability of CD8 cytotoxic T cells to react with 
EBNA-1 present in BL provided a possible explanation for how EBV-containing 
B cells can escape immunosurveillance. This has been further bolstered by the 
recent demonstration of the lack of an intereferon gamma CD4+ T-cell response 
against EBNA1 in Africa children with BL  [  56  ]  even though in other circum-
stances, such CD4+ T cells can be detected  [  57  ] . This suggests a rather compre-
hensive impairment of the ability of immune cells to detect the presence of EBV 
in the context of BL cells  [  49  ]  and raises the possibility that variable ability to 
generate immune responses against EBNA-1 could be one of the factors relevant 
to whether or not BL develops in a particular individual. 

 In an attempt to demonstrate that EBV is responsible for the pathogenesis of BL, 
Geser and colleagues undertook a large study in the West Nile district of Uganda, 
where they collected serum from some 42,000 children and stored it, assuming that 
some of these children would subsequently develop BL. In fact, 14 children did 
develop BL in the course of the next several years and all had higher anti-VCA 
antibody titers to EBV than did normal controls at the time their  fi rst serum was 
drawn, sometimes a few years prior to the development of BL  [  58  ] . This suggested 
strongly to the authors that EBV was likely to be the causal factor of BL, but although 
there can be little doubt that it is implicated in a high fraction of tumors around the 
world—being present, for the most part, in some 95%+ of equatorial African cases 
and more than half of the cases in most published series from outside the highest 
income countries (Europe and North America being exceptions), the mechanism 
whereby EBV predisposes to BL remains unknown. 

 The presence of typical somatic hypervariable region mutations in the antibody 
genes of EBV-containing memory B cells  [  28  ]  strongly suggests that these EBV-
containing cells have passed through the germinal center, where such mutations are 
induced by the enzyme AID  [  59  ] . Most probably, the route to the peripheral blood 
is predominantly via tonsillar or at least pharyngeal lymphoid tissue—the closest to 
its usual point of entry (via saliva) into the body. It seems probable that the ability 
of several EBV genes, and potentially untranslated RNAs, to prevent apoptosis 
ensures that the virus-containing cells are protected while passaging through the 
germinal center, whether or not they have encountered antigen, and thus avoid 
diversion into the apoptotic pathway that ensures the elimination of cells which 
produce lower af fi nity antibodies to the epitopes to which their immunoglobulin 
molecules are directed. However, this process would need to be associated with the 
switching-off of latent genes by the time the cell leaves the germinal follicle, since 
it would no longer be protected from apoptosis (or, indeed, immune destruction) in 
the periphery.  
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   Persisting in the Individual 

 Traversal of the germinal center may be an absolute requirement, as suggested by 
Thorley-Lawson, for the entry of EBV-containing B cells into the memory cell com-
partment, where they are sheltered for the life of the infected individual, with only 
occasional need for replication to maintain the particular cell clone  [  28,   48  ] . If so, 
then the pattern of latent and lytic gene expression might well be: (a) infection of 
naïve B cells with initial expression of all latent genes, thus transforming the cells, 
increasing their numbers (and the numbers of virus particles), and protecting them 
from apoptosis as they pass through germinal follicles in order to enter the memory 
B-cell compartment (some may become plasma cells, which can produce virus). 
These cells will eventually reach the memory cell compartment and become small 
resting lymphocytes, whether or not they have been stimulated by antigen (which 
can be substituted for by LMP2a). What prompts their occasional replication to 
maintain numbers is unknown, but it is this replicating memory cell that expresses 
EBNA1. In (b) infection and transformation of secondary B cells results in cell lysis 
due to the action of antigen (and epitope) speci fi c T cells, infection of more naïve B 
cells and also passage of virus into the saliva for transmission to other persons. 
From the perspective of neoplasia, the point is that the cells are protected from 
apoptosis whilst in the germinal center, where hypervariable region mutations and 
class switching occurs, such that aberrant ligations (that can result in tumorigenic 
chromosomal translocations) do not (always) induce apoptosis and can persist. This 
hypothesis is supported by the demonstration that several EBV genes, and poten-
tially untranslated RNAs are anti-apoptotic  [  60  ] .  

   An Alternative Latent Gene Expression Pattern in BL 

 Quite recently, a second pattern of latent gene expression in BL was observed by 
Rickinson and colleagues, who showed that as many as 20% of BLs in Africa 
express all the latent viral proteins except EBNA2, a gene critical to the transforma-
tion of normal lymphocytes  [  61  ] . This provides further evidence that EBV infection 
does not drive proliferation in BL cells, although why this alternative pattern of 
EBV latent gene expression, which includes the immunogenic proteins EBNA3a, 
3b, and 3c should exist is a matter for speculation. Whether or not it is relevant to 
normal EBV biology is unknown, but the alternative latency pattern in BL also 
appears to be anti-apoptotic, and can, in the presence of appropriate genetic lesions, 
give rise to neoplasia  [  61  ] . But if EBV is not the driver of neoplastic proliferation, 
what is? There is little doubt that a major factor in the genesis of BL is the ectopic 
expression of MYC, caused by a chromosomal translocation resulting from 
 aberrant immunoglobulin gene recombination between  MYC  on chromosome 8 and 
IgH t(8:14) or, more uncommonly, light chain immunoglobulin genes t(2:8) and 
t(8:22) or, rarely, other genes. The same pathophysiological impact, however, may, 
on occasion, be brought about by epigenetic regulation of  MYC  rather than a 
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 translocation, e.g., via the inappropriate expression of speci fi c miRNAs.  These 
gross cytogenetic changes result in a molecular pro fi le that is speci fi c for BL and 
clearly distinguishes it from diffuse large B cell lymphoma, although some interme-
diate patterns can also be observed.   

   AIDS-Associated Burkitt Lymphoma 

 Ziegler et al. described the increased incidence of non-Hodgkin’s lymphomas 
(NHLs) in homosexual males in 1984  [  62  ] , and subsequently of BL  [  14  ] . Since 
then, the relationship between NHL and HIV infection has been con fi rmed in many 
parts of the world, including, for example, South Africa. It remains uncertain, how-
ever, how much HIV infection predisposes to BL in equatorial Africa. In fact, the 
relationship is tenuous at best, at least in children, since although a few percent of 
children with BL are HIV positive, this is similar to the frequency of HIV infection 
in children in the normal population. Similarly, although HIV infection is more 
prevalent in adults, the degree to which it predisposes to BL in equatorial Africa is 
uncertain  [  63  ] . HIV is known to alter the immune response to malaria, resulting in 
increased prevalence and severity  [  64  ] , and this could, in turn, affect the probable 
in fl uence of malaria on BL in equatorial Africa, although it would be expected, from 
the arguments discussed above, to result in an increased predisposition to BL. HIV 
infection also causes B-cell hyperplasia, and, like malaria, increases the proportion 
of circulating EBV-containing cells and results in the reactivation of EBV infection, 
thus increasing the EBV load in HIV-infected individuals  [  65–  67  ] . However, the 
memory B-cell population is reduced in HIV infection, and other B cells may become 
the primary EBV reservoir  [  65  ] . Thus, even though HIV+ individuals have a higher 
EBV load than HIV-persons, the failure to see an obvious and marked connection 
between HIV infection and predisposition to BL in holoendemic malarial regions, 
as occurs in non-malarial regions, could possibly arise from the suggestive evidence 
that B-cell hyperplasia of the memory cell compartment is central to the pathogen-
esis of BL, and that the differences in the hyperplastic B-cell populations in malaria 
versus HIV infection could possibly explain differences in the relative proportions 
of EBV+ and EBV–BL. 

 It will be of interest to investigate the in fl uence of highly effective antiretroviral 
therapy on the incidence of BL in Africa. Because BL in HIV+ patients is not asso-
ciated with severe immunode fi ciency, it is even possible that partial immunological 
reconstitution through the administration of antiretroviral drugs may eventually 
lead to an increased risk of BL or other forms of aggressive B-cell lymphoma, 
although this has not been reported to date. Meanwhile, the limited resources in 
equatorial Africa pose signi fi cant dif fi culties on studies of this kind  [  68  ] , and it will 
be important to develop improved pathological diagnosis, better tumor registration 
as well as facilities for storing human tissues in order to further understand the rela-
tionship between HIV infection and BL in equatorial Africa.  
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   Deregulation of MYC 

 In 1975, a characteristic chromosomal translocation, in which the  MYC  gene is 
translocated to the immunoglobulin locus, was discovered by Zech et al.  [  69  ] . 
Subsequently, variant translocations, in which the  MYC  gene is translocated to the 
light chain loci on chromosomes 2 (kappa) or 22 (lambda) were also indenti fi ed. 
Interestingly,  MYC  is not expressed in the majority of cells that reside in normal 
germinal follicles, indicating that MYC expression is ectopic in BL, assuming that 
its cell or origin is the centroblast of normal germinal follicles  [  70  ] . The presence of 
hypervariable region mutations in BL strongly suggests that BL cells have passed 
through the germinal center, as does their pattern of gene expression (at an mRNA 
level). Further, differences in the average number of hypermutations and small dif-
ferences between the gene expression pattern of equatorial African and European 
Burkitt lymphoma suggest that there may be differences in the pathogenesis of these 
tumors  [  71,   72  ] , although the most recent miRNA pro fi ling data suggests that the 
three subtypes of BL are very similar to each other, while clearly differing from dif-
fuse large B-cell lymphoma  [  73  ] . Regardless of these  fi ndings, there can be little 
doubt that BL cell proliferation is driven by  MYC  expression, which in turn is usu-
ally the consequence of a chromosomal translocation involving immunoglobulin 
genes (heavy or light)  [  74  ]  and  MYC . In fact, it could well be that the rarity of other 
genetic abnormalities in BL  [  75  ]  results from the profound effect of ectopic  MYC  
expression in germinal center cells. Rarely, an alternative partner to immunoglobu-
lin genes has been identi fi ed, and even the absence of a translocation. In such cases, 
epigenetic lesions or the inappropriate expression of miRNAs) could also lead to 
ectopic  MYC  expression  [  76  ] . In otherwise normal cells, such a major abnormality 
would almost certainly lead to programmed cell death—indeed, inappropriate  MYC  
expression has been known for many years to be capable of initiating the apoptotic 
pathway in a number of cell types, presumably to avoid inappropriate cellular pro-
liferation, and more recent work indicates that this process is mediated by the pro-
apoptotic protein BIM, which can be upregulated by MYC  [  77  ] . Point mutations in 
the  MYC  gene, which has been identi fi ed in BL, have been shown to deactivate this 
pathway, thus inhibiting a mechanism that protects against the genesis of MYC-
driven neoplasia  [  76,   77  ] . Indeed, protection against apoptosis is required in normal 
cell types undergoing somatic hypermutation or class-switching, since, as discussed 
earlier, AID carries a risk of predisposing to chromosomal abnormalities via the 
production of double-strand breaks. Defects in this mechanism may be relevant to 
BL pathogenesis, since there is good evidence that AID is involved in the transloca-
tions that result in ectopic MYC expression in BL and the potential for MYC-driven 
neoplastic cell proliferation  [  78–  80  ] . It has been suggested that the ability of both 
HIV and malaria to induce B-cell hyperplasia may also counterbalance the tendency 
of EBV containing B cells bearing  MYC  translocations to undergo apoptosis increas-
ing the likelihood of their emergence as BL  [  81  ] . 

 Although there is much to be learned regarding the relationship between poten-
tial environmental factors and the pathogenesis of BL, it seems highly probably that 
the  MYC  translocation is the driver of proliferation, but that other factors, related to 
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environmental agents such as malaria and possibly HIV, both of which cause B-cell 
hyperplasia and interfere with immunity and control of the proliferation of EBV, 
thereby increasing the EBV burden, are important in allowing such genetically 
damaged cells to persist and may even increase the likelihood of them arising in the 
 fi rst place. The need to rearrange DNA, through a physiological recombinational 
process in order to generate a tightly binding variable immunoglobulin region and 
to allow class switching, and the need to prevent apoptosis from occurring during 
this process, creates a weak point that is likely to give rise on rare occasions to inap-
propriate recombinations, some of which have the potential to create a neoplastic 
cell. The experimental evidence supporting the role of AID in mediating chromo-
somal translocations favors this hypothesis. The details of the pathogenetic events 
may still need to be worked out, but there is little doubt that the germinal center, a 
location where apoptosis must be particularly carefully balanced against prolifera-
tion, is a critical region for tumorigenesis, precisely because of its importance in the 
differentiation of B cells. Passage through the germinal center seems to be critical 
to tumorigenesis in BL and probably also to the genesis of other lymphoid neo-
plasms, just as it may be to the establishment of a reservoir for EBV. In this case, 
tumorigenesis can be viewed as an aberration of physiological events, the likelihood 
of which is increased by the presence of environmental agents such as malaria and 
EBV, which exploit them for their own purposes, increasing the risk of an aberrant 
recombination, while removing the defense mechanism that should ensure that cells 
containing such aberrations (normally a consequence of an abnormal pathophysio-
logical event) are destroyed. Yet the creation of a tumor is not in the best interests of 
the microorganism, and in comparison with the numbers of people infected with 
these agents, BL is a rare event indeed, demonstrating the degree to which these 
parasites have adapted to their human host.  

   Epidemiology: The Demonstration of Activity of Single Agents 

 BL was one of the  fi rst tumors to be shown to be curable by chemotherapy alone, 
thus providing critical support to pioneer chemotherapists who, at the dawn of the 
chemotherapy era, were often maligned for prolonging the misery of patients who 
were ultimately doomed to die, although occasional cases were cured by radiation 
or surgery. In the case of African Burkitt lymphoma, surgery was rarely an option 
although heroic surgery had, from time to time, been attempted when tumor appeared 
to be localized—for example, to a single jaw quadrant. These attempts invariably 
met with failure, and usually even more distress to the patient. Radiotherapy was not 
then available in equatorial Africa (even now, there are very few radiotherapy facili-
ties in this region, and certainly those that do exist are grossly insuf fi cient to provide 
for the needs of cancer patients), but in any event, radiation was later shown to be of 
essentially no therapeutic value. By the late 1950s, however, a number of chemo-
therapeutic agents had become available and several were known to be particularly 
active in childhood acute lymphoblastic leukemia (ALL). It was clearly of consider-
able interest to know whether Burkitt’s lymphoma responded to chemotherapy in 
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the same way. Investigators in Africa, such as Burkitt in Uganda, Clifford in Kenya 
and Ngu in Nigeria, aided by pioneer chemotherapists, including Oettgen and 
Burchenal from the Sloan-Kettering Institute for Cancer Research in New York, and 
Alexander Haddow and David Galton from the Chester Beatty Institute in London 
set out to examine the response of Burkitt’s lymphoma to chemotherapy, supported 
by drug donations from companies such as Lederle, Asta Werke, Eli Lilly and 
Roche, as well as grants and other support from the Sloan-Kettering and Chester 
Beatty Institutions, and the National Cancer Institute in Bethesda, Maryland. While 
clinical trials at the time were performed in a rather haphazard manner, and treat-
ment of most cancers resulted, at best, in transient tumor responses, in the case of 
BL, tumor regression of signi fi cant degree was observed within a matter of days (in 
fact, changes in the tumor, e.g., less stretching of the skin overlying jaw tumors 
could even be seen within 24 h). 

 In the course of the early 1960s, most of the available cytotoxic agents were 
explored. Although a signi fi cant fraction of patients was lost to follow up, the 
administration of a rather wide range of drugs in the course of time led to the clear 
demonstration that BL was highly chemotherapy-responsive, and Burkitt in Uganda, 
Clifford in Kenya and Ngu in Nigeria reported some astonishing apparent cures 
with minimal therapy (several years of disease-free survival after only one or two 
cycles of therapy)  [  82–  84  ] , although such impressive responses were much more 
often seen in patients with localized jaw tumors than extensive tumor, for example, 
in the abdomen. Of particular note was the rapidity of response—tumors would 
shrink within days, and in the case of jaw tumors, teeth, although sometimes lost, 
could even  fi nd their way back to the socket from which they had been displaced 
by tumor. 

 Much of the data collected in this  fi rst era of the chemotherapy of Burkitt’s lym-
phoma was summarized in a meeting that was sponsored by the International Union 
Against Cancer (UICC) (now, the Union for International Cancer Control) that took 
place in Kampala, Uganda, in 1966. While diagnosis in the 1960s was not as accu-
rate as today, in equatorial Africa a very high fraction of all lymphomas in children 
(over 80%) are BL, and the clinical features, particularly the presence of jaw tumor 
(some of the studies were carried out exclusively in patients with jaw tumors) is 
generally very distinctive. Thus, there can be little doubt that in the series described 
the diagnostic error rate was small. 

 Over the years, Burkitt collected a series of 88 patients with jaw tumors treated 
in Uganda (two relapsed with separate jaw tumors in other jaw quadrants and were 
dealt with separately   , making a total of 90 jaw tumors). Many of these patients 
achieved long-term survival with only one or two doses of drugs  [  85  ] . A variety of 
doses and sequences of different drugs were used; for example, one and two doses 
of cyclophosphamide (60 patients were given 30–40 mg/kg IV, or the same dose 
given orally over 3–4 days), several days of methotrexate (17 patients received 
1 mg/kg daily for 4–5 days), or one or two doses of vincristine (21 patients received 
0.07–0.15 mg/kg). The period between drug doses regardless of the drug was 
1–3 weeks. Among these patients, 36 had “total or virtually total tumor regression,” 
another 38, “signi fi cant but only partial regression” and the remainder “little or no 
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response.” Thus 74, or 82%, of the 90 tumors had a clear response. How many of 
these patients had disease at other sites in addition to jaw tumor is not clear, although 
the jaw tumors were classi fi ed as small, moderate or large (grades A, B, or C). 
Complete, durable remissions were observed with all three agents and notably, all 
10 patients with small tumors achieved complete remission. Since 16 of 40 patients 
with moderate tumors and 10 of 40 with large tumors also achieved excellent 
responses, this early data suggested a relationship between response and tumor size, 
although it was some years before this was veri fi ed, perhaps because some of 
Burkitt’s patients had undetected tumor outside the jaw. Burkitt also noted that 
recurrent disease, whether at the same or different sites, did not occur after 11 months 
of remission—now a well-known characteristic of Burkitt lymphoma. Fourteen 
patients were known to be alive and well a year after treatment and were probably 
cured, but 38 patients were lost to follow up. 

 Interestingly, only four patients in Burkitt’s series had received more than two 
doses of therapy and four had received only a single dose. It was also noted, however, 
that of 12 patients who relapsed after an essentially complete response, 6 developed 
central nervous system involvement, and many years of empiric approaches to its 
prevention were required before the predisposition to relapse in the CNS was over-
come. In spite of this, as was demonstrated later by Ziegler et al.  [  86  ] , that almost 
half of all patients with CNS disease, either at the time of relapse or presentation, 
could achieve long-term survival. This clearly indicated that CNS  disease per se was 
not necessarily, as was believed in western countries, an obstacle to cure  [  87  ] . 

 Ngu also noted that disease extent and site in fl uenced the outcome of treatment. 
Patients with tumors localized to the facial bones had better responses than those 
with visceral or CNS involvement—the beginnings of a formal staging system. 
Patients with CNS involvement, not surprisingly, had a particularly poor response to 
intravenous cyclophosphamide, although extradural masses were seen to respond. 
Another observation made by Ngu was that serum uric acid levels were often raised 
in patients with extensive tumors, and sometimes became even more elevated fol-
lowing therapy. He described a patient who died quite probably from acute tumor 
lysis (serum uric acid on the day of death was 54 mg per 100 ml), and reported that 
this and other complications, such as perforation of the bowel, and in one unusual 
case, of the arch of the aorta, may ensue from rapid necrosis of tumor following 
therapy  [  88  ] . Indeed, in these early series, a signi fi cant fraction of patients died 
before any chemotherapy could be given—due, no doubt, to very advanced disease 
at the time of presentation, a problem that persists to the present day. 

 Clifford’s observations regarding response to therapy were similar. Among 51 
patients 8, 4 treated with cyclophosphamide and 4 with melphalan or orthomer-
phalan, achieved complete continuous remission, 3 for over 2 years, but 9 patients 
died from hematological toxicity (7 of these had received methyl hydrazine or man-
nitol myleran) and 5 from other treatment complications. In a later follow-up, 
Clifford reported 11 long-term survivors. All had been treated with either cyclo-
phosphamide, or melphalan, sometimes with    orthomerphalan in addition  [  83  ] . 

 These early results laid the foundation for subsequent studies. Cyclophosphamide, 
orthomerphalan, melphalan, methotrexate and vincristine were effective drugs, all 
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capable of inducing complete remission and potentially long-term survival. 
Chlorambucil, nitrogen mustard, vinblastine and several other drugs were much less 
promising, at least, at the doses used. Although there appeared to be an association 
of outcome with disease extent, documentation of disease sites was largely based on 
clinical examination, supplemented in some patients by bone marrow examination 
(at least in Clifford’s series) and various X-rays, although not in a uniform manner. 
This may well account for the fact that while Ngu and Burkitt believed that tumor 
extent was a relevant factor in determining outcome, this was less apparent in 
Cliffords smaller series. In part, this relationship may have been obscured by the 
fact that a number of patients died from complications of treatment. Clifford did, 
however, observe that long-term survival was more likely in stage I patients. Because 
of the variability of dosage and route of administration, none of the authors were 
able to draw valid conclusions regarding the relationship between drug dosage and 
response rate. In part for this reason, as well as the observation of spontaneous 
remissions, and temporary remissions induced by the infusion of patient serum, an 
early attempt at immunotherapy, the notion that the host response was critical to 
success was widely accepted and Clifford, in collaboration with the Klein’s and 
Stjernswärd reported a positive relationship between the presence of serum antibod-
ies reactive with the membranes of BL cells in vitro and response to chemotherapy 
 [  89  ] . This appeared to indicate a “host-versus-tumor” effect, but since the nature of 
the antibodies is unclear and this data was not con fi rmed, it is not possible to inter-
pret its signi fi cance. Additional studies of immunotherapy using BCG failed to 
show a clear effect on tumor response, in spite of augmented delayed hypersensitiv-
ity  [  90  ] , and it must be concluded that there is presently no clear evidence of a role 
for the importance of a host response in the outcome of treatment for BL. In 
fact, there is considerable information, as brie fl y mentioned above, that the presen-
tation of foreign antigens to the immune system by BL cells (e.g., EBV antigens) is 
impaired. With the development of improved staging systems, which probably 
largely re fl ect the tumor burden  [  91  ] , there could be little doubt that outcome 
correlated with the extent of disease, although the latter, in turn, also in fl uences the 
ability of the immune system to respond to foreign antigens  [  92  ] . 

   The Evolution of Combination Chemotherapy 

 Denis Burkitt left Uganda in 1967, but his work was continued by means of an 
agreement between the National Cancer Institute of the USA and the University of 
Makerere in Kampala, Uganda, to establish the Uganda Cancer Institute. This led to 
more systematic attempts to improve the results of treatment, although interpreta-
tion is dif fi cult in most of these studies because of their small size, limited staging 
studies and the fact that patients were almost certainly undertreated, such that recur-
rent disease sensitive to the same or different therapy was extremely frequent. 
Nevertheless, these early clinical trials were suf fi cient to extend the observations 
made previously in Uganda, Kenya, and Nigeria, and it is worth pointing out that 
even today, few African institutions are able to conduct clinical trials and there is 
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limited collection of data of any kind. It is probable that most patients die for lack 
of any therapy, while others have inadequate therapy based only on what they can 
afford. Supportive care also remains inadequate except in a small number of elite 
institutions, usually in the private sector. 

 A number of randomized trials comparing treatment approaches were conducted in 
the 1960s and 1970s. Unfortunately, the numbers of patients randomized in each trial 
tended to be very smal, and, coupled to the limitations of the staging system used in 
early studies (stage III included patients with a broad range of tumor burdens, 
including some with completely resected disease), these studies left much to be 
desired. But it must be remembered that these were the early days of clinical trials, 
and in spite of their de fi ciencies, a number of interesting observations were made. An 
excellent response to therapy in patients with recurrent disease was often observed, 
particularly if the relapse occurred 10 weeks or more after the initiation of therapy (or 
the previous relapse)  [  93  ] . One patient had six relapses, including CNS recurrence, 
before achieving disease-free survival for 4 years. In these circumstances, the only 
realistic measure of success was overall survival, which, in spite of the dif fi culty of 
interpreting the studies, appeared to be better in patients who had received multiple 
drugs rather than cyclophosphamide alone, and responses were certainly seen to a 
combination of drugs including methotrexate, vincristine, and cytarabine (BIKE) in 
patients who has failed cyclophosphamide  [  86  ] . Of note was the fact that corticoster-
oids were not included in these regimens (which is a standard practice today in most 
treatment protocols)   , although there is one major exception—CODOX-M/IVAC, 
which gives similar results to other intensive regimens. Conversely, doxorubicin is 
a standard component of childhood B-cell lymphoma regimens, but its value is only 
now being tested. 

 In Ghana, similar results were achieved with either cyclophosphamide alone, or 
a drug combination that included vincristine and cytarabine  [  94  ] . The latter regi-
men, however, proved rather toxic. Among 103 patients who received cyclophosph-
amide as a single agent (two doses were given initially), 79 (77%) achieved CR. 
Two more patients achieved CR after VCR and MTX were added. Among those 
who achieved CR, 42 relapsed—very similar results to those obtained in Uganda. 
Patients who relapsed were given additional cyclophosphamide; 21 of 40 patients 
achieved a second CR following CTX alone, rather more among those who relapsed 
late (12 weeks or beyond) than those who relapsed early. These same 40 patients 
went on to receive the BIKE regimen designed in Uganda, and 9 achieved long-term 
survival. 

 Subsequently, Nkrumah and Perkins used a simultaneous combination of cyclo-
phosphamide, cytarabine, and vincristine in patients with intraabdominal disease but 
without CNS involvement  [  95  ] . All patients received a single dose of intrathecal ther-
apy with each course of combination therapy. Nkrumah and Perkins did not perform a 
randomized study, but included 42 consecutive patients admitted between April 1973 
and September 1975, and compared them with a previous group of 44 patients with 
abdominal Burkitt’s lymphoma treated between January 1969 and March 1973, who 
received cyclophosphamide alone, given at a dose of 40 mg/kg i.v. at 2–3 weeks’ inter-
vals for a total of 2–4 doses, but no intrathecal therapy. Of the patients treated with 
the three-drug systemic combination, 31 completed the 3 cycles of therapy (11 died 
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 during treatment), of whom 29 (94%) achieved a complete remission. In the preceding 
group of patients treated with cyclophosphamide alone only 2 died during therapy, and 
34 of the remaining 42 patients (81%) achieved a complete response. Approximately 
twice as many patients (62% at 2 years) who received cyclophosphamide alone 
relapsed as those who received the combination of drugs (31% at 2 years), and more 
patients relapsed with CNS involvement in those who received cyclophosphamide 
without intrathecal therapy (19 patients, 4 during chemotherapy, and 4 with isolated 
CNS disease) compared with those who received the drug combination, which 
included intrathecal methotrexate ( fi ve patients, none during chemotherapy, one being 
con fi ned to the CNS). This result was signi fi cantly different ( p  < 0.05). Overall, 
although survival did not differ signi fi cantly between the two groups, it favored the 
combination regimen (41% compared to 33%). A high proportion of deaths in this 
group were from toxicity. These results strongly suggested that the combination regi-
men was superior in terms of disease control, including the control of CNS disease, 
but was suf fi ciently more toxic as to largely nullify its therapeutic advantage. Toxicity 
was clearly caused by neutropenia associated with septicemia in four patients, all dur-
ing the  fi rst cycle of therapy. Subsequent courses were better tolerated. 

 The  fi nal clinical study conducted at the Lymphoma Treatment Center (LTC) 
consisted of multiple cycles of the same simultaneous combination therapy with 
cyclophosphamide, vincristine, and methotrexate (COM)  [  96  ] . The COM regimen 
was devised on the basis of the multiple responses seen with BIKE, in patients who 
had failed cyclophosphamide alone. In the randomized comparison of COM versus 
cyclophosphamide alone, 8 of 10 patients who recurred among the 21 who received 
COM were con fi ned to the CNS, whereas 7 of the 8 recurrences among the 19 who 
received cyclophosphamide alone relapsed both systemically and in the CNS. 
Unfortunately, because of political problems, the trial was cut short and no  fi nal con-
clusion could be drawn, although it did appear that the control of systemic disease 
was more effective with COM than with cyclophosphamide alone. 

 At the time of this trial, effective intrathecal prophylactic therapy had not been 
de fi ned, and in an attempt to prevent CNS disease, a simultaneous study of cranio-
spinal irradiation was carried out at the recently installed radiotherapy unit in Nairobi 
immediately after the completion of chemotherapy. This study failed to show any 
bene fi t of radiation in the prevention of spread to the CNS  [  97  ] . Interestingly, a frac-
tion of patients with isolated CNS recurrence were salvaged with subsequent intrath-
ecal therapy and additional systemic therapy and in a later review of these patients, 
reported in 1980, there was a signi fi cant advantage to patients treated with COM+/− 
craniospinal irradiation, compared to CTX+/− craniospinal irradiation  [  98  ] . Because 
of the political unrest, a study in which intrathecal chemotherapy was to have been 
used to prevent CNS disease could not be conducted.  

   Intrathecal Therapy 

 In addition to the control of systemic disease, the ability to treat CNS disease, 
including malignant CSF pleocytosis, which had been reported earlier, was also 
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studied in the early studies carried out by the NCI in conjunction with Makerere 
University, and it was soon found that excellent responses and even cure could be 
obtained with intrathecal MTX and/or cytarabine  [  99  ] . Prior to the trials conducted 
at the LTC, intrathecal therapy had not been tested (cyclophosphamide had been 
injected intrathecally in two patients without, not surprisingly, any bene fi t!). IT 
therapy has become a standard component of all treatment for BL except those with 
small volume disease involving the bowel—most of whom present with intussus-
ception or a syndrome indistinguishable from appendicitis.  

   African Burkitt Lymphoma Is Curable in a Signi fi cant 
Fraction of Cases 

 Overall, these results con fi rm that a signi fi cant fraction of patients with Burkitt’s 
lymphoma can be cured, and some by cyclophosphamide alone. However, there is 
little doubt, based on information from other world regions - see below - that the 
survival rate could be improved by using additional drugs, either per primum (which 
has the advantage of reducing the fraction of PRs) or following relapse. In the 
Kampala series of 192 patients treated with a variety of regimens between July 1967 
and June 1973, which did not include patients treated per primum with COM, 72 
(37%) were known to be alive and disease free in 1977–1978 (4–10 years of follow-
up). In a subsequent review extending to July 1977, published in 1980  [  98  ] , 109 of 
280 patients (39%) were known to be alive and well when last seen. Among patients 
treated with COM, 15 of 30 patients also treated without effective CNS prophylaxis 
were known to be alive after several years of follow-up (two patients were lost to 
follow up), and this  fi gure might well have been higher had effective CNS prophy-
laxis been used. Data from Accra suggested that even a single dose of IT methotrex-
ate delivered with each cycle of systemic combination therapy might prevent most 
of the CNS recurrences—in this respect, it may well be the  duration  of therapy that 
was inadequate rather than the number of doses delivered per course of IT therapy. 
The questions raised by these data remain today—how effective a regimen would 
COM plus intrathecal therapy be, using the same doses as used in the 1970s studies 
and how many cycles of therapy are optimal? The relative ef fi cacy of CVA compared 
to COM also remains unknown—with improved supportive care results with CVA 
may have been much better.  

   Role of Other Therapeutic Modalities 

 Three other therapeutic modalities studied in Africa are worthy of mention—surgery, 
radiation, and immunotherapy. A retrospective study conducted in Uganda appeared 
to demonstrate a survival advantage to patients in whom the bulk (estimated to be 
at least 90%) of all abdominal tumor was resected prior to the commencement of 
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chemotherapy  [  100  ] . This approach was particularly feasible in the setting of 
 localized bowel involvement (a relatively uncommon occurrence in Uganda) or 
bilateral ovarian disease. Indeed, comparison of a small group of patients in whom 
both ovaries were resected, with a group in whom only one of two involved ovaries 
were resected (one was sometimes retained in the hope of preserving fertility—a 
critical factor to African families in arranging a marriage for their daughter) pro-
vided reasonable support for this notion. Obviously, even if bulk reduction by sur-
gery is of bene fi t, such bene fi t is entirely dependent upon the ef fi cacy of chemotherapy 
used after surgery. With modern event-free survival rates of 90% for the majority of 
patients treated in the most developed countries, surgical resection prior to chemo-
therapy is likely to be disadvantageous because of delays incurred in initiating 
therapy and the possible complications of surgery (including the increased likeli-
hood of bowel perforation) rather than bene fi cial, but this does not exclude the 
 possibility of bene fi t in situations in which only minimal therapy can be offered 
(as still applies to most equatorial African countries). 

 Radiation therapy was also studied in Africa, even though radiation was available 
only in Nairobi in the 1970s—a cobalt unit, as well as expert local supervision in the 
guise of Swedish radiotherapists, was installed in the Kenyatta National Hospital in 
Nairobi, Kenya  [  101  ] . Single daily dose radiation therapy was shown to be quite 
ineffective for the control of local disease (with remission occurring in only one of 
nine irradiated tumors), although hyperfractionation appeared to be of somewhat 
more bene fi t. No new evidence contradicting these data has been produced, either 
in Africa, or elsewhere  [  101,   102  ] .   

   Early Therapeutic Studies Outside Africa  

 One problem that dogs    any attempt to describe the history of the treatment of 
Burkitt’s lymphoma outside Africa is the problem of diagnosis. Although a histo-
logical de fi nition of Burkitt’s lymphoma was established by expert hematopatholo-
gists under the auspices of the World Health Organization, in 1967  [  103  ] , which at 
least eliminated the need for the presence of EBV or the absence of bone marrow 
involvement for a diagnosis of BL to be made (which some pathologists insisted 
upon), histological de fi nitions in those days were even less reproducible from one 
experienced hematopathologist to another than they are in the present. Coupled to 
variability in the preparation of histological material determining whether a non-
African non-Hodgkin lymphoma was, indeed, a BL and comparison of the results of 
series from different countries could be hazardous. However, in spite of these 
dif fi culties, it was clear soon after the discovery of the disease, that BL occurred not 
only at a much lower incidence, but also accounted for a much smaller fraction of 
all NHLs in children outside Africa and Papua New Guinea. Moreover, prior to the 
growth of the pediatric oncology cooperative groups initially in the USA and 
Europe, most data was from single institutions, most of which could muster only 
occasional case reports. An exception to this was the National Cancer Institute 
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(NCI) of the USA. This institution had not only conducted early studies in Africa 
(by seconding clinical investigators) in what might be thought of as the second 
period of chemotherapy—the period in which the relative ef fi cacy and optimal 
combinations of known active agents was examined—but continued to do so in 
what was known for some time as “American BL.” Initially, treatment was very 
similar to that used in Africa—cyclophosphamide alone—and some patients did 
achieve long-term survival using this approach  [  104  ] . In addition, the danger of 
hyperkalemia due to renal obstruction from amorphous phosphates (caused by the 
tumor lysis syndrome) in patients with a high tumor burden was better de fi ned and 
effective management with allopurinol and hyperhydration had been developed 
 [  105–  107  ] . Following the introduction of combination chemotherapy in Uganda, 
slight variants of the COM regimen were introduced at the NCI, the methotrexate 
being given intrathecally on 2 of the 5 days of each therapy cycle in the US version 
and high-dose prednisolone (1,000 mg/m 2  daily for 5 days) and high-dose cyclo-
phosphamide (1,600 mg/m 2  on days 1 and 2 in place of third cycle of therapy) being 
used in the variant regimen known as COMP     [  108,   109  ] . These regimens also ini-
tially included whole abdominal radiation, but this appeared to add toxicity without 
therapeutic ef fi cacy and was eventually phased out. Although the numbers were 
small (a total of 54 patients were treated with COM or COMP), the survival rate was 
seemingly better than had been achieved in Africa, although this clearly resulted in 
part from the use of a very high-dose regimen including whole body radiation fol-
lowed by autologous bone marrow rescue in patients who relapsed. This was the 
 fi rst documented use of autologous bone marrow rescue following high-dose therapy 
in patients with recurrent malignant disease. It resulted in prolonged survival in 
three patients who had developed recurrent disease  [  110  ] . 

 Because all childhood non-Hodgkin lymphomas were often treated as acute 
 lymphoblastic leukemia in Europe and the USA, these observations led to uncer-
tainty as to whether all childhood NHLs should be treated as ALL or as BL, i.e., 
with COM or COMP-type therapies. Indeed, the signi fi cance of the by now well 
recognized different histological categories of childhood NHL (diagnosed accord-
ing to the favored Rappaport classi fi cation scheme in the USA at that time) to the 
outcome of therapy was unknown. Accordingly, the Children’s Cancer Study 
Group, becoming increasingly more active, conducted a randomized clinical trial in 
which all children with NHL (divided into two groups - lymphoblastic and non-
lymphoblastic) were randomized to receive either COMP, a regimen similar to that 
used at the NCI, but with a lower dose of corticosteroid and intermediate dose 
methotrexate (500 mg/m 2 ), or the LSA 

2
 L 

2
  regimen, which had been adapted from 

the LSA 
1
  treatment protocol used at Sloan-Kettering Cancer Institute for ALL. 

In both study arms, radiation was given to sites of bulky disease  [  111  ] . In view of 
the more prolonged duration of therapy given for ALL, patients were treated with 
18 months of therapy. 

 While this study was going on, and in view of results achieved using high-dose 
methotrexate by Djerassi in relapsed patients with NHL, an NCI study was initiated 
in which high-dose methotrexate (2.7 g/m 2  given over 42 h) was given on day 10 of 
therapy cycles in which cyclophosphamide, adriamycin, and vincristine were given 
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on day 1, and corticosteroid (at conventional doses) on days 1–5  [  112  ] . In cycle 1 on 
day 1 cyclophosphamide was given as a single agent in an attempt to reduce the risk 
of tumor lysis syndrome. Initially, this therapy, which was referred to as protocol 
NCI 77-04, was not associated with intrathecal therapy, but in view of 4 isolated 
relapses in the CSF among the  fi rst 13 patients, all subsequent patients were treated 
with intensive intrathecal therapy, including both Ara-C and MTX. Again, given the 
strong in fl uence of the therapy of ALL, treatment was continued for 15 cycles in all 
patients except those with completely resected disease or stage I or II disease, who 
received 6 cycles of therapy. 

 The results of both the CCSG and NCI studies in patients with BL, (initially 
combined with large cell lymphomas (B cell or anaplastic) and collectively referred 
to as non-lymphoblastic lymphomas in the CCSG study. BL (included in the non-
lymphoblastic group by the CCSG) were similar, being approximately 50–55% 
EFS. However, an important  fi nding in the CCSG study was that the ALL-like regi-
men, LSA 

2
 L 

2
 , was not nearly as effective in the treatment of non-lymphoblastic 

lymphoma as the COMP regimen, giving a prolonged EFS rate of only 27%. It was 
concluded that a “leukemia-like” therapeutic approach to BL and the lymphomas 
lumped together under the rubric of “non-lymphoblastic lymphoma”, which were 
predominantly BL was inferior to the approach that had evolved from the treatment 
of BL in Africa. 

 Although at  fi rst site the results with COMP and NCI 77-04 appear remarkably 
similar to those obtained in Equatorial Africa in the late 1960s and early 1970s, it 
should be borne in mind that EFS in African patients was closer to 30%, an addi-
tional 20% of patients achieving long-term survival only after one or more relapses 
and treatment with MTX, VCR, and often Ara-C. Patients who relapsed in the USA 
generally had a poor prognosis, although a high fraction would respond temporarily 
to treatment with ifosfamide, etoposide, and high-dose Ara-C. This regimen (IVAC) 
was subsequently incorporated into the highly successful NCI 89-C-41 protocol 
(approximately 90% long-term survival) as an alternating regimen with an NCI 
77-04-like combination (CODOX-M) for patients other than those with totally 
resected or localized disease (low-risk patients)  [  113,   114  ] . A total of only four cycles 
of therapy were given (two of each, starting with CODOX-M) for the high-risk 
patients, and three cycles of CODOX-M for low-risk patients, clearly demonstrating 
that longer duration therapy as in 77-04 provided no bene fi t. CODOX-M/IVAC like 
the similarly successful regimens developed around the same time in France (LMB 
protocols)  [  115  ]  and Germany (BFM protocols)  [  116  ] , that, like CODOX-M/IVAC 
were built on a backbone of cyclophosphamide, high-dose methotrexate and vincris-
tine, but with signi fi cant variation in dose and schedule and additional drugs for 
higher risk patients (especially Cytostar, ifosfamide/mesna and etoposide) increased 
survival rates (albeit based on a retrospective comparison) by some 35%. 

 Of interest is the  fi nding that adults with BL, at least up to the age of 60 years, 
had indistinguishable results from those observed in children in both protocols NCI 
77-04 and NCI 89-C-41, and it is probable that these protocols are similarly effec-
tive for all ages, although the elderly may have comorbidities that reduce tolerance 
to full-dose therapy. Regimens used in adults have adopted the approaches devel-
oped in children and adolescents to good advantage, and intensive protocols of this 
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kind appear clearly advantageous to the standard CHOP, and even R-CHOP  [  117, 
  118  ] . Continued evolution of the protocols has taken place in the context of the 
pediatric oncology groups, with improvements in triage of patients for different 
degrees of intensity—another important step designed to give each patient a maxi-
mum chance of cure with a minimal risk of toxicity and, particularly in the case of 
the French protocol, which in the last decade has undergone considerable 
simpli fi cation while maintaining the same excellent outcome. 

 One question that is important to answer is the role of rituximab in the treatment 
of BL. Most adult patients with BL, however, already receive rituxumab and there 
is some evidence to support its added value  [  119  ] . In children and young adults, 
while it may be possible to examine rituximab in particularly high-risk groups, and 
certainly patients who relapse (although these are very few), the only other approach 
is to use a phase II window to study ef fi cacy—this has already been done and a posi-
tive result found  [  119  ] —or replacing a relatively toxic component of treatment with 
rituximab. Rituximab would probably be an excellent drug for low income coun-
tries because of its low toxicity pro fi le, but its cost is likely to be prohibitive for 
some time to come.  

   Summary 

 This brief survey of the discovery, epidemiology, pathogenesis, and treatment of BL 
carries a number of lessons. Firstly, in Africa, where the disease was discovered 
some 60 years ago, BL arises from the combined effects of ubiquitous environmen-
tal agents. In effect, it results from pathophysiological errors associated with the 
immunological mechanisms that have evolved for protection against parasites or 
infectious agents in general, combined with the methods used by such infectious 
agents (EBV) to overcome immunological defenses against them. Functional vari-
ability in the numerous genes involved in these mechanisms (resulting from poly-
morphisms) doubtless in fl uences the severity of the infectious disease and associated 
neoplasms, where they exist. Some infectious agents, over the course of millennia, 
have become adapted to these protective mechanisms to the extent that they can not 
only survive in the human host in spite of them, but have turned them to their advan-
tage—such as the use of the memory B-cell compartment as a haven in which EBV 
can persist throughout the life of the individual. In this way   , a once violent competi-
tion for survival, as is still the case with the much more recently evolved human 
pathogen, HIV, has, over the millennia, been turned into peaceful coexistence, 
although this has led to an increased risk of the occurrence of the molecular genetic 
changes capable of giving rise to neoplasia. In turn, this derives from the risk associ-
ated with breaking and relegating DNA strands or inducing mutations in human 
genes in order to create a more ef fi cient “adaptive” or dynamic immunity that has 
been superimposed on the preexisting adoptive, or static immunity in the course of 
evolution. However, considering that the entire population is infected with EBV and 
malaria, the risk of neoplasia has been increased by only a small extent. Treatment 
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of the extremely aggressive neoplasm  fi rst described as a clinical entity by Denis 
Burkitt has evolved in the course of approximately half a century from the single 
agents used by pioneer chemotherapists in Africa (surgery and radiation have little 
or nothing to offer), which produced long-term survival rates of the order of 20%, 
to intensive drug combinations making use of multiple active agents and capable of 
producing overall long-term survival rates in the region of 90%. Unfortunately, the 
complexity, toxicity, and cost prohibit the use of these approaches in the majority of 
patients who live in low- and middle-income countries, or, in the more technologi-
cally advanced of these countries, results in somewhat worse results because of the 
fact that medical and supportive care as well as the patient environment is subopti-
mal in these circumstances. The African experience, coupled to the subsequent clear 
demonstration that shorter, more intensive therapy is superior to less intensive ther-
apy continued for over a year, clearly indicates that prolongation of therapy beyond 
a few months has no value, and indeed, is likely to be detrimental with respect to the 
added risk of acute and late toxicity. However, early studies in Africa with the COM 
drug combination suggested that simultaneous combination chemotherapy may be 
superior to sequential administration of single agents, and these three drugs may be 
thought of as the core upon which the modern drug regimens of the major cooperative 
groups in Europe and the USA have been developed. The need for CNS prophylaxis 
was quickly learned once a suf fi cient fraction of patients with systemic disease 
could be effectively treated, since CNS disease is a very frequent form of recurrence 
unless measures are taken to prevent it. Because CNS prophylactic therapy had to 
be developed empirically, it took some time to recognize the inadequacy, in this 
regard, of a single course of intrathecal therapy. Craniospinal radiation also proved 
ineffective in preventing CNS disease. The additional elements required to elevate 
the EFS rate to 90% or more include high-dose MTX and, depending upon the 
extent of disease (total tumor burden is probably the most important prognostic fac-
tor, and treatment is adapted to stage of disease), additional drugs, including ifosf-
amide, etoposide, and high-dose cytarabine, although the possibility that simpler 
therapies will be developed is high, e.g., by the replacement of some of the cyto-
toxic drug elements with rituximab or other targeted therapies, thereby resulting in 
a reduction of toxicity. At present, the cost of rituximab, although shown to be 
active in Burkitt lymphoma, is prohibitive in low-income settings such as BL in 
equatorial Africa, although it is routinely used in the treatment of adults with BL.      
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   Clinical Presentation 

 Clinical presentation in extranodal and nodal sites of rapidly expanding masses in 
high-risk populations suggests Burkitt lymphoma (BL). Most patients present with 
advanced disease because of the rapid rate of tumor growth. BL cells have a remark-
ably short doubling time. Children in equatorial Africa and Papua New Guinea have 
endemic BL and present with facial tumors in the jaw or orbit, abdominal masses, 
enlarged gonads or bilateral massive enlargement of breasts, particularly if malig-
nancy onset is associated with puberty, pregnancy, or lactation. Over 50% of such 
presenting tumors in the Burkitt Belt will be BL  [  1  ] . If the clinical presentation is an 
African adult with lymphadenopathy and suspected lymphoma, BL is less likely 
unless the patient is HIV infected. Longer standing HIV-associated lymphadenopa-
thy can mislead clinical diagnosis away from BL which is classically associated 
with acute onset expansive tumor growth. BL is a common lymphoma subtype in 
HIV worldwide including regions of sub-Saharan Africa outside the Burkitt Belt 
where BL was previously uncommon  [  2  ] . The “jaw tumor” in equatorial Africa is 
the classic, most recognized BL clinical presentation but worldwide facial tumors 
constitute a small percent of BL and all presenting jaw and abdominal tumors are 
not BL  [  3,   4  ] . 

 Sub-Saharan African diagnosticians expect that aspiration smears, tissue imprints, 
or tissue biopsies from most body sites can harbor BL. Figure  2.1  the diagnostic 
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challenge outside of BL endemic areas is to recognize sporadic BL in children and 
adolescence. BL is especially suspect worldwide in immune de fi ciency conditions 
such as HIV/AIDS, post solid organ transplants, and following chemotherapy for 
other malignant lymphomas  [  5  ] . The anatomical site of presentation in these non-
endemic cases is unlikely to be facial and more likely to be abdominal. Ileo-colic 
intussusception may present as acute appendicitis even before an underlying BL 
tumor mass is clinically obvious  [  6  ] . BL may be primary in the stomach in associa-
tion with  Helicobacter pylori   [  7  ]  and in gastric lymph nodes with erosion into the 
stomach  [  5  ] ; primary in the wall of the colon  [  8  ]  and in a variety of other abdominal 

  Fig. 2.1    Reported anatomical sites for Burkitt lymphoma primary presentation or extension, 
common and uncommon       
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organs, as primary or as part of multisite BL disease. The pancreas may be diffusely 
involved forming a deep abdominal mass along with involved periaortic lymph 
nodes. Symptoms of acute pancreatitis may be noted before the abdominal mass 
becomes obvious  [  9  ] . Pancreatic involvement can be uncovered during clinical 
evaluation of BL occurring in the oropharynx, a more common primary site  [  10  ] . 
Acute pancreatitis in an adolescent or young adult should raise concern for immune 
de fi ciency states including HIV/AIDS and post-transplant disorder. In transplant 
recipients it is important not to confuse other post-transplant lymphoproliferative 
disorders (PTLD) that are Epstein Barr virus (EBV) positive with the more aggres-
sive BL-PTLD that is also likely to be EBV positive. Aggressive chemotherapy 
directed at BL-PTLD is more likely to be successful  [  11  ] . HIV-infected cases are more 
likely to have nodal presentation but also present with extranodal disease. Head, 
neck, oropharynx including tonsillar masses  [  10  ] , thyroid nodules  [  12  ] , pancreas 
 [  10  ] , kidney with presenting gross hematopyuria  [  13  ]  and acute renal failure  [  14  ] , 
skin and soft tissue  [  15  ] , breast, ovary  [  16  ] , and testes can be the presenting site of 
disease. Diffuse large B-cell lymphoma (DLBCL) is the most common histological 
subtype of primary testicular lymphoma whereas BL has secondary involvement of 
the testis, particularly in relapsed BL where the central nervous system (CNS) or 
contralateral testicle is often involved. Bone marrow involvement is commonly 
present in late stage disease but circulating BL cells with leukemic signs and symp-
toms are rare  [  17  ] .   

   Collection, Fixation, and Processing of Specimens 

 The appearance of tumor tissue and cytomorphology is adversely affected by faulty 
collection (crush trauma), delay in  fi xation, adverse  fi xative, and suboptimal process-
ing temperatures and reagents. Morphology is altered or obscured by traumatic sam-
pling causing disruptive bleeding or crush artifact. BL has relatively little supporting 
 fi brovascular tissue and early necrosis so is susceptible to trauma during collection. 
Ninety- fi ve percent alcohol for Papanicolaou smears and 10% buffered neutral for-
malin are the  fi xatives of choice. Buffering in formalin prevents acidi fi cation of the 
tissue over time and maintains the integrity of tissue antigens. Formalin in water or 
saline used in many parts of the world precludes reliable use of archived tissues for 
retrospective studies of tissue biomarkers. Proteins vary in sensitivity to adverse 
tissue management with mixed loss of antigenicity. Antibody staining (immunohis-
tochemistry, IHC) for germinal center markers CD10 and BCL6 and proliferation 
rate using MIB-1 (Ki67) or in situ hybridization (ISH) for c-Myc ( fl uorescent in situ 
hybridization, FISH) may be weak or falsely negative in adversely managed tissues 
 [  18  ] . The method of  fi xation and processing may be excellent for specimens pro-
cessed locally but for referred samples these factors may be unknown. Each histol-
ogy laboratory processing biopsy or surgically removed lymphoma tissue should 
assure proper  fi xation for best diagnostic results.  
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   Diagnosis 

   Aspirants and Imprints 

 Worldwide there has been growing interest in faster diagnostic methods than provided 
by tissue biopsy for obtaining diagnostic material for morphological, immunophe-
notypical, and cytological studies of malignancies  [  19  ] . Fine needle aspiration 
(FNA) which involves withdrawing cells from tumor masses by inserting a needle 
with attached syringe and drawing back to create a vacuum is widely deployed as a 
faster method. Early studies from sub-Saharan Africa by Magrath and others  [  20–  22  ]  
all concluded that FNA was a safe, cheap and feasible method for obtaining material 
for diagnosis of NHL even though only one study  [  22  ]  was suf fi ciently detailed to 
allow such a conclusion. Researchers from Malawi and South Africa have estab-
lished that nurses trained in FNA can competently take FNA samples where quality 
is as good as that of cytopathologists  [  21  ] . This is a good example of task shifting 
 [  23  ]  provided competency based training is implemented and maintained. This 
study was carried out in a research setting with diagnostic material being sent abroad 
for further ancillary tests not available in Malawi. Whether this approach can be 
replicated in other resource constrained settings remains to be seen. 

 Western literature regarding the diagnosis of BL using FNA yields con fl icting 
results. FNA is well-established for the rapid and ef fi cient diagnosis of cancer but 
use in the primary diagnosis of lymphoma is controversial. Suspicion of lymphoma 
on FNA cytology is often followed up by surgical biopsy to allow subgrouping by 
immunophenotyping. Use of FNA for diagnosis of recurrent lymphoma is less con-
troversial. Cytopathologists, who endorse FNA, present impressive speci fi cities and 
sensitivities  [  24–  26  ] . Hematopathologists are more oriented to determine the NHL 
subgroup as proposed by the WHO 2008 classi fi cation which requires the addition 
of immunophenotyping in tissue samples to con fi rm NHL subtype  [  27  ] . While this 
is an important divide between two groups of medical specialists such issues do not 
exist in resource-limited countries where there is often preoccupation with  fi nding 
suf fi cient resources for morphologic examination of tumors  [  18  ] . FNA has de fi nite 
short-term advantages over surgical biopsy: cheap, safe, quick, and easy to perform 
 [  28,   29  ] . Relying on FNA aspirants for diagnosis of BL has speci fi c challenges. 
Cytomorphology of tumor cells alone is limited by the skill and experience of those 
obtaining the aspirant and those interpreting the cytomorphology. Reliability for BL 
has not been established in studies speci fi cally designed for this purpose. 
Additionally, there may be lost opportunity for future correlative studies requiring 
formalin  fi xed paraf fi n embedded (FFPE) tissue. 

 No matter whether the tumor sample is collected by FNA, Tru-Cut needle biopsy 
or surgical biopsy, once the tumor is in hand, the speed of BL identi fi cation can be 
augmented by immediate preparation of smears from aspirates or tissue imprints 
from tissue biopsies. Cell preparations should be air dried or  fi xed with 95% alcohol 
for cytologic examination and prepared for  fl ow cytometry (FC), if available, to 
speed the diagnostic process. Morphology alone is error prone and not suf fi cient to 
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establish an unequivocal diagnosis of non-Hodgkin’s lymphoma (NHL) or establish 
a speci fi c diagnosis of BL that can safely guide high intensity treatment  [  1  ] . 

 Wright’s stained air dried smears show BL cells of intermediate size, round with 
intensely basophilic scant cytoplasm, round to oval nuclei with multiple, small 
nucleoli per nucleus, and numerous clear vacuoles (Fig.  2.2 ). The background may 
be dirty because of necrotic debris and apoptotic bodies. Mitotic  fi gures are usually 
prominent. In air dried cell preparations, the vacuoles retain the inclusion fat glob-
ules that can be stained with Oil Red O. The basophilic cytoplasm is caused by 
abundant polyribosomes.  

 Papanicolaou stained alcohol  fi xed smears of BL show numerous intermediate-
sized cells, rounded nuclei with course chromatin and 2–5 nucleoli, scant cytoplasm 
with small vacuoles, apoptotic cells, mitotic  fi gures, and scattered tangible body 
macrophages mixed with a dirty background of  fi ne necrotic debris.   

   Flow Cytometry Cytometrics and Immunophenotyping 

 FC generated data for BL cells paired with characteristic cytomorphology from 
FNA smears provides acceptable diagnostic accuracy  [  24  ] . Other lymphomas with-
out typical features or with overlapping features such as marginal zone lymphoma, 
high-grade follicular lymphoma, or DLBCL may be more dif fi cult to classify. BL 
expresses monotypic surface immunoglobulin light chains and immunoglobulin 
heavy chain M and B-cell surface antigens such as CD19, CD20, CD10, CD43, and 
CD45. CD44 and CD54 may be added to improve the separation between BL and 
CD10-positive DLBCL  [  30  ] . Signi fi cantly, lymphoma can be excluded by FC if 

  Fig. 2.2    Burkitt lymphoma, 
“touch prep,” showing 
medium-sized, round, 
basophilic cells with 
numerous vacuoles (lipid) in 
their cytoplasm (Wright’s 
stain)       
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only polyclonal B cells or normal T cells are identi fi ed. Because false negative and 
false positive FC evaluations can occur, the two independent tests of FNA smear cyto-
morphology and FC immunophenotyping should be correlated for agreement  [  31  ] .  

   Diagnostic Tissue Features of Classic Burkitt Lymphoma 

 The pattern of growth in tissue (Fig.  2.3 ) is usually diffuse within the tumor mass 
but is in fi ltrating as the BL cells move through adjacent tissues or metastasize and 
in fi ltrate distant tissue sites. If nodal, germinal centers may be involved early in the 
process or BL may colonize germinal centers metastatic from adjacent BL. A dis-
tinction between primary and secondary involvement with BL is dif fi cult. BL cells 
are intermediate sized (10–25 um), round, and have a visible rim of cytoplasm that 
is amphophilic in hematoxylin–eosin-stained preparations. In over  fi xed tissue, 
tumor cells appear “squared off” against each other. This is a  fi xation artifact and is 
not a reliable criterion for diagnosis. Classic BL cell nuclei are round to oval, have 
a thick nuclear membrane, course or clumped chromatin, clear parachromatin and 
indistinct 3–5 paracentric, basophilic small nucleoli. Mitoses and apoptotic cells are 
numerous. Historically, morphologic variants designated as plasmacytoid or pleo-
morphic BL were included. The plasmacytoid BL variant was described as having 
eccentric basophilic cytoplasm containing immunoglobulin while the pleomorphic 
BL variant had nuclei with large, eosinophilic nucleoli along with binucleate and 
multinucleated cell forms. At the time of description of these BL variants, full 
descriptions of plasma cell tumors were not suf fi cient to assure differentiation from 
these BL variants.  

  A “starry-sky pattern” in smears and tissue section is a feature of BL . The percep-
tion of small points of light in a dark blue background occurs in BL because the 

  Fig. 2.3    Burkitt lymphoma diffuse pattern with grape-like clusters of medium-sized basophilic 
cells punctuated by few lightly colored macrophages (H&E stained tissue section)       
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monomorphic medium-sized tumor cells with basophilic cytoplasm in stained 
preparations are interspersed by lightly stained benign tingible body macrophages 
or necrophages, reminiscent of white stars in a blue sky. This is a nonspeci fi c but 
useful observation re fl ective of the rapid rate of cell doubling with individual cell 
apoptosis and tissue necrosis. Other rapidly growing lymphomas and even other 
non-hematologic tumors composed of small round cells may have a similar “starry-
sky” appearance. Lymphoblastic lymphomas (LBL) that occur in African children as 
well as in adults with HIV/AIDS  [  32  ] , high-grade T-cell lymphoma, plasmablastic 
lymphoma (PBL), and some DLBCL have this  starry-sky pattern  in areas of diffuse 
growth. Lymphoma cells as well as non-lymphoid small blue cell pediatric malig-
nancies lose the diffuse cell tissue patterns when they in fi ltrate normal tissues. 
Recognition of the “starry-sky” tissue pattern commonly associated with BL is useful 
in developing a working differential of likely malignancies and has general value in 
raising the possibility of BL but is of limited value in speci fi c BL diagnosis. Beware 
too strong an emphasis on this BL feature. 

  A high cell proliferation index, usually >95% is a feature of BL . A proliferation 
index of >95% is a stable but not unique feature of BL. Since few other lymphomas 
present with such high proliferation rates, this feature is an important differential 
feature among non-Hodgkin’s lymphoma subtypes. PBL and aggressive DLBCL 
can have cell proliferation markers (MIB-1) that are positive in 90% or more of cells. 
The common stain (IHC) used to detect proliferation, MIB-1, is sensitive but detec-
tion can be diminished or lost in inadequate tissue  fi xation and processing or tech-
nical staining failures  [  33  ] . MIB-1 does not have high inter-laboratory reliability 
so care must be taken not to overestimate the differential value of this feature. The 
proliferation index (MIB-1) has been used as a single test added to cytomorphol-
ogy to improve the diagnostic accuracy for FNA smears in populations at high risk 
for BL  [  34  ] . 

  Scant  fi brovascular supporting tissue and necrosis are features of BL . Grape-like 
clusters of BL cells are rimed by delicate tumor vessels while individual tumor cells 
have little visible support. The rapid doubling of tumor cells appears to outpace this 
limited blood supply. Tumor cell degenerative changes and geographic areas of 
necrosis are common in BL. Biopsies from areas with degenerative cell changes or 
frank necrosis obscures typical morphology. Degenerative malignant cells from BL 
cannot be differentiated morphologically from degenerative cells of other lym-
phoma or plasma cell tumors. Cell aspirates or needle biopsies risk sampling such 
degenerative or necrotic areas within tumor masses thus providing limited, unrepre-
sentative material for evaluation. Larger samplings of tumor such as surgical exci-
sions offer better opportunity to select preserved tumor for diagnosis. 

  Epstein-Barr virus (EBV-Type 1 latency) in tumor cells is an important feature of 
BL . EBNA1 antigen is present in EBV-infected BL tumor cells. Endemic, sporadic, 
and immune de fi ciency variants differ in the percent of BL tumors that are EBV 
positive. In situ  hybridization  for EBV-encoded RNA (EBER) is positive in upward of 
90% of endemic BL and variable from 20 to 40% positive in non-endemic variants 
(Fig.  2.4 ). Patients from non-endemic geographic regions with local high levels 
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of endemic Epstein-Barr virus infection  [  35  ]  may have a higher prevalence of 
EBV-positive BL. EBV in tumor cells is a feature shared with some DLBCL and 
most high-grade extramedullary plasmacytomas (EMP) and PBL occurring in those 
immune de fi ciency populations also at risk for BL.  

  BL is a mature B cell lymphoma featuring germinal center origin . BL tumor cells 
express B-cell-related antigens and are positive for antibodies to B-cell antigens 
PAX 5, CD19, CD20, CD22, CD79a and germinal center origin antigens CD10 and 
BCL6. GCET1 (germinal center B cell-expressed transcript-1) mRNA protein is 
expressed heterogeneously in BL suggesting that BL is not exclusively derived from 
early centroblasts in lymphoid germinal centers  [  36  ] . A more heterogeneous origin 
within the germinal center might account for the presence of antigens such as the 
multiple myeloma antigen MUM1/IRF4 and BCL2 antigen that are rare in endemic 
BL, occasionally seen in sporadic but more commonly in immunode fi ciency associ-
ated variants. Presence of the B-cell antigen CD20 is required for separation of BL 
from CD20-negative PBL which shares other BL features of “starry-sky,” high pro-
liferations rate, and EBER positive tumor cells. Confusion may emerge in separa-
tion of BL from gray zone BL/DLBCL because some DLBCL have similar B-cell 
and germinal center markers, tissue areas with “starry sky,” EBV infection and high 
proliferation rates in tumor cells. 

  Immunophenotype (IHC) is a standard feature . NHL subgrouping of BL is facili-
tated by the use of antibody markers that demonstrate its B-cell and germinal center 
origin, high proliferation index, presence or absence of EBER, and other differential 
markers to avoid confusion with other lymphoma subgroups. Limited sets of anti-
bodies have been proposed for economical immunophenotyping of BL for use with 
suspended cells from aspirates, blood, bone marrow, tumors aspirates, or tissue cell 
suspensions by FC or for IHC using 6  m  cut tissue sections (Fig.  2.5 ). BL has surface 
IgM and Ig light chain antigens, leukocyte antigens CD45, CD43; B-cell lineage 

  Fig. 2.4    Burkitt lymphoma 
with  Epstein-Barr virus 
(EBV-Type 1 latency)  
demonstrated in BL cell 
nuclei ( blue ) by chromogenic 
in situ  hybridization  for 
EBV-encoded RNA (EBER)       
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antigens PAX5, CD79a, CD19, CD20, CD22; germinal center antigens CD10 and 
BCL6, plasma cell antigen CD38 but no T-cell antigens CD3, CD5, CD23, and 
absence of antigens CD44, CD138, TdT, cyclin D1, or CD34 speci fi cally found in 
confounder lymphomas  [  37  ] . Classic BL morphology has been paired with abbrevi-
ated sets of antibodies or progressive algorithmic approaches to antibody use 

  Fig. 2.5    Burkitt lymphoma immunophenotype (IHC) with ( a ) CD20+, ( b ) CD10+, ( c ) BCL6+, 
( d ) CD38+, ( e ) MIB-1 (Ki67) >95% and ( f ) CD44−       
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directed at the accurate identi fi cation of BL with speci fi c emphasis of separation 
from gray zone BL/DLBCL and DLBCL  [  38  ] . A proposed tissue algorithm  [  39  ]  
uses tissue morphology of CD20-positive lymphomas plus expression of CD10 and 
BCL2, Ki67 (MIM1) proliferation index  ³ 95% and CD38+/CD44- phenotype along 
with the presence of rearrangements of Myc and Ig genes but the absence of BCL2 
and BCL6 gene rearrangements for the speci fi c classi fi cation of the BL subgroup. 
With this scheme  Phase One  uses morphology plus CD10 and BCL2 and reports to 
classify >80% of BL.  Phase Two  adds three stains, Ki67 (MIB1) and CD38+/CD44- 
and improves the BL diagnosis to >90%.  Phase Three  adds FISH determination of 
genetic rearrangements and translocations and completes the algorithm with few 
con fl icts. However, what is made clear by all schemes and algorithms for the diag-
nosis of BL is that despite BL having a consistent, individual gene expression pat-
tern, there is more variability in cell and tissue morphology as well as genotype than 
previously appreciated. Although the BL gene expression pattern is clearly sepa-
rated from that of DLBCL, the two groups have dif fi culty in phenotypic separation. 
Some BL are CD10 negative, some are reportedly BCL2 positive and some lack 
Myc-Ig translocations where other pathogenic mechanisms perhaps related to 
microRNA expression are involved  [  40  ] . DLBCL and PBL with Myc and other 
translocations are similarly aggressive tumors with poor prognosis.  

  Chromosomal translocation features the MYC proto-oncogene on chromosome 8 
and either the immunoglobulin G (IgG) heavy chain or K or  l  light chain genes . The 
t(8;14)(q24;q32) is found in 80% or more of cases. Translocation may also be found 
at t(2;8)(p12;q24) in 15% and t(8;22)(q24;q11) in 5% or less of cases. Full genetic 
karyotypes demonstrate these translocations (Fig.  2.6 ) and have the advantage of 
easily verifying if the karyotype is simple or complex. Any of the three translocations 
found in BL can be demonstrated by FISH using break-apart fusion probes to the 
 fl anking regions of the MYC locus (Fig.  2.7 ). Myc translocations can reliably be 
demonstrated by break-apart probes where a split of the red–green signal indicates 
translocation (Fig.  2.8 ). MYC translocation is sensitive but not speci fi c for BL and 
upward of 10% of apparent BL do not have a typical translocation  [  41  ] . PBL carries 
a Myc translocation as do some DLBCL but both usually have a complex rather than 
simple karyotype. Rare cases of multiple myeloma and follicular lymphoma may 
also have a Myc translocation. Analysis for Myc and for BCL2 and BCL6 transloca-
tions is useful to differentiate BL from gray zone BL/DLBCL and DLBCL confound-
ers  [  42  ] . Ig-Myc translocation for BCL2 or BCL6 rules out BL.    

  Molecular expression pro fi les are unique for BL . Gene expression pro fi ling (GEP) 
is a powerful tool in the classi fi cation of BL but has not become part of diagnostic 
testing because of availability and cost. GEP con fi rms BL as unique among lympho-
mas and supports the prognostic signi fi cance of a diagnosis of BL related to the 
requirement of intensive chemotherapy for overall survival  [  43  ] . BL variants of 
endemic and immune de fi ciency associated subtypes have similar genes but show 
consistent minor differences with sporadic BL  [  44  ] . The value of GEP to diagnosis 
is the prospect of identifying new immunohistochemical tests that improve the 
separation of BL from other Myc positive lymphomas and other confounders.  
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   Confounders 

 Lymphoblastic lymphoma is confused with BL as both occur in children and in 
immune-de fi cient adults  [  32  ] . Vacuoles in cytoplasm of medium-sized blastic cells 
on smears or imprints can mislead rather than be diagnostic for BL. Cells of acute 
lymphoblastic lymphoma/leukemia (LBL) can be intermediate in size and have a 
few prominent clear vacuoles in the cytoplasm. Nuclei in LBL are more varied in 
shape, less round; some are convoluted and have a thin rim of basophilic cytoplasm. 
The blastic nuclei resemble BL nuclei as they do not have prominent nucleoli. LBL 
has more intermixed lymphocytes than BL but can present the same tissue “starry 
sky” pattern associated with BL, can be CD44 negative and CD10 positive, can be 

  Fig. 2.6    Burkitt lymphoma 
Myc chromosome 
translocations at ( a ) t(8;14)
(q24;q32), ( b ) t (2;8)
(p12;q24) and ( c ) t(8;22)
(q24;q11) (Karyotypes 
courtesy of Dr. Nyla 
Heerema)       
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EBV positive  [  45  ]  but departs from BL by being TdT positive. If leukemic cells are 
present in the peripheral blood, acute lymphoblastic leukemia/lymphoma, a 
signi fi cantly more common leukemia, must be excluded before proceeding with a 
BL clinical diagnosis. 

 DLBCL of the germinal center type is CD44 negative, can have a similar BL 
immunophenotype with positive CD20, CD10, BCL6 and a high proliferation index 
in aggressive forms. Tissue areas may be  burkittoid  with cell clustering and phago-
cytic macrophages. Myc translocation will usually be negative. However, there are 

  Fig. 2.7    Translocation 
generated fusion signal (FSH 
IgH-Myc dual fusion probe 
by Abbott Molecular, 
courtesy of Dr. Nyla 
Heerema)       

  Fig. 2.8    Translocation 
generated split red–green 
probe signals (FISH c-Myc 
dual color break-apart probe 
by Abbott Molecular courtesy 
of Dr. Nyla Heerema)       
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DLBCL with similar BL appearance but with a positive Myc as well as a BCL2 or 
BCL6 translocations, called  double and triple hit  lymphomas. These DLBCL variants 
are high grade such as those that arise as relapse from lower grade lymphomas or 
arise  de novo  and may have a proliferation index >90%. In the activated B-cell 
DLBCL, the MUM1 positive feature, a positive BCL6 and high proliferation index 
may be confused with a MUM1-positive BL with a negative CD10, a positive BCL6 
and a high proliferation index. EBV-positive DLBCL may also add to the confound-
ing. Accuracy of separation of classic endemic BL from classic DLBCL when both 
are characteristic is good but clear separation throughout the spectrum of BL from gray 
zone BL/DLBCL or what has been called  B-cell lymphoma, unclassi fi able, with 
features intermediate between BL and DLBCL  (WHO 2008) remains problematic 
 [  46  ] . The poor clinical response observed with some of the gray zone BL/DLBCL 
could occur because some of these tumors are genetic BL and require intensive 
chemotherapy for improved survival or because these tumors are simply very 
aggressive on their own. 

 So-called plasmacytoid BL creates a likely confounding with EMP that are EBER 
positive or negative, have immunoglobulin in their cytoplasm and characteristically 
have multinucleate and binucleate cells  [  47  ] . PBL has similar amphophilic, interme-
diate-sized cells but with prominent central nucleoli (immunoblastic) in tissue, are 
usually EBER positive and present prominent “starry sky” morphology. Confounding 
should be anticipated with smear or tissue morphologic interpretation (Fig.  2.9 ). 
The immunophenotypes and cytogenetics of these tumors differ signi fi cantly. CD45 
and CD20 are always positive in BL, may be positive or negative in EMP while PBL 
is negative for both. All can be MUM-1 positive but CD138 is negative in BL, nega-
tive or weak for PBL and strongly positive for EMP. Myc is positive for both BL and 
many PBL but PBL has a complex karyotype and EMP is Myc negative. BL may 
uncommonly have a complex karyotype. It is possible that these plasma cell tumors 
were reported as BL in past literature using morphology alone, Myc alone or limited 
biomarkers to constitute a BL study set. As with other confounders, there is less 
dif fi culty between endemic BL and the confounders than with the BL variants and 
their confounders providing there is adequate experience, well-prepared smears and 
tissue and immunophenotyping and cytogenetics.   

   Summary 

 Treatment of BL is urgent due to the late stage of presentation and very short tumor 
doubling time. Patients risk the onset of tumor lysis syndrome even before the 
initiation of chemotherapy. An accurate diagnosis of BL requires integration of 
clinical, morphologic, immunophenotypic and genetic  fi ndings, all time consuming 
and medical laboratory resource intensive. A presumptive diagnosis for purposes of 
eminent treatment is commonly based on a typical clinical presentation in an at-risk 
patient. Because most cases of BL occur in resource constrained medical settings in 
equatorial Africa, clinicians may choose to proceed directly to treatment based on 
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  Fig. 2.9    Burkitt lymphoma ( BL ) confounders with diffuse growth of amphophillic, medium-sized 
cells and differential features: ( a ) BL cells with “squared off” feature, indistinct nucleoli, focal 
necrosis and ( b ) degenerated in fi ltrating cells with lost of features; ( c ) extramedullary plasmacy-
toma with amphophillic, medium-sized cells with indistinct nucleoli and ( d ) another area of this 
tumor showing plasma cell morphology including binucleate cells with nonspeci fi c “squared off” 
appearance and central nucleoli; ( e ) plasmablastic lymphoma with diffuse pattern of amphophillic 
cells and prominent macrophages associated with “starry-sky” along with ( f ) cells showing the 
prominent PBL central nucleoli       

 



492 Diagnosis of Burkitt Lymphoma

clinical presumption of BL. Retrospective study of clinical presumption in northern 
Uganda, for example, demonstrated that BL presumption was correct at best in 80% 
of presumed cases, at worse in 40% of cases  [  18  ] . What clearly emerged is the 
presence in pediatric populations worldwide, including sub-Saharan Africa, of other 
malignancies that confound the clinical diagnosis of BL in children. Some are non-
hematologic malignancies such as Ewing’s Complex, undifferentiated neuroblas-
toma, rhabdomyosarcoma (alveolar, embryonal), synovial cell sarcoma, and renal 
rhabdoid tumors. Others are critical hematologic malignancies such acute myelog-
enous leukemia, (pre-T, pre-B) lymphoblastic lymphoma/leukemia, other NHL and 
Hodgkin’s lymphoma that have treatment approaches different from BL. Where tissue 
was obtained and sent for pathology review, usually not relevant to initial treatment 
because of the time delay, there was relatively little overall improvement in BL 
diagnosis based on pathologist evaluation using morphology alone. 

 Where needle aspiration or biopsy tissue imprint showing characteristic BL cyto-
morphology is available especially when paired with immunophenotyping results 
from FC, there is opportunity for improved diagnosis without delay in appropriate 
treatment  [  48  ] . To the extent available, a presumptive clinical diagnosis of BL 
should be supported by FC of tumor cells for immunophenotype or examination of 
tissue for histomorphology and immunophenotype along with demonstration of Myc 
translocation by cytogenetics or FISH break-apart assay. Such full bodied con fi rmation 
of BL is usually available in well-resourced medical settings. If timely con fi rmatory 
tests are not available for the presumptive BL diagnosis, there should minimally be 
clinical con fi rmation of a positive treatment response to intensive chemotherapy 
within 24 h of initiation. If there is no clinical response within 24 h, then serious 
review to exclude BL confounders should be initiated.      
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   Introduction 

 Burkitt’s lymphoma clinical presentation is dramatic and always leaves an indelible 
memory. Typically, it presents as rapidly growing masses on the head or face—
usually on the lower or upper jaw or around the eye. These growths may or may not 
be associated with other rapidly growing masses involving abdominal organs. Head 
or face and abdominal growths can erupt separately or simultaneously. Untreated, 
patients die. It was this dramatic presentation, and indelible memories it imparted, 
that compelled Dr. Denis Burkitt, after seeing several children when working at a 
rural hospital in the then Lango District of Uganda, to review clinical and autopsy 
records at Mulago Hospital, the largest hospital in Uganda, for all cases bearing 
similar symptoms and signs for clues about the nature of disease. He discovered that 
tumors, which hitherto were considered different because they erupted at different 
anatomic sites, shared the same characteristic of rapid progression, and concluded 
that they represented the same disease occurring at different sites—the disease now 
bearing his name—Burkitt’s lymphoma  [  1  ] . Histological examination of tumor 
 tissues revealed the disease to be a B-cell lymphoma and con fi rmed Burkitt’s 
 single-disease hypothesis. 

 In follow-up studies, Burkitt conducted a letter survey of doctors working at 
different hospitals in different regions of Africa—asking them whether they recalled 
treating children with rapidly growing facial tumors. His results established 
the geographic and climatic range of the lymphoma and became the basis for 
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 proposing by Haddow, an entomologist working at the East African Virus Research 
Institute in Entebbe, Uganda, the hypothesis that malaria, whose distribution tracked 
that of Burkitt’s lymphoma, may be etiologically causal. Burkitt’s lymphoma is not 
a new disease to Africa: a review of medical records at Mengo Hospital revealed a 
score of cases bearing the typical presentation recorded by Albert Cook, a pioneer-
ing missionary doctor in Uganda. Wood carvings depicting huge jaw tumors on the 
face, seen in far places such as Maputo in Mozambique or Lagos in Nigeria, have 
con fi rmed this view that Burkitt’s lymphoma has af fl icted Africans for long and left 
indelible memories in different cultures. 

 Today, when so much more is known about Burkitt’s lymphoma  [  2–  4  ] , the view 
from the bedside is still largely an African view, as the great majority of cases occur 
there. While careful study of Burkitt’s lymphoma, relying on its dramatic impression 
on clinicians and communities, gave a broadly informative picture of the disease, this 
picture is not complete and not very accurate. We believe clinical impressions have a 
role to play in the education and care of patients with Burkitt’s lymphoma. In this 
chapter, we will share views from different perspectives, including the doctor, the par-
ent, child, and nurse that span the Burkitt’s lymphoma experience. We believe that 
these bedside views, rarely emphasized in modern teaching, are relevant to the under-
standing and wholesome treatment of Burkitt’s lymphoma in the current modern era 
as they were in bygone days.  

   A Doctor’s View 

   In the African setting, Burkitt’s lymphoma involving the face, head, and abdomen is rela-
tively easy to suspect and diagnose. With medical experience and a high index of suspicion, 
a clinical diagnosis can be presumed and the child referred to centers where cytology can 
be done and treatment given  [  5  ] . 

 When I see, for the  fi rst time, a patient newly diagnosed with Burkitt’s lymphoma, I see 
that here is a child I can treat and cure in a relatively straightforward manner. The face, 
though hugely distorted by tumor, will return to normal. The teeth loosened by tumor will 
become solid. The blind eye will see again. The abdomen distended by tumor masses and 
 fl uid will reduce to normal. The gait disturbance or paralysis of lower limbs will disappear, 
and the child will walk again. I can actually start feeling a kinship with the Almighty, as 
doctors are often accused of doing. 

 Burkitt’s lymphoma is curable, but in Africa, the tumor frequently is fatal because of 
lack of effective treatment  [  6,   7  ] . In a child, the cure of an otherwise fatal illness saves many 
life years compared to cure of illness in elderly patients. That is true no matter what the 
illness. The life of a child is often not counted for much in Africa, especially in settings 
where child death from various causes is not that unusual. The acute illnesses of malaria, 
pneumonia, and diarrhea account for many more deaths than Burkitt’s lymphoma, just 
because they are so much more frequent, and they are cheaper to treat. Not surprisingly, 
when resources are scarce, they will be devoted to these other illnesses and not for Burkitt’s 
lymphoma, even if it is curable  [  6–  9  ] . People don’t think in terms of life years saved or lost. 
But as a doctor, even so, treating and curing a child with Burkitt’s lymphoma is especially 
gratifying and, I know, restores many life-years to that child. It also helps to increase the 
con fi dence of the whole family and clan in modern medical treatment, reduce the belief in 
witchcraft and spells as the causes of terrible diseases (Fig.  3.1 ).  
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 Burkitt’s lymphoma responds quickly and, usually, completely to chemotherapy alone. 
Radiation is not required. Surgery is usually indicated for diagnosis only. Usually, the child 
appears essentially well after the  fi rst round of chemotherapy. Ironically, this quick response 
often reduces compliance with the full course of chemotherapy. It is human nature to fail to 
remember  fi nal antibiotic or malarial doses when one is feeling well. Therefore, a parent of 
a child with Burkitt’s lymphoma may decide not to bring the child to complete for chemo-
therapy doses when the child looks well, especially when the family survives only hand to 
mouth. Completion of treatment requires careful and continued counseling (Fig.  3.2 ).  

 Families whose child responds to treatment are understandably grateful to the doctor 
who treated them. The child’s condition would have led them to assume that the child will die; 
their expectations of this terrible outcome would have been averted. Child death is still very 
common, from common illnesses such as malaria. With Burkitt’s lymphoma, and its distor-
tion of the child’s body with tumor, and its relentless increase over a few weeks, expectation 
of death is that much higher.  

  Zebras in Indiana? 

    One year when I [EK] was working as a family physician in my home town in Indiana, USA, 
parents from the rural farming community nearby brought their 8 year old boy to see me. 
The boy had been having increasing dif fi culty in walking over the previous 3 days.  

  Except for the leg weakness, I found nothing remarkable on general examination. The 
symptoms being serious, I quickly referred the boy to the state children’s hospital in the 
capital. Later, I found out that scanning had revealed a spinal cord tumor. The neurosur-
geons opened him up for a biopsy, and the histopathology diagnosis turned out to be…
Burkitt’s lymphoma!  

  Of all the doctors who could have happened to see him initially, it was me, who had seen 
many children with Burkitt’s lymphoma in Africa…and the thought of this diagnosis 
never crossed my mind. The old axiom is correct that when you hear hoof beats, think of 
zebras, yes, in Africa, but not in Indiana!”     

  As a doctor and an academician, I know that Burkitt’s lymphoma is part of a heteroge-
neous group of diseases called non-Hodgkin lymphomas, which can be sub-classi fi ed into 
subtypes in the laboratory using methods beyond routine histology available in Africa. 
Clinical diagnosis alone is not ideal, or even suf fi cient, for optimal care and research stud-
ies, which require a  fi rm pathologic diagnosis to be made  [  4  ] . Obtaining tissue for histology 
is invasive for the patient, sometimes complex for the doctor, so it is often dispensed with. 

 But even as a doctor concerned for the sensibilities of the child patient, I can support 
more invasive diagnostics if I see the potential good, for instance, if we were be able to 
detect subtypes that would actually need different chemotherapy from the start. Currently, 
we end up with some resistant or early relapse cases that we refer for second line chemo-
therapy without really knowing why this tumor relapsed compared to most others. Perhaps 
a different, more aggressive subtype was the reason. For the present, in the African setting, 
the chemotherapy drugs used are the same for all Burkitt’s lymphoma, differing only in the 
number of cycles given for early (the minority) versus advanced (the majority) cases, which 
is a clinical decision at present  [  7,   8  ] .  

  A tumor tolerant to delay 

    This tiny underweight child of age 3 years was brought to me with a swollen abdomen and 
a palpable left kidney. The child had been treated a year earlier at another hospital for 
Burkitt’s lymphoma, but the parents had defaulted.  

  The family was in trouble. The child’s mother was also said to be sick, and admitted at 
another facility. The father and the older brother promised that they would bring the 
child faithfully for chemotherapy treatments, but could not leave him at my facility as 
there was no family member who could stay with him.  
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  I gave round one of chemotherapy, and the child was taken away. He was not brought back, 
and since his condition had been so poor, I assumed he must have died.  

  A year later I was astonished when the child was brought to me again- to get his next round 
of chemotherapy! The one dose of chemotherapy I had given him had reduced his 
abdominal swelling for a year, but it had  fi nally come back.  

  This time, the family was prepared to have the mother stay with her child for the full 12 weeks. 
He  fi nished the full chemotherapy course, and all the palpable tumor went away.  

  A few months later, his tumor recurred, and he was brought back to me immediately. I 
referred him for second line chemotherapy at a large referral hospital. He completed that 
treatment, with good response, and is apparently cured.     

  In many medical settings in Africa, Burkitt’s lymphoma is diagnosed clinically; get-
ting precise diagnosis by histology is frequently not possible, or too costly, or would cause 
delay  [  5  ] . In the face of such rapid tumor growth, delay can be tragic. Therefore, round one 
of the chemotherapy treatment is often given as a clinical trial. The response of the tumor 
to this one dose of chemotherapy strengthens the impression of the clinical diagnosis. Since 
the Burkitt’s lymphoma tumor is so rapidly growing, the response to chemotherapy is 
equally dramatic and appears miraculous. The tumor melts away in a few days, and, depend-
ing on its initial size, there may be no visible or palpable tumor by the time of the next 
chemotherapy dose a week later. If this does not happen, the doctor may reconsider the 
diagnosis is not Burkitt’s lymphoma.  

  Is it Burkitt’s lymphoma? 

    This 7 year old boy was brought by his mother, who gave a vague history of a mass in the 
abdomen since age three. However, when she said it had gotten a lot larger in the past 
2 months, my index of suspicion of Burkitt’s lymphoma increased.  

  My physical exam and ultrasound con fi rmed a painless solid mobile mass in the mid abdo-
men of about 10 × 15 cm size. The mass felt  fi rm to touch. It reminded me of a splene-
cule, and in fact I wasn’t sure there was a spleen in the normal location, above the left 
kidney. However, after a questionably positive cytology report, I decided to give a round 
of chemotherapy to see if the mass would disappear.  

  After the chemotherapy, I convinced myself that the mass had become smaller, and gave a 
second and third round of chemotherapy. Finally, however, I had to admit that it wasn’t 
really going away. I decided it would need to come out surgically.  

  The boy was not brought back for the scheduled time for surgery. Instead, he reappeared 
two years later, the mass still present and a bit larger, but the patient none the worse for 
waiting.  

  Surgical excision by a visiting surgeon revealed…an ectopic spleen!     

  There can be issues with hospitalization of Burkitt’s lymphoma patients that are differ-
ent than for other children. Most sick children are hospitalized with their mothers, espe-
cially for those under age 2 and still being breast fed, and they share a bed with the mother 
in the pediatric ward. But Burkitt’s lymphoma patients are older, and are often brought 
initially by the father. In one rural hospital where I worked, if the father ended up staying 
overnight with the child during the initial chemotherapy, they were not allowed to stay in 
the pediatric ward, but were being put in the large adult male ward. Thus it turned out that 
both boy and even girl children were surrounded by sick adult men. I managed to obtain a 
private or semiprivate room for medical/social reasons for my Burkitt’s lymphoma patients 
being cared for by the father, at no extra cost, but remained impressed by the con fl ict, 
almost always ignored, between the child’s and carer’s sensibilities. 

 When we do have a setup that can provide food and lodging for the child and a parent 
during the three months, it is a great way to build trust with them. Normally they would 
never have seen a doctor before, much less have a close relationship over time. In the 
village, the doctor’s role would be  fi lled by the neighbors and the local traditional healer. 
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And naturally, those familiar and trusted and nearby would have been consulted  fi rst about 
this illness, sometimes causing harmful or fatal delay.  

  Waiting Too Long 

    This seven year old boy was carried into my clinic by several adult men. Seeing them 
approaching, we steered them directly to a bed. The boy was very ill and in a poor con-
dition. He had been unable to walk for two months, I was told, and the family had been 
seeking treatment at a dispensary and also using local herbs.  

  Now he had severe pressure sores over sacrum and trochanters. He was thin, but had edema 
of the face and upper body from superior vena cava syndrome. In the abdomen, I could 
palpate hugely enlarged kidneys. One testis was also enlarged.  

  With such severe and neglected Burkitt’s lymphoma, we really had no chance.  
  I cleaned the sores, cautiously hydrated, gave antibiotics, and gave round one of chemo-

therapy. I was grati fi ed that the edema reduced and the kidney enlargement reduced. 
However, probably overwhelmed by sepsis and biochemical complications from very 
advanced disease, he died after about two weeks.  

  The best I could hope for this patient was that the parents would see our love and concern for 
their child, but the odds were stacked against us, and that there was indeed response to our 
drugs. Perhaps next time another child from that village will be brought to me sooner.  

  This case also illustrates the need for specialized pediatric oncology centers  [  6  ] . Such cen-
ters would have specialized staff and equipment to care for some of the sickest children. 
The complications of advanced cancer, especially in an African child, are myriad. In 
addition to sepsis, malnutrition, and common infections, like malaria, there is increased 
danger of tumor lysis syndrome when initially treating children who, like this patient, 
have delayed coming to medical attention and therefore have a large tumor burden.     

  If the treatment goes well, in a facility based setting, then I think there could be good 
opportunity to enrich the child’s life, not to mention the parents, since most of the time the 
child is feeling well after the initial chemotherapy. If we could have videos, television, 
books, games, play materials available, this would be ideal. But so far, we are doing well if 
we manage to treat the illness well, and that of course has  fi rst priority. I do see children 
inventing their own games and amusements when, as usual, left to their own devices.    

   A Parent’s View 

   “This illness, Burkitt’s lymphoma, is VERY different from any other disease I have known 
to occur in my children. I am familiar with malaria, cold, pneumonia, and diarrhea. Those 
illnesses I expect to occur, even frequently, in all children. With the right treatment, the 
child gets better within a week or less. 

 Then, along came something else entirely. It caused dis fi gurement of my child’s face 
that even the neighbors could see from a distance. It did not go away by itself, like a cold 
does, but continued and got worse”, (Fig.  3.1 ). 

 “We went with her to a drug shop, and they said she had a tooth problem. In fact her 
teeth were loose in the swelling area, and one had fallen out just like that. They gave us 
treatment, but it didn’t help.” ( note - for Burkitt’s lymphoma in the mouth, often there has 
been delay because the problem is suspected to be a dental infection. With chemotherapy, 
the teeth  fi rm up, and do not need extraction, though unfortunately they are often extracted 
prior to presentation to the doctor ). 

 “We then suspected witchcraft could be responsible (Fig.  3.1 ). We took our child to a 
traditional healer to  fi nd out who was causing this illness. But our child just got worse, and 
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we got no answers.” ( note - for illness that is severe or persistent, the thought of witchcraft 
is normally somewhere in the parent’s mind ). 

 Finally we heard that this illness is treated in a place farther away (Fig.  3.1 ). It took us 
some time to collect enough money to make the journey. By that time our child was really 
very sick, and we were losing hope.  

  A scourge for the poor? 

    In front of a group of visiting medical students from the U.S., a child was brought into the 
exam room who had the most distorted face I [EK] had ever seen. This is saying a lot, 
as I have seen and treated Burkitt’s lymphoma for years.  

  The mother’s tale was one of delay due to being a poor widow and the lack of travel money. 
Being from across the nearby border with Kenya, she had been advised to take the child 
to a major western Kenyan city, but did not have the money. Finally, someone advised 
her to come to my clinic, a shorter journey for her, and she had managed to scrape 
together the funds. Meanwhile, however, the tumor had grown frighteningly large. I was 
sure the child could no longer eat normally, or even breathe comfortably.  

  The child sat placidly and posed for photos, and agreed for smiley face stickers to be stuck 
onto her forehead and forearms. I cautioned the students not to show her the photos of 
how she looked. The mother, a good looking woman herself, sighed as she looked at 
Jacinta and said, “She used to be beautiful”.  

  “She will be beautiful again”, I told the mother.  
  The medical students, except for one, left the next day. The one who stayed longer docu-

mented for the others, by daily photos, the return of Jacinta’s face to normal over the fol-
lowing week.     

  “Finally our child was seen by a doctor; we were told she has a cancer. The doctor told us 
the cancer was not just in her face, but in her abdomen. We had only seen the swelling in 
her face. We didn’t think her abdomen was any bigger than usual in children.” ( note - 
abdominal tumors can grow large unrecognized, as the natural lordosis plus worms or, in 
some areas, schistosomiasis, with hepatosplenomegaly, cause many village children to have 
protuberant abdomens ). 

 We were dismayed when we were told that the treatment takes three months. ( This is not 
as long as treatment for TB, that takes six months, but most of them have never known a 
child on TB treatment, much less one on HIV treatment for life….so dealing with this long 
treatment is a new experience and a signi fi cant burden .) 

 We were told that the treatment would make our child have nausea, maybe vomit much 
(Fig.  3.2 ), for a few days. But what we saw- the swollen face went away-was like magic! 
Our child was able to eat again, and even started getting up, walking around, playing, being 
interested in life.  

  Dif fi cult choices 

    By the time this child was brought to me, she had been to several other western and tradi-
tional medicine facilities without help. She had become thin, with stick limbs and a 
wizened face, but with a hugely swollen abdomen. She was also very pale from severe 
anemia. My exam revealed the palpably enlarged kidneys, most likely due to Burkitt’s 
lymphoma.  

  She responded well to chemotherapy, and became a happy playful child around the hostel 
where she stayed with her mother.  

  Later the mother revealed to us, “We thought she would die”.     

  “It looked like our child was well, and yet they said more treatment was needed. It was hard 
to see why, when our child now looked okay. We were supposed to bring the child every 
fortnight for treatment, but it wasn’t easy to travel so much. It was costly, and we were 
barely feeding our other children. We wanted to do what the doctors said, but many times 
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we just couldn’t manage. Once we missed a treatment because one of our older children 
died and we had to bury him. We told the doctors why we missed, but they said we should 
have found someone to bring our child anyway.” ( note - treating an apparently well child 
with toxic drugs is counter – intuitive to the parents, and needs careful explanation before 
and during chemotherapy, to encourage and support parents ). 

 “Once our child got fever at home between the chemotherapy treatments, so we took her 
to the local dispensary and they treated her for malaria. But when we told her cancer doctors 
later, they said we should have been brought her to them. They said her fever could be more 
serious than for other children without cancer, because her drugs for Burkitt’s lymphoma 
weaken her immune system. But to us she looks just the same, and it looked like the usual 
malaria our other children get.” ( note - understanding of suppressed immunity during che-
motherapy is also counter-intuitive, and parents can delay returning when a Burkitt’s lym-
phoma child becomes sick at home if being treated as an outpatient. Children who survive 
Burkitt’s lymphoma remain at risk of death from malaria ). 

 “One good thing is that we don’t have to pay for the treatment drugs, even though we 
still have to  fi nd money for all that travel back and forth. We were told that the drugs are 
very expensive, I don’t know how expensive . ” ( note - in some settings the cost of drugs is 
supported by donors. The actual cost would often be more than a village family’s annual 
income several times over, if they had to pay it .) 

 “We usually get help from our clan when something like this comes along. The clan is 
used to contributing money when someone dies, or when someone wants to get married. 
But for illness in a child, they don’t usually help out. And the doctors said we needed the 
treatment right away. We couldn’t wait to collect money from people. So far, we are manag-
ing to take her for most of the treatments. We remember how sick she was, and how she got 
better so quickly, so we want to do what the doctors say, even if to us it doesn’t always make 
sense and it is hard for us”.    

   A (Child) Patient’s View 

   “I don’t feel like playing or going to school. I just want to stay in bed. It is hard to walk 
around. And I don’t want to eat because my mouth hurts when I try.” ( note - when parents 
bring a sick child to the doctor they often carry them but don’t mention the fact. The doctor, 
if seeing the child in a bed, may not realize that the child is unable to walk. A child may 
actually have stopped walking due to being paralyzed from tumor, rather than just being 
unable or unwilling to walk around due to general debilitation and wasting. I always ask if 
the child can walk normally .)  

  Life is not fun any more! 

    A concerned father brought his 10 year old daughter to my clinic. Though they happened to 
live very close by, he said he had carried her on the back of his bicycle. She was too 
weak to walk for the past few days, he said. There had been a heated family discussion 
about whether to take her to the traditional healer or bring her to me (Fig.  3.1 ), but for-
tunately they decided on me.  

  My exam revealed that the child could stand unsteadily, and was able to walk slowly, with 
a wide based stagger, for very short distance. There was no other de fi nite  fi nding, except 
that a dipstick showed blood in the urine.  

  Further diagnostics not being possible, and suspecting Burkitt’s lymphoma in our setting, I 
started chemotherapy on her. Within a week she was walking normally again, and the 
blood disappeared from her urine. She completed the twelve week chemotherapy course 
without any further problems.     
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  “I heard my parents saying that I used to be beautiful, but now I’m ugly. I feel like I have 
let them down, but I don’t know why.” ( note - children are often oblivious to facial 
dis fi gurement, even gross dis fi gurement, because there are no mirrors in the village, but of 
course they are exquisitely aware of comments ). 

 “People think maybe I can’t see any more, but I can still see ok.” ( note - child, and often 
parents, are oblivious of loss of eyesight in one eye, or don’t consider it an emergency, since 
the child can still see from the unaffected eye ).  

  Light disappeared from my life! 

    A tall, digni fi ed older woman walked into my consultation room and announced,  
  “My grandson can’t see for the past three days”.  
  Looking up, I saw, trailing behind her and groping the walls for guidance, a boy of about 

six years of age. Further history revealed that he had a swelling abdomen for about two 
months, plus early swelling in one eye.  

  On physical exam I noted large fungating tumors on both sides of the palate, and a large 
abdominal mass. I suspected Burkitt’s lymphoma and made a clinical diagnosis. I also 
thought the loss of sight was related to Burkitt’s lymphoma. To save this child’s eyesight, 
I prepared the child for chemotherapy and begun administering it within 24 hours.  

  After one day, the grandmother remarked, “He can see a little bit”.  
  After two days the grandmother told me, “He can see a lot now”.  
  After three days, the grandmother informed me, “He can see normally again”!  
  I wondered later what would have happened if this young boy had had Burkitt’s lymphoma 

in only one eye, instead of both, and hadn’t gone totally blind. Likely there would have 
been a much longer delay in bringing him for treatment.  

  A few months later, when he had  fi nished his course of chemotherapy and was doing well, 
and seeing well, his father presented me with a chicken as a gift. I don’t always eat gift 
chickens myself, but I made an exception of this one.     

  “I don’t feel THAT bad. Not like malaria, when my head hurts and my body hurts and I feel 
hot. And I’m not coughing or having diarrhea. I just don’t feel ok.” ( note - this sub-acute 
nature of the illness also contributes to lag time until presentation ). 

 “I haven’t gone to school for a while. I might go next year if I get better.” ( with a persistent 
illness like Burkitt’s lymphoma, most children by the time of presentation have left school. 
This is not a big issue to parents or children, and they simply resume the following year, 
repeating the missed year. Children get delayed or interrupted schooling for many reasons 
other than Burkitt’s lymphoma, so it is not the issue that it would usually be in western 
countries, where schooling is even carried on in inpatient wards when the child is able ). 

 “I heard my parents saying they think I might die.” ( note again - children overhear 
comments ). 

 I was scared when my parents took me on a long journey to the hospital. I never rode in 
a bus before, but that was fun. We went fast. I had only been carried on a bicycle before. At 
the hospital I saw a white person, and I got really afraid. My friend at home told me that 
white people will eat you. When they tried to make me lie down on a table, I fought as hard 
as I could. Even my dad tried to hold me down. They  fi nally decided to let me go. I’m glad 
I fought so hard. I was afraid all the rest of the day, and I stayed as far away from that white 
person as I could.  

  I was Happy 

    I had just diagnosed this 6 year old child as having Burkitt’s lymphoma. I had recently 
moved to my own clinic, so I was still giving intrathecal methotrexate myself, not having 
yet taught my nurse how to do it.  

  Happy was NOT happy, when we tried to position her for the intrathecal injection. In fact, 
she started screaming and writhing. When even her father jumped into the fray and tried 
to help hold her down without success, I soon saw that it was a losing battle.  
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  “Back off”, I told everyone. “We aren’t going to do it this way”.  
  “She is scared of white people”, my nurse reluctantly revealed to me.  
  I decided then that instead of terrorizing Happy, I would have my nurse give her ketamine 

and have her soundly asleep before I ever entered the room.  
  It worked like a dream. Happy was still and relaxed. She could be positioned properly so 

that I could get the needle in the right place easily. And best of all, I was far away by the 
time she woke up.  

  Over time, Happy got accustomed to my face, and no longer feared me. I continue to use 
ketamine for many of the younger patients, for whom chemotherapy is therefore just a 
dreamlike experience.     

  “Lots of things in the hospital I never saw before. You  fl ip a switch and a light comes on. 
I started  fl ipping it on and off, on and off, till the nurse made me stop. And you turn a handle 
and water comes out. At home my mom has to walk a long way and bring back a bucket of 
water on her head. And here in the hospital, I take a bath in a special room, even short call 
or long call you have to do in a special room with a shiny hole in the  fl oor. At home, we 
have to go outside to a latrine, even at night when it is scary.” ( the hospital environment is 
often very different than home for the patients, even before considering the white coats, 
needle sticks, and aroma of alcohol ).    

   A Nurse’s View 

   “Families who bring children with Burkitt’s lymphoma need a lot of counseling. They are 
confused and bewildered by the disease. Many have heard of cancer and assume it means 
death. To be told that their child has cancer is a big blow, and I have to spend enough time 
reassuring them that this cancer is treatable and curable. They really want to trust what I 
say. But the thing that makes them really trust me is when they see the response to the  fi rst 
chemotherapy treatment. 

 I like that I can go ahead and treat this serious illness by myself, once the doctor has 
calculated the dosages of the drugs. Starting an intravenous line, giving intravenous  fl uids 
and drugs, observing for need of drugs for nausea- these are all routine nursing procedures, 
and they aren’t very scary for the child or the parents. The thing that seems scarier, though, 
is giving the intrathecal drug. If I see that a child is very intimidated even by starting an 
intravenous, then I alert the doctor and we give the intrathecal drug under ketamine anes-
thetic. But if I see that a child is old enough, and mature enough, to cooperate well, then we 
just give intrathecal without anesthesia. Most children are younger, however, and do better 
when they don’t know or remember what happened. They just wake up a bit later like after 
a nap, and get up and go to play as before. 

 The doctor taught me how to give the intrathecal injection, and it didn’t take long to 
learn. Now I just give it myself. We just need to make sure that the child doesn’t eat or drink 
anything if they need the anesthetic  fi rst”.  

  They are children, again 

    These two Burkitt’s lymphoma patients presented about the same time, and were undergo-
ing chemotherapy together. They also got into mischief together. One was the 6 year old 
boy who came blind in both eyes, and now was able to see who was the ringleader and 
a 5 year old boy David, who was the devoted follower.  

  One day we noticed that the middle of David’s back was covered with a patch of blistered 
and rashy skin.  

  I  fi nally  fi gured out that the two boys had been playing doctor. One boy, the “doctor”, had 
“washed” the other’s back in preparation for intrathecal injection.  
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  It appeared they had used some kind of irritating poison ivy type of leaf that caused his skin 
to break out. This causes us to delay the intrathecal chemotherapy for the “patient” boy 
by a few weeks while it healed.     

  Giving the three iv drugs, iv  fl uids, plus the intrathecal drug takes several hours of time, but 
we only need to do it all once every two weeks. On alternate weeks they just get the intrath-
ecal drug, and that doesn’t take long. They don’t need iv  fl uid for that. So we just make out 
a schedule and plan to set aside the needed time, and that makes it go smoothly. Even if we 
have more than one patient on treatment, we can treat them all the same day of the week for 
the follow-up treatments. 

 We do warn the family about side effects of the drugs, especially nausea (Fig.  3.2 ). For 
that, we routinely give an antiemetic drug along with the chemotherapy drugs to try to pre-
vent that symptom. Once in a while a child gets sores in the mouth, and we just give them 
liquid pain medication and wait it out. Rarely severe and fatal complications can occur.  

  Even in sickness, they teach us 

    This  fi ve year old child presented with classic Burkitt’s lymphoma swelling of the right 
orbit and left mandible. She responded well to chemotherapy, and had already  fi nished 
 fi ve of the six courses. Her mother, aunt, and older sibling had been taking turns staying 
with her.  

  Suddenly, over the course of a few days, she developed blistering of small areas, then large 
sheets, of skin. A visiting nursing student who had worked in a burn unit in the US told 
us it looked like TENS (toxic epidermal necrolysis syndrome). I had to look it up in my 
books, as I had never seen such a condition before.  

  I am sure that was the right diagnosis, and it could have been related to the chemotherapy 
or to the underlying tumor, out of the many possible causes listed.  

  Sadly, she died within three days, in spite of our attempts to treat what in the US would have 
been intensive care, referral burn unit level treatment with a guarded prognosis.     

  Of course children usually lose their hair, but that is not a big deal here. So many younger 
children have their heads routinely shaved anyway, that people are used to seeing all or most 
children bald. But it does bother some of the older girl patients. Sometimes they do have hair 
to start with, and then they see it falling out. Usually they just ask me to shave off the rest, and 
they are happy when I assure them that it will grow back later. Most of the patients are still 
primary school age, and primary schools require girl students to have short hair anyway, 
I guess so they don’t waste a lot of time braiding each other’s hair instead of studying. 

 I am usually the one who needs to help the family discuss things related to the treatment 
support. The  fi rst major issue is who can be available to stay with the child. Sometimes 
they try to leave an older child as the companion, but we don’t usually allow that, especially 
when that child ought to be in school. For mothers, the issue is usually that they have other 
children at home to care for. But with our extended family system being the norm, some-
times the mother can be able to stay during treatment with her Burkitt’s lymphoma child if 
a co-wife or sister- in- law or grandmother is there at home to take care of her other chil-
dren. If a younger child is still breast-feeding, we sometimes  fi nd that the mother has 
brought it to the ward to stay with her and the Burkitt’s lymphoma child patient (Fig.  3.3 ). 
We try to discourage that also, because of increased risk of childhood infections being 
passed around…on the other had we do support prolonged breast feeding…so sometimes 
we just let them all stay, if there is no other better way.  

 The main thing that makes Burkitt’s lymphoma patients special for me as a nurse is that 
I really get to know the patient and the family well, because we are together for such a long 
time. I get to know their family problems and relationship issues. They really need emo-
tional support more than other families, because of the long treatment required. I have to 
encourage them to stick with it, to get a good outcome. They really thank me, later. And if 
they have grown to like and trust me and the other staff, they are happier to make the effort 
to come for the follow-up visits even if the child is doing  fi ne.        
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         Introduction 

 Patients with Burkitt lymphoma present a unique challenge to clinicians because of 
the highly aggressive nature of this neoplasm. Three variants of Burkitt lymphoma 
are recognized: endemic, sporadic, and immunode fi ciency-related  [  1  ] . While the 
epidemiology and some clinical characteristics differ among subtypes, the unifying 
features are rapid tumor cell growth and a propensity to involve extranodal sites. 
This chapter will focus on the clinical consequences of these biologic features, which 
frequently present as oncologic emergencies. These aspects of Burkitt lymphoma 
need to be readily recognized by physicians caring for these patients since delays in 
providing optimal therapy can result in poor outcome and early mortality.  

   Tumor Lysis Syndrome 

 Tumor lysis syndrome (TLS) can cause signi fi cant morbidity and mortality at 
presentation, during therapy, and at relapse in patients with Burkitt lymphoma. This 
clinical syndrome results from massive tumor cell lysis, followed by release of intra-
cellular potassium, phosphate, and nucleic acids into the circulation  [  2–  4  ] . 
Hyperphosphatemia from release of intracellular phosphate also causes secondary 
hypocalcemia due to precipitation of serum calcium into calcium phosphate crystals. 

 While TLS in most malignancies occurs after initiating cytotoxic therapy, TLS can 
develop spontaneously prior to any therapy in patients with Burkitt lymphoma  [  4–  6  ] . 
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The etiology of spontaneous TLS in Burkitt lymphoma is unclear. Some hypothetical 
causes for TLS include increased production of endogenous stress-related glucocor-
ticoids and fever causing hyperthermic toxicity in the rapidly dividing, highly meta-
bolic tumor cells  [  7,   8  ] . Kinetic studies have revealed that the potential doubling 
time of Burkitt lymphoma cells is about 24 h with a cell-loss rate of 70% of the cell-
renewal rate, making Burkitt lymphoma the fastest growing human tumor  [  9  ] . 

 The electrolyte and metabolic abnormalities caused by TLS affect various organs 
and result in several symptoms and clinical signs. Patients with TLS may present with 
malaise, altered mental status, and/or oliguria due to renal failure. The mechanism of 
renal failure is multifactorial, involving both injury from intrarenal precipitation of 
calcium phosphate, uric acid, and xanthine crystals, as well as crystal-independent 
mechanisms such as vasoconstriction, hypoperfusion, and in fl ammation  [  10–  12  ] . 

 Hyperkalemia arises from release of intracellular potassium and may be exacer-
bated by concurrent renal failure. It may cause cardiac arrhythmias which can mani-
fest as subjective palpitations, heart failure, hypotension, or even sudden death. 
Hypocalcemia may cause neuromuscular issues including seizures or muscular irri-
tability. Calcium phosphate crystals can also precipitate outside of the kidneys and 
may involve the cardiac conduction system, further increasing the possibility of 
cardiac arrhythmias  [  3  ] . Tumor lysis may also stimulate cytokine release and induce 
the systemic in fl ammatory response syndrome  [  13,   14  ] . Ultimately, TLS may evolve 
into multi-organ failure and death. 

 Several groups have de fi ned TLS in objective terms  [  15,   16  ] . The commonly 
used Cairo-Bishop de fi nition provides speci fi c criteria for TLS at presentation and 
within 7 days of treatment (see Table  4.1 )  [  15  ] . These criteria use laboratory and 
clinical  fi ndings to objectively de fi ne TLS. The laboratory criteria include uric acid 
 ³ 8 mg/dL or 25% increase from baseline, potassium  ³ 6.0 mmol/L or 25% increase 
from baseline, serum phosphate  ³ 6.5 mg/dL in children or  ³ 4.5 mg/dL in adults or 
a 25% increase from baseline in either age group, serum calcium  £ 7 mg/dL or 25% 
decrease from baseline  [  15  ] .  Laboratory TLS  is de fi ned by abnormality in two or more 

   Table 4.1     Cairo – Bishop de fi nition of tumor lysis syndrome  ( TLS ).   

 A. Laboratory TLS: any two or more serum values of uric acid, potassium, phosphate, and 
calcium within 3 days before or 7 days after the initiation of chemotherapy. 

 Uric Acid   ³  8 mg/dL or 25 % increase from baseline 
 Potassium   ³  6 mmol/l or 25 % increase from baseline 
 Phosphate   ³  6.5 mg/dL (children) or  ³  4.5 mg/dL (adults) or 25 % 

increase from baseline in either age group 
 Calcium   £  7 or 25 % decrease from baseline 

 B. Clinical TLS: laboratory evidence of TLS and presence of any one or more of the criteria. 
 Creatinine  ³  1.5 upper limit of normal 
 Cardiac arrhythmia/sudden death 
 Seizure 

  From: Cairo, M. S., & Bishop, M. (2004). Tumour lysis syndrome: New therapeutic strategies and 
classi fi cation.  British Journal of Haematology, 127 (1), 3-11.  
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of these laboratory studies, occurring within 3 days before or 7 days after chemo-
therapy.  Clinical TLS  is de fi ned as laboratory TLS with at least one of the following 
clinical  fi ndings: cardiac arrhythmia, hypotension, heart failure, neuromuscular irri-
tability, seizure, renal insuf fi ciency documented by increased creatinine level, or 
oligouria. Not all patients with laboratory TLS develop clinical TLS. Sudden death 
in a patient with laboratory TLS also de fi nes clinical TLS.   

 There are limited data on the incidence of TLS in patients with Burkitt lym-
phoma, especially in adult patients. Most studies combine patients with B-cell acute 
lymphoblastic leukemia (ALL) and Burkitt lymphoma together for the purpose of 
reporting TLS. Moreover, the incidence is affected by management at the time of 
presentation. It has been estimated that prior to the availability of urate oxidase 
agents, about 15–25% of pediatric patients with Burkitt lymphoma developed clini-
cal TLS  [  17–  20  ] . Data from B-cell ALL and Burkitt lymphoma pediatric patients 
who were treated on a multicenter international trial in both Europe and the USA 
were analyzed for the need of hemodialysis due to TLS  [  18  ] . Patients in Europe had 
signi fi cantly lower need for dialysis when compared to the USA. This was thought 
to be due to the availability of urate oxidase agents approved for prevention and 
management of TLS in Europe which were not approved in the USA at that time 
 [  18  ] . Comparison of outcomes between periods before and after the introduction 
of urate oxidase agents shows that these agents can reduce incidence of TLS and 
anuria  [  20  ] . 

 Management of TLS can be divided into two parts: prophylactic measures in 
patients at risk of developing TLS and treatment of established TLS. The scope of 
this chapter does not allow for providing detailed management algorithms, but we 
will review the main concepts and interventions. 

 The major goal for Burkitt lymphoma patients at risk for TLS or with established 
TLS (spontaneous or therapy-induced) is preservation of renal function since the 
kidneys are essential for excretion of potassium, uric acid and phosphate. Aggressive 
hydration with intravenous  fl uid, maintenance of adequate urine output, and use of 
agents to reduce the level of uric acid are effective interventions for prevention and 
treatment of TLS. Urinary alkalinization remains controversial in the management 
of patients at high risk for TLS. This treatment may offer bene fi t for patients with 
metabolic acidosis by increasing the solubility of uric acid and reducing urate neph-
ropathy  [  21  ] . However, urinary alkalization is not recommended for patients with 
hyperphosphatemia since it decreases calcium phosphate solubility. 

 Traditionally, allopurinol has been used to reduce the level of uric acid. It is usu-
ally administered orally, but an intravenous formulation is now available. Allopurinol 
inhibits xanthine oxidase, the enzyme responsible for the conversion of hypoxan-
thine to xanthine as well as xanthine to uric acid (Fig.  4.1 )  [  22  ] . Allopurinol is metab-
olized to oxypurinol which is also an inhibitor of xanthine oxidase. While it prevents 
formation of new uric acid, existing uric acid must still be excreted by the kidneys. 

 Rasburicase is an intravenous recombinant urate oxidase enzyme, which has 
been approved for the treatment of hyperuricemia associated with TLS in the USA 
since 2009. A nonrecombinant form has been used in Europe for many years. 
Rasburicase converts uric acid to allantoin, an inactive, soluble metabolite  [  23  ] . 
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Rasburicase is highly effective in reducing serum uric acid; levels usually decrease 
within 4 h of initial administration  [  23  ] . While the Food and Drug Administration 
recommends dosing rasburicase at 0.2 mg/kg once daily for up to 5 days, several 
other alternative dosing schedules have been suggested, including a single dose of 
3–7.5 mg  [  24–  28  ] . Of note, rasburicase causes degradation of uric acid in vitro if 
blood samples are left at room temperature before performing the assay. Therefore, 
care must be taken to place blood samples on ice to avoid spuriously low serum uric 
acid concentrations and missing hyperuricemia in the setting of TLS. 

 A phase III trial comparing rasburicase versus allopurinol in 280 adults with 
hematological malignancies included patients with Burkitt lymphoma or B-cell 
ALL  [  29  ] . The patients were randomized into three treatment groups: allopurinol 
alone; combination rasburicase and allopurinol; and rasburicase alone. In patients 
with hyperuricemia or at high risk for TLS, rasburicase provided more rapid control 
of plasma uric acid than allopurinol (4 h for rasburicase alone or rasburicase with 
allopurinol versus 27 h for allopurinol alone). Rasburicase was well tolerated as a 
single agent and in sequential combination with allopurinol  [  29  ] . A randomized trial 
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  Fig. 4.1    Purine metabolism. Different mechanisms of action by allopurinol versus rasburicase in 
reducing uric acid levels.  Allopurinol acts by inhibiting the endogenous enzyme xanthine oxidase, 
thereby preventing formation of new uric acid.  Rasburicase is a recombinant form of urate oxidase 
and promotes conversion of uric acid to allantoin which is then excreted by kidneys. Adapted from 
Goldman SC et al.  [  30  ]        
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in 56 children with hematological malignancies also demonstrated more rapid 
control and lower levels of plasma uric acid in patients at high risk for tumor lysis 
who received rasburicase compared to allopurinol  [  30  ] . 

 Patients from populations in which glucose-6-phosphate dehydrogenase (G6PD) 
de fi ciency is common should undergo screening for this condition before treatment 
with rasburicase  [  31  ] . G6PD de fi ciency is most common in patients of Mediterranean 
and African descent  [  32  ] . In patients with a prior history of G6PD de fi ciency or 
those who test positive, rasburicase is contraindicated and allopurinol should be 
utilized instead. The reason for this contraindication is that hydrogen peroxide liber-
ated from the breakdown of urate to allantoin may induce severe hemolytic anemia 
and methemoglobinemia in G6PD-de fi cient patients  [  33  ] . 

 There have been efforts to develop management guidelines to reduce the inci-
dence of TLS in patients with aggressive hematological malignancies such as 
Burkitt lymphoma. The most recent model categorizes patients with hematological 
malignancies into low, intermediate, and high-risk TLS groups and provides TLS 
prophylaxis recommendations for each group  [  34  ] . Patients with advanced Burkitt 
lymphoma and those with early stage disease with elevated lactate dehydrogenase 
(LDH) are considered to be in the high risk group for development of TLS  [  34  ] . 
Patients with early stage Burkitt lymphoma and normal LDH are considered at 
intermediate risk unless they have renal dysfunction, renal involvement by Burkitt 
lymphoma, or if their serum uric acid, serum phosphate or serum potassium levels 
are elevated  [  34  ] . 

 These guidelines recommend that patients at high risk for TLS undergo frequent 
monitoring of electrolytes, aggressive intravenous hydration (at 3 L/m 2  daily with 
the goal urine output of at least 80–100 mL/m 2  per hour), and prophylactic treat-
ment with rasburicase (at 0.1–0.2 mg/kg as a single dose). Repeated doses of rasbu-
ricase should be administered only if clinically necessary  [  34  ] . The guidelines defer 
management of hyperkalemia and hyperphosphatemia to institutional norms or 
previous TLS treatment guidelines from 2008  [  21  ] . Patients initially classi fi ed as 
low or intermediate risk who develop laboratory features of TLS should also receive 
rasburicase according to the most recent guidelines. The rare Burkitt lymphoma 
patients who are considered only intermediate risk of developing TLS (early stage, 
no signi fi cant LDH elevation or laboratory TLS) should be monitored for electro-
lyte abnormalities, receive intravenous hydration at 3 L/m 2  per day, and be started on 
allopurinol (100–300 mg orally every 8 h daily) without urinary alkalization  [  34  ] . 

 For those Burkitt lymphoma patients who develop TLS spontaneously or who 
are found to have TLS during induction therapy despite appropriate preventive mea-
sures, management focuses on preserving renal function, reversing electrolyte 
abnormalities, and closely monitoring for impending arrhythmias or neurological 
complications. 

 Hyperkalemia is the most serious acute issue and potassium levels should be 
closely monitored (about every 4–6 h). High potassium foods should be avoided in 
this setting (e.g., bananas, beans, beets). In patients with mildly elevated potassium 
levels, the use of oral sodium polystyrene sulfonate resin can be effective. This agent 
removes potassium by exchanging sodium ions for potassium ions in the intestine 
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before the resin is passed from the body. However, in patients who have GI involvement 
by Burkitt lymphoma with associated symptoms such as constipation or impending 
obstruction sodium polystyrene sulfonate must be used with caution. This agent has 
been associated with intestinal necrosis in patients with intestinal disease or recent 
surgery, especially when administered in sorbitol  [  35  ] . Transient decrease in the 
serum potassium level can also be rapidly achieved by administration of insulin 
(with concurrent glucose) which promotes potassium uptake into skeletal muscle by 
stimulating the activity of the Na+-K+ pump  [  36,   37  ] . Beta-2 adrenergic agonists 
can also drive potassium into cells and may be effective in the management of 
hyperkalemia  [  36,   38  ] . Calcium salts (gluconate or chloride) can be used to tempo-
rarily antagonize the effect of hyperkalemia on the myocardium, but this effect is 
short-lived  [  39  ] . 

 Ultimately, hemodialysis may be necessary in patients with active TLS failing 
more conservative measures, although the need for hemodialysis decreased 
signi fi cantly since the introduction of rasburicase. While there are no speci fi c 
guidelines or cutoff values, clinical experience suggests that oligouria and symp-
tomatic hypocalcemia may be appropriate triggers for initiating hemodialysis. 
Hemodialysis removes excess serum potassium and phosphate, which in turn 
improves serum calcium levels. Correcting hypocalcemia with supplemental cal-
cium is limited by calcium-phosphate crystallization while phosphate levels are 
high. Persistent or progressive electrolyte abnormalities may also be an indication 
for dialysis. Continuous hemo fi ltration has also been used in this setting and might 
have potential bene fi ts in reducing phosphate when compared to intermittent 
hemodialysis  [  40  ] . 

 TLS remains a major concern when managing patients with Burkitt lymphoma. 
Current guidelines consider any patient with advanced Burkitt lymphoma to be at 
high risk for development of TLS  [  34  ] . Aggressive prevention and early recognition 
of TLS are essential for successful outcomes for patients with Burkitt lymphoma.  

   Obstruction, Compression, and Other Anatomic Complications 

 Patients with Burkitt lymphoma may develop emergent issues due to mechanical 
obstruction or compression of vital structures by rapidly enlarging lymph nodes or 
extranodal masses of malignant lymphocytes. Frequent obstructive and compressive 
complications of Burkitt lymphoma are discussed below. 

   Superior Vena Cava Syndrome 

 Superior vena cava (SVC) syndrome occurs in Burkitt lymphoma patients due to 
extrinsic compression of the SVC by a large tumor or obstruction of the SVC by 
thrombosis  [  41  ] . Most patients with SVC syndrome present with edema of the face, 
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neck, and upper extremities which can be associated with super fi cial venous dilation 
in these areas. Some patients may also develop hoarseness and dysphagia  [  42,   43  ] . 
At times, syncope, headache, or mental status change can also occur  [  43  ] . A large 
mass in the superior mediastinum may compress the airway and cause pulmonary 
symptoms such as cough and dyspnea. This is more common in pediatric patients, 
since their airway is smaller and the cartilaginous rings of the trachea are more 
compliant  [  42  ] . 

 The diagnosis of SVC syndrome is usually con fi rmed by radiologic imaging, 
most often CT scan, revealing a large mediastinal mass with associated anatomic 
complications. Additional studies, such as ultrasound, may be helpful in detecting 
associated venous thrombosis. Management of SVC syndrome in patients with 
Burkitt lymphoma depends on the clinical scenario and whether a diagnostic tissue 
biopsy has been obtained. In the most severe cases, patients may require emergent 
interventions prior to obtaining tissue for diagnosis. However, emergent treatment 
of a symptomatic mediastinal mass prior to tissue biopsy may result in lower diag-
nostic yield. In a group of 19 patients emergently irradiated for a symptomatic 
mediastinal mass, only 11 patients were able to have a pathological diagnosis estab-
lished by later biopsy  [  44  ] . Steroids can also reduce compression of vital structures 
by the mass, but may cause tumor necrosis and thus interfere with the quality of the 
biopsy specimen. 

 Supportive measures, such as supplemental oxygen and optimal positioning to 
limit compression of mediastinal structures by the mass, can be effective. If venous 
thrombosis is detected, anticoagulation is usually started unless there is a contrain-
dication, such as concurrent GI bleeding. Endovascular stenting of SVC has been 
shown to be an effective way to treat SVC syndrome in epithelial malignancies, 
such as lung cancer  [  45  ] . However, stenting is not usually necessary in Burkitt lym-
phoma since most patients usually respond to steroids, radiation, or systemic 
chemotherapy,  

   Abdominal Emergencies 

 Patients with Burkitt lymphoma have high likelihood of gastrointestinal (GI) 
involvement and may present with acute abdominal symptoms due to bowel obstruc-
tion, perforation, GI bleeding, or intussusception (Fig.  4.2 ). In pediatric patients 
with Burkitt lymphoma, intussusception is a common presenting feature of the dis-
ease  [  46  ] . Intestinal obstruction can also occur secondary to extrinsic compression 
of bowel or intrinsic involvement of intestine by tumor causing mechanical obstruc-
tion or intussusception. Malignant lymphocytes in fi ltrating the bowel wall may 
also cause GI bleeding and perforation at presentation. Bleeding or perforation 
can also follow chemotherapy when the responding tumor necrotizes causing 
thinning of the bowel wall. Other causes of abdominal emergencies that occur 
include infection (typhilitis) or direct mucosal ulceration during neutropenia 
 following chemotherapy. Patients with Burkitt lymphoma may also develop severe 



74 J. Svoboda and S.J. Schuster

ileus from vinca alkaloid chemotherapy such as vincristine, or from opioids used for 
pain, as well as pseudo-obstruction related to metabolic derangements. 

 The diagnosis of an acute abdomen is based on clinical and radiographic  fi ndings. 
The clinical features of obstruction include abdominal pain, distention, and emesis. 
Imaging usually identi fi es air- fl uid levels or free air when perforation is present. 
Barium enemas, which are often used for diagnosis and treatment of intussuscep-
tion in children without lymphoma, should be avoided in patients receiving chemo-
therapy due to the increased risk of rupturing thinned gut mucosa. 

 Management of abdominal emergencies in Burkitt lymphoma patients is generally 
coordinated with the surgical team. Surgery may be indicated for complete bowel 
obstruction, but partial small bowel obstruction may be managed conservatively 
using decompression with nasogastric suction and bowel rest. Bowel perforation 
and hemorrhage usually require emergent surgical repair. Severe constipation due to 
decreased gut motility in Burkitt lymphoma patients with GI involvement may 
require adjustment of treatment strategies, e.g., eliminating or reducing vinca alkaloids 
from the treatment.  

   Renal and Urologic Emergencies 

 While the most common cause of renal failure in Burkitt lymphoma is TLS, urinary 
tract obstruction and/or mechanical compression of renal vascular structures by bulky 
lymph nodes can also result in renal emergencies  [  47  ] . In some cases, direct tumor 
in fi ltration of kidneys without obstruction may also affect renal function  [  48,   49  ] . 

 Obstructive nephropathy is diagnosed by imaging studies that reveal hydroneph-
rosis in a patient with decreased urinary output and elevated serum creatinine. The 

  Fig. 4.2    Abdominal presentation of sporadic Burkitt lymphoma. Computed tomography (CT) 
image from a 24 year old patient who developed progressive abdominal distention, emesis, and 
pain.  Her CT scan revealed a large, necrotic retroperitoneal soft tissue mass (see arrow) encasing 
the aorta and major branches with extension to the root of the mesentery and small bowel.  Cytology 
from the peritoneal  fl uid was consistent with involvement by Burkitt lymphoma       
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goal of management should be decompression and urinary drainage since prolonged 
obstruction may lead to irreversible renal injury and renal insuf fi ciency due to 
obstruction may promote TLS. Percutaneous nephrostomy tubes or ureteral stenting 
prior to chemotherapy may occasionally be necessary to decompress the urinary 
tract and avoid dialysis.  

   Malignant Effusions (Pleural and Pericardial) 

 Patients with Burkitt lymphoma may develop pleural or pericardial effusions that 
can cause cardiopulmonary emergencies. At diagnosis, effusions in patients with 
Burkitt lymphoma are usually the result of involvement of serosal surfaces by lym-
phoma; during therapy, secondary processes such as infection or volume overload 
may present as effusions. Patients usually present with respiratory distress or 
cough. The diagnosis is based on imaging such as chest X-ray or CT scan. 
Echocardiography is used to assess pericardial effusion. Cardiac tamponade may 
occur in Burkitt lymphoma patients who have severe compression of cardiac chambers 
by pericardial effusion resulting in signi fi cant decrease in cardiac output  [  50  ] . 
Symptomatic patients are usually managed by pericardiocentesis or thoracentesis 
which may be both therapeutic and diagnostic  [  51  ] .   

   Neurological Emergencies 

 Patients with Burkitt lymphoma may develop neurological complications due to the 
direct involvement of the central nervous system (CNS) by lymphoma or from 
secondary effects of electrolyte imbalance and hematologic derangements. There 
have also been several cases of primary CNS Burkitt lymphoma reported in the 
literature  [  52,   53  ] . Immunosuppression may be associated with higher risk of men-
ingeal infections in these patients  [  54  ] . 

 Symptoms that should alert clinicians to involvement of the CNS by Burkitt 
lymphoma may range from subtle mental status change, vomiting, or headache to 
obvious cranial nerve de fi cits, seizures, or, in extreme cases, coma. Diagnosis of 
CNS involvement by Burkitt lymphoma is based on imaging, such as contrast-
enhanced magnetic resonance imaging (MRI) and analysis of cerebrospinal  fl uid 
(CSF) obtained by lumbar puncture. Brain biopsy may rarely be necessary for diag-
nosis. Occasionally, one must accept the presence of cranial nerve palsy with nega-
tive imaging and CSF examination in a patient with known Burkitt lymphoma as 
evidence of CNS involvement. Of note, all patients with Burkitt lymphoma, even 
those without clinical suspicion for CNS involvement, should undergo lumbar 
puncture at diagnosis to obtain CSF for cytology and receive prophylactic chemo-
therapy aimed at the CNS as part of initial therapy. 
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 The management of CNS complications in Burkitt lymphoma patients depends 
on the underlying process. Lymphomatous involvement of CNS can be treated with 
systemic agents that penetrate the blood–brain barrier, such as high-dose methotrex-
ate, or by delivering chemotherapy directly into the spinal  fl uid by lumbar puncture 
or use of an Ommaya reservoir  [  55,   56  ] . Radiation may be employed for treatment 
of parenchymal CNS lesions  [  57  ] . An important part of the treatment of Burkitt 
lymphoma in patients without evidence of CNS involvement is the use of intrathecal 
chemotherapy for prophylaxis. Prior to the use of prophylaxis, the CNS was a com-
mon site of relapse, occurring in about 50% patients with highly aggressive lym-
phomas and leukemias including Burkitt lymphoma  [  56  ] . 

 Spinal cord compression is another neurological complication that may occur in 
Burkitt lymphoma. Patients with spinal cord compression may present with back 
pain and/or neurological de fi cits such as paraplegia or anal/bladder sphincter dys-
function  [  58  ] . These symptoms are caused by compression of the spinal cord by 
adjacent tumor growth and associated vasogenic edema. Diagnosis is usually made 
by MRI, which should be considered emergently in any patient with Burkitt lym-
phoma and concerning symptoms. Acute management includes high-dose steroids 
and may involve neurosurgical decompression, radiation therapy, chemotherapy, or 
a combination of these approaches.  

   Metabolic Abnormalities Other Than TLS 

 While TLS causes hypocalcemia in Burkitt lymphoma, high levels of calcitriol and 
osteolytic lesions may cause hypercalcemia in some patients  [  59,   60  ] . Symptoms 
associated with hypercalcemia depend on the severity of the abnormality. Mild 
hypercalcemia is usually asymptomatic, but patients with moderate and severe ele-
vation of calcium levels can develop polyuria, constipation, confusion, and lethargy. 
Cardiac arrhythmias may also be associated with severe hypercalcemia. 
Hypercalcemia in Burkitt lymphoma patients is usually managed acutely with 
aggressive hydration, steroids, and bisphosphonates; ultimately, treatment of the 
lymphoma will correct this metabolic complication. 

 Hyponatremia due to the syndrome of inappropriate secretion of antidiuretic hor-
mone (SIADH) can also cause a spectrum of symptoms depending on the degree of 
the abnormality and the acuteness of change in the serum sodium level. Patients 
may present with subtle symptoms, such as malaise and nausea; severe hypona-
tremia may cause seizures or coma. Any CNS process including involvement by 
Burkitt lymphoma, infection, or hemorrhage can cause enhanced production of the 
antidiuretic hormone (ADH). Pulmonary disease due to lymphoma or infection can 
also result in SIADH. Some of the drugs used for treatment of Burkitt lymphoma, 
such as vincristine and cyclophosphamide, have been associated with SIADH and 
may rarely complicate Burkitt lymphoma therapy  [  61  ] . 

 The management of SIADH depends on etiology; free water restriction and treat-
ment of the underlying cause remain the mainstays of therapy. The use of salt tablets, 
ADH antagonists, and diuretics can also be effective in certain clinical settings  [  62  ] .  
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   Hematological Complications 

 Patients with Burkitt lymphoma may experience medical emergencies related to 
severe cytopenias from bone marrow in fi ltration by malignant lymphocytes or from 
myelotoxic chemotherapy. Patients with low white blood cell counts are at high risk 
for infection and may develop sepsis or atypical infections. Anemia may result in a 
variety of symptoms ranging from fatigue to heart failure, depending on severity. 
Thrombocytopenia may result in coagulopathy and spontaneous bleeding.  

   Conclusion 

 Burkitt lymphoma is a highly aggressive lymphoma characterized by rapid tumor 
growth and frequent extranodal involvement. These biologic features result in 
unique clinical complications, including tumor lysis syndrome, CNS and GI emer-
gencies, and major renal, electrolyte, and metabolic disturbances (Table  4.2 ). An 
understanding of the biology of Burkitt lymphoma, as well as its clinical complica-
tions and response to therapy, has resulted in successful treatment outcomes for 
most patients with Burkitt lymphoma.        

   Table 4.2     Common medical emergencies in Burkitt lymphoma patients .   

  1 .  Tumor lysis syndrome  
  2 .  Obstruction ,  compression ,  and other anatomic complications  

 Superior vena cava syndrome 
 Gastrointestinal emergencies 

 Bowel obstruction 
 Perforation 
 Gastrointestinal bleeding 
 Intussusception 

 Urologic emergencies 
 Obstructive nephropathy and hydronephrosis 
 Direct tumor in fi ltration by lymphoma 
 Vascular compromise to kidneys 

 Malignant effusions 
 Pleural 
 Pericardial (cardiac tamponade) 
 Ascites 

  3 .  Neurological emergencies  
 Direct involvement of central nervous system 
 Spinal cord compression 

  4 .  Metabolic abnormalities other than TLS  
 Syndrome of inappropriate secretion of antidiuretic hormone 
 Hypercalcemia 

  5 .  Hematological complications  
 Cytopenias 
 Coagulopathy 
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   De fi nition 

 Burkitt lymphoma (BL) is de fi ned by the World Health Organization (WHO) as a 
highly aggressive lymphoma often presenting at extranodal sites  [  1  ] , or as an acute 
leukemia  [  2  ] , composed of monomorphic medium-sized B-cells with basophilic 
cytoplasm and numerous mitotic  fi gures  [  3,   4  ] . Chromosomal translocation involv-
ing  MYC  is the most frequent genetic feature  [  4–  6  ] . Epstein–Barr Virus (EBV) is 
found in a variable proportion of cases. Three clinical variants of Burkitt lymphoma 
are recognized; these differ in geographic distribution, clinical presentation, as well 
as association with infectious agents and cell biology (Table  5.1 ).   

   Epidemiology and Clinical Features 

  Endemic BL  (eBL) occurs in the malaria belt of equatorial Africa and in Papua New 
Guinea. In endemic regions there is a correlation between the geographical occur-
rence and some climatic factors (rainfall, altitude, etc.), which corresponds to the 
geographical distribution of endemic malaria, vectors of certain arboviruses such as 
Chikungunya Virus (CHIKV), and EBV-activating plants such as  Euphorbia tiru-
calli   [  1,   7–  9  ] . BL represents the most common childhood malignancy in these areas, 
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with a peak in incidence between 4 and 7 years and a male-to-female ratio of 2 to 1. 
Endemic BL is associated with EBV infection in almost 100% of cases. In endemic 
BL, the jaws and other facial bones (orbit) are the sites of presentation in about 50% 
of cases  [  1,   4  ] . The distal ileum, cecum and/or omentum, gonads, kidneys, long 
bones, thyroid, salivary glands, and breast may also be involved. Breast involve-
ment, often bilateral and massive, has been associated with onset during puberty, 
pregnancy or lactation. Retro-peritoneal masses may result in spinal cord compres-
sion with paraplegia. Involvement of the lungs, mediastinum, and spleen is rela-
tively rare. Although localization may sometimes occur in the bone marrow, no 
manifestation of leukemia in the peripheral blood has been reported  [  1,   4  ] . 

  Sporadic BL  (sBL) is seen throughout the world, and shows age-speci fi c inci-
dence peak occurring near 10 and 70 years  [  6,   10,   11  ] . The incidence is low, repre-
senting 1–2% of all lymphomas in Western Europe and the USA. However, sporadic 
BL accounts for approximately 30–50% of all childhood lymphomas. The male-to-
female ratio is about 2 or 3 to 1, and is even higher in children  [  12  ] . EBV is seen in 
less than 30% of cases, and in most Western countries it is found in 10–20%. In 
some parts of the world, e.g. in South America and North Africa, the incidence is 
intermediate between true sporadic and endemic variants  [  9  ] . Low socioeconomic 
status and early EBV infection are associated with a higher prevalence of EBV-
positive BL. Sporadic BL can also occur in people leaving in endemic regions and 
may account for some cases of atypical presentation and a lack of association with 
infectious agents  [  13  ] . In sporadic BL, jaw tumors are very rare, while the majority 
of cases present with abdominal masses ( [  6,   10  ] ) and the ileocecal region represents 
the most frequent site of involvement  [  14  ] . Similar to endemic BL, the ovaries, 
kidneys, and breasts are also frequently involved. Lymph node presentation is seen 

   Table 5.1    Characteristic features of BL subtypes   
 Endemic Burkitt’s 
lymphoma 

 Sporadic Burkitt’s 
lymphoma  AIDS-related BL 

 Geographical 
distribution 

 Equatorial Africa  Worldwide  Worldwide 

 Incidence  Children  Children and adults  Adults 
 Sites  Jaws, facial bones, kidneys, 

liver, gonads, breast 
 Ileocecal region, 

Waldeyer’s ring, 
gonads, breast 

 Nodal, central 
nervous 
system (CNS) 

 EBV infection  100%  5–30%  25–40% 
 Enviromental factor  Malaria, arbovirus, 

euphorbia 
 –  – 

 Myc breakpoint in 
t(8;14)(q24;32) 

 Far 5¢ (centromeric) of 
MYC (class III) 

 Exon and intron 1 (class I) 
and 5¢ (centromeric) of 
MYC (class II) 

 Exon and intron 
1 (class I) 

 Predominant IGH 
breakpoint in 
t(8;14)(q24;32) 

 VDJ region  Switch region  Switch region 

 Somatic IGH 
mutation 

 Yes  Yes  Yes 
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more commonly in adults than in children. Waldeyer’s ring and mediastinal involve-
ment are rare. A leukemic phase can be observed in patients with bulky disease, but 
only rare cases present purely as acute leukemia  [  1  ] , with bone marrow involvement 
and circulating B-blasts resembling Burkitt cells  [  10,   15  ] . 

  Immunode fi ciency-associated BL  (ID-BL) is primarily seen in association with 
human immunode fi ciency virus (HIV) infection, often occurring as the initial mani-
festation of acquired immunode fi ciency syndrome (AIDS)  [  16  ] . EBV is identi fi ed 
in 25–40% of cases  [  16  ] . In some cases, tumors may arise in immunocompetent 
patients, when the CD4 count is still high, thus suggesting that HIV itself may have 
an oncogenic role  [  17  ] . 

 BL is seen less often in other immunode fi ciency states. In immunode fi ciency-
associated BL, nodal localization is frequent, as is bone marrow involvement  [  16,   18  ] .  

   Morphology 

 The prototype of BL is observed in endemic BL and in a high percentage of sporadic 
BL cases, particularly in children  [  19  ] . The tumor cells of BL are medium-sized and 
show a diffuse monomorphous and cohesive pattern of growth. Rare cases with a 
follicular pattern may be seen, but is not possible to distinguish a true follicular 
growth pattern from colonization of residual benign lymphoid follicles in the majority 
of cases  [  20  ] . The nuclei are round with clumped chromatin and relatively clear 
parachromatin, and contain multiple basophilic, medium sized, centrally situated 
nucleoli. The cytoplasm is deeply basophilic and usually contains lipid vacuoles. 
Such cellular details are better seen in imprint preparations or  fi ne needle aspiration 
cytology (FNAC) (Fig.  5.1 ). The tumor has an extremely high proliferation rate 
(Ki-67-index >95%) as well as a high rate of spontaneous cell death (apoptosis). 
A “starry sky” pattern is usually present, due to numerous benign macrophages that 
have ingested apoptotic tumor cells (Fig.  5.2 ). The nuclei of the tumor cells approximate 

  Fig. 5.1    The neoplastic cells 
show basophilic cytoplasm 
and contain lipid vacuoles on 
FNAC       
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in size those of the admixed starry-sky histiocytes. However, some cases of BL may 
show greater nuclear pleomorphism, despite clinical, immunophenotypical, and 
molecular characteristics all pointing to typical BL. In these cases the nucleoli may 
be more prominent and fewer in number. In other cases, the tumor cells exhibit 
plasmocytoid differentiation with eccentric basophilic cytoplasm and often a single 
central nucleolus. Such cases can be observed in children but are more common in 
immunode fi ciency states  [  16  ] . These morphological features are in line with gene 
expression pro fi le studies suggesting that the morphological spectrum of BL is 
broader than previously expected  [  21  ] . Undoubtedly, borderline cases between BL, 
diffuse large B-cell lymphoma (DLBCL), and “double-hit” lymphoma do exist. 
These might be better designated as “high-grade B cell lymphoma, unclassi fi able” 
and additional data, such as growth fraction and molecular abnormalities, should be 
reported for prognostic information and to facilitate the choice of treatment.    

   Immunophenotype 

 Tumor cells express membrane IgM with light chain restriction and B-cell-associated 
antigens CD19, CD20, CD22, and CD79a  [  19  ] . The neoplastic cells are negative 
for CD23, CD44, CD138, cyclinD1, and TdT  [  22,   23  ] . BCL2 is characteristically 
negative, although it may be expressed in some cases and its expression does not 

  Fig. 5.2    A starry-sky pattern is present, due to numerous benign macrophages [Hematoxylin and 
Eosin, Original Magni fi cation (O.M.): 20×]       
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exclude the diagnosis of BL  [  19  ] . It should be considered, however, that phenotypic 
heterogeneity is more common in sporadic BL, while endemic BL shows a more 
homogenous immunopro fi le. 

 The expression of CD10, BCL6, and CD38 point towards a germinal center origin 
for the tumor cells. CD21, the receptor for C3d, can be expressed in the endemic 
form, but sporadic cases are usually negative  [  15  ] . A very high growth fraction is 
observed: nearly 100% of the cells are positive for Ki-67  [  19  ] . Tumor-in fi ltrating 
T cells are few in number. Blasts of BL presenting with leukemia have a mature 
B-cell phenotype, in contrast to the blasts of precursor B-cell acute lymphoblastic 
leukemia (B-ALL). The blasts of BL are CD34 negative and TdT negative. They 
express membrane light chain restricted Ig and usually are positive for CD19, CD20, 
CD22, and CD79a.  

   Genetics 

 BL was the  fi rst lymphoma for which a recurrent chromosomal aberration was 
detected. The molecular hallmark of BL is, in fact, a translocation of  MYC  at band 
q24, from chromosome 8 to the Immunoglobulin (Ig) heavy chain region on chro-
mosome 14 [t(8;14)] at band q32 or, less commonly, to light chain loci on 2p12 
[t(2;8)] or 22q11[t(8;22)]. The molecular breakpoint within the  MYC  locus at 8q24 
depends on the translocation partners and shows considerable inter-individual varia-
tion. In the case of classic t(8;14), the breakpoints in 8q24 typically lie within the 
centromeric (5 ¢ ) part of the  MYC  locus. These have been classi fi ed according to the 
position of the chromosomal breakpoints in relation to the  MYC  gene transloca-
tions, with breakpoints in the  fi rst (5 ¢ ) exon or intron of  MYC  being designated as 
class I, those with breakpoints immediately upstream of the gene designated as class 
II, and those with distant breakpoints as class III. In sporadic and immunode fi ciency-
associated BL, class I (and II) translocations are predominant, whereas in endemic 
African cases, class III translocations with breakpoints dispersed over several hun-
dred kilo bases upstream of the gene are most frequent. The t(8;14) leads to activa-
tion of  MYC  on the der(14) chromosome, containing the intact coding region of the 
gene. The deregulation of  MYC  plays a decisive role in lymphomagenesis, by driv-
ing the cells through the cell cycle  [  24,   25  ] . The breakpoints in the  IGH  locus at 
14q32 usually occur 5 ¢  of the intron enhancer in a joining (J) or diversity (D) seg-
ment in endemic BL and 3 ¢  of the intron enhancer in the switch mu region in spo-
radic and HIV-associated BL, suggesting that these translocations occur during an 
aberrant VDJ or class switch recombination process, respectively. There is also evi-
dence that Burkitt translocation might be the result of a misdirected somatic muta-
tion. Somatic and, in part, ongoing VH mutations have been observed in several 
cases of BL  [  26  ] . Similarly, mutations of the  MYC  gene are very frequent, presum-
ably owing to somatic hypermutation driven by the immunoglobulin sequences jux-
taposed to the  MYC  locus on the derivative chromosome 14. Mutations in  MYC  may 
further enhance its tumorigenicity and some of these mutations lead to decreased 
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expression of  BIM , which binds and inactivates BCL-2  [  27  ] . Enigmatically, in nor-
mal cells  MYC  activation leads to two counteracting effects, i.e. induction of prolif-
eration and apoptosis, but genetic and epigenetic alterations other than  MYC  have 
been reported in BL. These include  P53  point mutation and  P16INK4a  gene silenc-
ing by promoter methylation  [  28  ] . Other genetic alterations occurring in a subset of 
BL, including  P73 ,  BAX ,  RBL2 ,  BCL6,  and  A20  may promote cell growth and/or 
antagonize apoptosis  [  13,   29,   30  ] . In recent years, global genetic analyses, includ-
ing conventional karyotyping, comparative genomic hybridization, and array-based 
comparative genomic hybridization, have described secondary genomic alterations 
in BL. One of the larger studies using CGH described gains of 12q, 22q, Xq, and 
losses of 13q as the most frequent alterations in BL. Moreover, abnormalities in 1q and 
7q were associated with an inferior outcome  [  31  ] .  

   Gene Expression Pro fi le 

 Gene expression pro fi ling (GEP) analysis by microarray has become an important 
part of biomedical and clinical research. The resulting data may provide important 
information regarding pathogenesis and may be extrapolated for the diagnosis and 
prognosis of non-Hodgkin lymphomas (NHLs)  [  32  ] . In particular, this technology 
has revealed that the existing diagnostic categories of NHLs are comprised of 
multiple molecularly and clinically distinct diseases. In addition, GEP studies may 
lead to the identi fi cation of novel targets for the development of new therapeutic 
agents for NHL. 

 Great progress in understanding the molecular features of BL was made by two 
gene expression pro fi le studies, which differ in many important ways, but both 
reach the same conclusion: the gene-expression pro fi ling of cases classi fi ed as 
Burkitt lymphoma identi fi es a characteristic genetic signature that clearly distin-
guishes this tumor from cases of DLBCL  [  21,   33  ] . In particular, the signature NF- k B 
target genes and MHC class I genes were expressed at very low levels in BL, 
whereas, due to the very nature of BL pathogenesis, the MYC and target gene sig-
natures were increased. Germinal center B cell-associated genes showed a hetero-
geneous picture. In addition, these studies identi fi ed a new provisional category 
with morphologic features that are intermediate between those of Burkitt lym-
phoma and those of diffuse large B-cell lymphoma, which has been termed B-cell 
lymphoma, unclassi fi able, with features intermediate between DLBCL and BL 
(DLBCL/BL)  [  34  ] . Despite the existence of some cases with an ambiguous gene 
expression signature, the studies by Dave et al.  [  33  ]  and Hummel et al.  [  21  ]  clearly 
show that categories which are homogeneous according to gene expression patterns 
overlap only partially with categories which are homogeneous according to the tra-
ditional criteria of morphology and immunophenotype, and two additional criteria 
should be applied: correlation with cytogenetic abnormalities and with clinical fea-
tures. Both these studies were mainly performed on sporadic BL cases. We have 
more recently performed GEP including endemic and HIV-related BL cases  [  35  ] . 
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This study demonstrated that, although BL is relatively homogeneous, differences 
among BL subtypes exist. In particular, a differential expression pro fi le was observed 
between eBL and sBL, clustering HIV-BL with eBL and mainly involving genes 
controlling the cell cycle, proliferation, transcription, and nucleic acid metabolism. 
In particular, gene set enrichment revealed an enhancement of the B-cell receptor 
(BCR) signaling pathway in eBL, thus suggesting an active role for chronic anti-
genic stimulation and infectious agents in these cases and pointing to a possible 
different pathogenetic mechanism. Because the terms sporadic and endemic are 
mainly based on epidemiology, a better classi fi cation should take into account the 
causative pathogenetic mechanisms. 

 Another important  fi nding that emerged from these molecular studies was the 
identi fi cation of BL cases that cluster as molecular Burkitt lymphomas, but do not 
carry  MYC  translocation. Interestingly, these cases express  MYC  at comparable levels 
to translocated ones. This prompts the question whether  MYC  translocation should still 
be considered the gold standard for de fi ning BL  [  36  ] . We can conclude that  MYC  
rearrangement alone is not suf fi cient for a diagnosis of BL and that  MYC -negative 
cases may have a different pathogenetic mechanism. This issue will be discussed at 
length in the next paragraph. 

 More recently, dysregulation of small noncoding RNAs, known as microRNAs 
(miRNAs), has been proposed as a cofactor for Burkitt lymphomagenesis. 
MicroRNAs are a class of small (~22nt) noncoding RNAs that are able to regulate 
gene expression by miRNA cleavage or translational inhibition  [  37  ] . They are usu-
ally expressed in a tissue-speci fi c manner and play important roles in apoptosis, 
differentiation, and cell proliferation  [  38  ] . Several experimental studies have 
reported miRNA involvement in cancer and their association with fragile sites in the 
genome  [  39–  41  ] , suggesting that these molecules could act as tumor suppressors or 
oncogenes  [  42  ] . Even though an increasing amount of evidence highlights their 
possible role in malignant transformation, little is known about their expression and 
deregulation in malignant lymphomas. A recent study compared BL with DLBCL to 
determine whether miRNA pro fi les re fl ect the molecular differences between BL 
and DLBCL revealed by mRNA pro fi ling. The miRNA pro fi ling con fi rmed that BL 
and DLBCL represent distinct lymphoma categories, thus endorsing the GEP data 
 [  43  ] . Interestingly, a few BL cases were included in the miRNA DLBCL category, 
thus identifying a subgroup reminiscent of the cases intermediate between BL and 
DLBCL, as detected by mRNA expression pro fi ling. In addition, a comparison of 
sBL and eBL revealed only a few differentially expressed miRNAs and demon-
strated that the three BL variants are representative of the same biological entity, 
with only marginal differences in miRNA expression between eBL and sBL.  

   MYC-Translocation Negative BL Cases 

 Two pivotal studies, aimed at unraveling the differences between various lymphoma 
entities, have revealed the existence of BL cases with comparable GEP to the 
 classical pro fi les, but lacking the typical translocation  [  21,   33  ] . These cases were 
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negative for  MYC  translocation by FISH analysis using both split and fusion probes 
for t(8;14), as well as using IgH and IgL split probes. There is increasing evidence 
that about 10% of classical BL cases lack an identi fi able  MYC  rearrangement. The 
current WHO classi fi cation states that the diagnosis of this subset of BL must be 
con fi rmed by typical morphology, immunophenotyping and clinical features. In 
other words, these cases must be typical in all other aspects for a diagnosis of BL to 
be made. Although none of the techniques currently used to diagnose genetic 
changes can unambiguously rule out all  MYC  translocations  [  44  ] , it can be postu-
lated that alternative molecular mechanisms, possibly resulting in  MYC  deregula-
tion, also exist. 

 Quantitative Reverse Transcriptase-Polymerase Chain Reaction (qRT-PCR) has 
been used to identify two miRNAs, hsa-miR-34b and hsa-miR-9*, which are differ-
entially expressed between  MYC  translocation-positive and negative BL cases 
 [  45,   46  ] . In particular, a strong down-regulation of both miRNAs was only reported 
in  MYC -translocation-negative BLs, due to epigenetic events. This  fi nding suggests 
that a dysregulated expression of miRNAs may represent one of the mechanisms 
leading to  MYC  over-expression in BL cases lacking a  MYC  translocation, through 
either a direct or indirect mechanism. In addition, it may be argued that  MYC  itself 
also induces a speci fi c miRNA pattern that, in turn, might be responsible for differ-
ential gene expression, and for functional alterations in tumor cells. A miRNA 
microarray strategy has recently been developed in order to gain an overview of the 
differences between the miRNA expression pro fi le of  MYC  translocation-positive 
and negative BL cases [ 46 ]. Using this approach, a clear-cut microRNA signature has 
been identi fi ed, which distinguishes between  MYC  translocation-positive and nega-
tive BLs. Of note, these miRNAs control relevant biological processes, such as 
angiogenesis, apoptosis, and cell proliferation, according to Gene Ontology catego-
ries. Furthermore, the impact of miRNA deregulation on the gene expression pattern 
identi fi ed genes, which are more likely to be regulated by the selected miRNA. 

 The identi fi cation of miRNAs, which are speci fi cally altered in BL cases lacking 
 MYC  translocation, may represent a model for understanding the  MYC  regulatory 
network not only in BL but also in other human cancers. In fact, their deregulation 
may represent a valid alternative molecular mechanism leading to MYC over-
expression in the absence of genetic alteration.  

   A Practical Approach to the Diagnosis of Burkitt Lymphoma 

 For therapeutic and prognostic purposes, BL needs to be distinguished from the 
subset of lymphomas that compose the newly identi fi ed borderline category DLBCL/
BL. Moreover, it should be remembered that a proportion of cases of DLBCL may 
also have some of the individual characteristics of BL. In children, Burkitt and non-
Burkitt types seem not to differ clinically, whereas in adults, most cases classi fi ed 
as non-Burkitt lymphoma are similar to diffuse large B-cell lymphoma  [  19  ] . 

 RNA extraction and microarray analysis are laborious and expensive and therefore 
not ready for real-time diagnosis, but other tools currently available to pathologists 
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can be used to identify some of the distinguishing features of cases with the 
 molecular signature of BL [ 36 ]. IGH, IGL, MYC, BCL2, and BCL6 rearrangement 
can be detected by FISH in paraf fi n sections, while down-regulation of class I HLA 
and CD44 and up-regulation of germinal center markers can be detected by immuno-
histochemistry [ 36 ]. In conclusion, no single parameter, such as morphology, genetic 
analysis, or immunophenotyping, can be used as a gold standard for the diagnosis of 
BL, but a combination of diagnostic techniques is necessary. The combined applica-
tion of genomics and immunophenotyping, in conjunction with consensus reviewed 
histology and clinical features, appear to constitute a reliable approach that enables a 
reproducible and clinically meaning full characterization of BL  [  19  ] . 

 Most endemic BL and a large portion of other BL occur in locations in which the 
necessary infrastructures and technical expertise are not currently available, and may 
not be available in the near future. This aspect makes it pertinent to construct a diag-
nostic algorithm that would facilitate reliable diagnosis of BL using less resources. 
Such a systematic approach is also relevant in the setting of developed countries, as 
none of the parameters currently used in diagnostic evaluation can clearly distinguish 
between BL, DLBCL/BL, and DLBCL on an individual basis. 

 A feasible scoring system has recently been proposed for the differential diagno-
sis between BL and non-BL. This scoring system  [  20  ]  was applied to 252 cases and 
was based on morphology, immunohistochemistry, and  fl uorescent in situ hybrid-
ization (FISH), employed in three phases: phase 1 (morphology with CD10 and 
BCL2 immunostainings), phase 2 (CD38, CD44, and Ki-67 immunostainings) and 
phase 3 (FISH on paraf fi n sections for  MYC ,  BCL2 ,  BCL6,  and immunoglobulin 
family genes). Using this algorithm, a speci fi c diagnosis of BL or non-BL was 
determined in 82, 92, and 95% cases in phase 1, 2, and 3, respectively (Fig.  5.3 ).  

CLASSIC MORPHOLOGY

BCL2 protein negative

CD10 and BCL6 protein positive

Ki-67> 95%

CD38 protein positive
CD44 protein negative

FISH

MYC-IG fusion positive
BCL2/BCL6-break negative

Diagnosis of BL

Diagnosis of BL

Yes

Yes

No

No

Diagnosis of BL

No BL

Yes
No

82%

92%

98% 

  Fig. 5.3    Using the algorithm 
proposed by Naresh et al. 
 [  20  ]  a speci fi c diagnosis of 
BL or non-BL was 
determined in 82, 92, and 
95% cases in phase 1, 2, and 3       
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 With FNAC, diagnosis of BL is facilitated by the identi fi cation of the characteristic 
cytoplasmic vacuoles in the lymphoid cells [ 48 ]. However, these lipid-containing 
vacuoles cannot be seen on histological preparations. A recently performed GEP of 
BL cases found a marked up-regulation of some genes ( ADPF, SCD5, FASN, USF1 ) 

  Fig. 5.4    A monoclonal antibody against the adipophilin is able to speci fi cally recognize cytoplasmic 
vacuoles in typical BL ( a ); on the other hand, in non-BL adipophilin shows a weak positivity in 
few cells ( b ) ( a – b : Adipophilin stain, OM: 10×)       
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involved in lipid metabolism in BL. One of these genes ( ADPF ) encodes for a protein, 
known as adipophilin (adipocyte differentiation-related protein), which is a member 
of the PAT (perilipin, adipophilin, and TIP47) family of proteins and is mainly 
involved in fatty acid transport and in preserving the cellular content of triacylglyc-
erols. A monoclonal antibody against the adipophilin is able to speci fi cally recog-
nize the cytoplasmic vacuoles of BL by immunohistochemistry and was tested on a 
large series of aggressive B-cell lymphomas (Fig.  5.4 ). The preliminary results sug-
gest adipophilin as a novel marker that maybe useful for the diagnosis of BL in 
histological sections, especially in challenging cases, such as DLBCL/BL [ 49 ].       
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   Brief History 

 Doctors working in West, East and Central Africa at the turn of the nineteenth 
century described an unusual but fairly common jaw tumour in children  [  1–  5  ] . 

 It was in 1957 that Denis Burkitt, an Irish surgeon at Mulago Hospital in Uganda 
published a report of a series of children with rapidly growing jaw tumours that he 
thought were round cell sarcoma  [  1  ] , but in 1960 O’Connor, a pathologist con fi rmed 
that the tumours were of lymphoma lineage  [  2  ] . In 1964 Epstein, Achong and Barr, 
three virologists, identi fi ed viral particles in the tumour cells; and the virus became 
known as the Epstein Barr virus (EBV)  [  3  ] . Burkitt and two physician colleagues 
from Uganda then toured the hospitals of Eastern and Central Africa to map the 
geographical extent of the tumour  [  4,   5  ] . They found hospital records of children 
with similar tumours from all the malarial areas of the countries that they visited 
and proposed that malaria and this tumour (now called Burkitt’s tumour) were 
linked in some way.  
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   Epidemiology 

 Endemic BL (eBL) is found in areas of equatorial Africa, Brazil and Papua New 
Guinea where malaria is holo-endemic and EBV infections are acquired in early 
childhood  [  4–  10  ] . In Africa this means that eBL is found in hot, wet areas of the 
continent, 15° on either side of the equator where the rainfall is >50 mm per annum 
 [  1  ] . This area is known as the Burkitt Belt and matches the epidemiological map of 
malaria (Fig.  6.1 ). The annual incidence of eBL in the high-risk areas of Africa 
is estimated at 40–50 per million children under 18 years of age per year  [  11  ] . 
It accounts for half of all the malignancies and 90% of the lymphomas diagnosed in 
children  [  11  ] . The disease is more common in boys than in girls, with various reports 
of being twice as common in rural boys but with less gender difference in urban 
areas such as Nairobi where the ratio of boys to girls with eBL was reported as 1.2:1 
 [  12,   13  ] . This is in contrast to resource-rich settings where the gender disparity is 
more marked with about 80% of BL occurring in boys  [  14  ] . The peak age of presen-
tation is at about 6 years  [  13,   15  ] . In Kenya over a 10-year period from 1988 to 
1997, the age of presentation was around 3 years of age in 5.6%, 6 years in 19.5% 
and 17 years in 13.6% of cases. Four percent of the 1,005 cases of eBL were in 
adults  [  15  ] . There is a smaller peak in presentation in early adolescence when the 
sex difference is less marked and abdominal tumours predominate  [  16  ] . In Malawi 
the mean age at presentation was 7.1 ± 2.9 years, ranging from 1 to 17 years. The 
majority of children were boys (62.4% ± 2.2%)  [  12  ] . Almost all the children with 
eBL come from poor rural communities  [  11  ] .   

  Fig. 6.1    The (endemic)    Burkitt lymphoma belt of Africa and the map of endemic malaria       
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   Cofactors 

 The important interactions of malaria, EBV, and eBL are covered in chapters. Other 
cofactors have been raised as possible causative agents in the development of eBL. 
The impact of HIV infection on the development of eBL is unclear. HIV-infected 
children may present with eBL in less usual sites (e.g., bone, scalp) but initial reports 
from Uganda claiming that there was an association between HIV and eBL were not 
con fi rmed in Côte d’Ivoire, where none of the 78 HIV infected patients had eBL, 
 [  17–  19  ]  nor in Zambia where no increase in the number of eBL cases was seen after 
the HIV pandemic emerged  [  20  ] . 

 Preliminary data from Malawi suggested an increased risk of BL but updated 
analyses found no signi fi cant association. Twenty of 263 (7%) children with eBL 
were HIV infected with an odds ratio (OR) for developing eBL of 2.2    [(95% CI 
0.8−6.4);  p  = 0.13]  [  21  ] . Few HIV-positive children with eBL have been reported, 
and so the role of HIV (if any) in the aetiology of eBL remains uncertain. 

 Arboviruses and schistosomiasis have both been suggested as causative cofactors 
of eBL, but the evidence is not convincing  [  10  ] . 

 The plants  Euphorbia tirucalli  and  Jatropha caveas  are common in areas where 
eBL occurs. The dipterene esters found in their milky sap can activate latent EBV 
and induce rearrangements of chromosomes in about 10% of EBV-infected B cells 
exposed to them  [  22,   23  ] . Euphorbia sap is used in religious ceremonies, weddings 
and at some twin births in the Lake Victoria Basin. It is also used by children as a 
sticky “glue” when they make toys  [  22  ] . Fishermen, in the same area, use the sap as 
a  fi sh poison  [  24  ] . 

 Sickle cell trait protects against malaria and eBL  [  23  ] . Sickle cell disease is more 
common in West than East Africa that may account partially for the higher rates of 
eBL in the eastern part of the African continent.  

   Cytology 

 eBL is a highly aggressive B-cell non-Hodgkin’s lymphoma (NHL). Its cells are 
monomorphic, medium in size and have a high proliferation rate. The cells contain 
coarse chromatin and prominent basophilic nucleoli though atypical variants may 
show more nuclear pleomorphism. In tissue sections the cells appear to be moulded 
and the cytoplasm is deeply basophilic with squared off cytoplasmic margins. 
A “starry sky” appearance is due to scattered tingible body-laden macrophages that 
contain apoptotic tumour cells.  
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   Chromosomal Rearrangements 

 The chromosomal translocation, t(8;14)(q24;32), is the hallmark of eBL. It occurs 
in 70–80% of patients with the variant translocations, t(2;8)(p12;q24) and t(8;22)
(q24;q11), accounting for 10–15%  [  23,   25,   26  ] . The molecular consequence of the 
three translocations is deregulated expression of the  MYC  oncogene, which plays an 
essential role in cell cycle control. It arises as a result of juxtaposition of  MYC  to the 
enhancer elements of one of the immunoglobulin genes ( IG ); the heavy chain ( IGH ) 
at 14q32, the kappa light chain ( IGK ) at 2p12 or the lambda light chain ( IGL ) at 
22q11. There is overlap between disease types but usually endemic, sporadic and 
immunode fi ciency-associated BL show different clustering of breakpoints of both 
chromosome partners. Usually eBL have breakpoints upstream of  MYC  and origi-
nate from aberrant somatic hypermutation within the  IG  loci, whereas sporadic 
Burkitt’s lymphoma (sBL) breakpoints are closer to  MYC  and mostly involve the 
switch regions of the  IG  loci  [  25,   26  ] . The differences in  MYC  breakpoint are most 
likely due to the EBV-positive nature of eBL compared to the EBV-negative nature 
of sporadic BL  [  27  ] .  

   Clinical Presentation 

 The classical and best known presentation of eBL is a rapidly growing jaw tumour. 
The history is therefore short—usually 3–4 weeks. In Malawi median duration of 
symptoms was 1 month ranging from 1 week to 36 months (personal communica-
tion EMM). In Ghana, Owuru et al. found 48% of children presented with facial 
tumour; in Kenya it was 52% and in Malawi 63%  [  12,   15,   16  ] . 

 The mass is painless and inside the mouth, the gum is swollen and teeth are dis-
placed at the site of the tumour. Facial tumours may affect the maxillary areas, 
mandibles or be retro-orbital, pushing the eye forward and causing proptosis 
(Figs.  6.2  and  6.3 ). Abdominal masses, often multiple, also are common (Fig.  6.3 ). 
In Kenya 25% of 1,005 children over the periods 1988–1992 and 1993–1997 pre-
sented with abdominal masses and 14% presented with both facial and abdominal 
tumours. The presentations in Ghana were similar; 23% were abdominal and 16% 
were of face and abdomen  [  15,   16  ] . Central nervous system (CNS) involvement 
occurs, even at diagnosis; in Malawi CNS involvement was found in 15% of cases, 
in Kenya BL cells were found in cerebro-spinal  fl uid (CSF) in 18% of 1,005 cases 
but the diagnosis was only suspected clinically in 6%  [  12,   28  ] .   

 The Kenyan study also reported that CNS presentation tended to occur in older 
children (11–15 years) compared to jaw masses that peaked in presentation at 
6 years of age  [  28  ] . Paraplegia may be caused by direct cord involvement or pres-
sure from a tumour mass lying outside the dura. Figure  6.4  shows an MRI scan of a 
boy with paraplegia due to eBL. eBL is multifocal and so the tumours often present 
at several sites simultaneously. Table  6.1  shows the most common sites and Table  6.2  
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the presenting signs and symptoms in children with eBL in Blantyre Malawi. Other 
centres also report that most children present with advanced disease  [  12,   15,   16  ] .    

 Often the children are malnourished and may have other co-infections  [  12,   29  ] . 
Many children in the communities where these children live are chronically under-
nourished. In sub-Saharan Africa 42% of all children less than 5 years of age are 

  Fig. 6.2    Patient presenting with Burkitt lymphoma of the jaw, peri-orbital area and abdomen. 
Ultrasound scans of the abdominal masses       

  Fig. 6.3    Patient presenting with retro orbital Burkitt lymphoma       
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stunted (the result of chronic poor nutrition) and 9% are wasted  [  30  ]  (Table  6.3 ). 
Many children with eBL have acute malnutrition adding to their underlying chronic 
under-nutrition. Israels et al.  [  29  ]  found that 69% of children with eBL were acutely 
malnourished at admission. In a study reported by Hesseling et al. from Malawi a 
third of children had a co-infection of one or more of malaria, schistosomiasis or 
hookworm  [  12  ] .   

   Table 6.1    Location of 
tumour(s) a  for endemic 
Burkitt’s Lymphoma patients 
at QECH 2000–2009 
( n  = 475)   

 Tumour location  Present [ N , (%)]  Absent [ N , (%)] 

 Face  306 (63.3)  177 (36.7) 
 Abdomen  303 (62.7)  180 (37.3) 
 Orbital  148 (30.6)  335 (69.4) 
 Limb  14 (2.9)  469 (97.1) 
 Bony  8 (1.7)  475 (98.3) 

   a Patients could have more than one tumour location  

  Fig. 6.4    MRI showing Burkitt 
lymphoma of the spine       
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 Symptom  Present [ N , (%)]  Absent [ N , (%)] 

 CSF in fi ltrated  35 (10.3)  305 (89.7) 
 BM in fi ltrated  21 (6.3)  314 (93.7) 
 Lower limb weakness  19 (3.9)  463 (96.1) 
 Paraplegia  46 (9.5)  436 (90.5) 
 Urinary incontinence  36 (7.4)  446 (92.6) 
 Stool incontinence  31 (6.4)  451 (93.6) 
 Malnutrition  223 (46.3)  259 (53.7) 
 Lymphadenopathy  183 (37.9)  300 (62.1) 
 Hepatomegaly  113 (23.4)  369 (76.6) 
 Splenomegaly  209 (43.4)  273 (56.6) 
 Abdominal distension  151 (31.3)  331 (68.7) 
 Pedal oedema  81 (16.8)  401 (83.2) 
 Ascites  40 (8.3)  442 (91.7) 
 Weight loss  83 (17.2)  399 (82.8) 

  Symptoms at presentation in endemic Burkitt’s Lymphoma 
patients at QECH, 2000–2009 ( n  = 475)  

   Table 6.3    Some comparative demographic data of selected countries in sub-Saharan Africa, 
North Africa, and Latin America   

 Malawi  Senegal  Tanzania  Ghana  S. Africa  Morocco  Brazil 

  Socioeconomic and demographic indicators  
 Population (millions) a   13.6  12.1  39.5  23.0  48.3  30.9  189.3 
 Population < 15 years (millions) a   6.4  5.8  17.6  8.9  14.0  8.9  53.0 
 Gross national income per 

capita (US$) b  
 170  750  350  520  5,390  1,900  4,730 

 Total per capita expenditure on 
health (US$) c  

 64  72  N.A.  N.A.  869  N.A.  765 

 Per capita govt expenditure on 
health (US$) c  

 14  12  N.A.  N.A.  437  N.A.  164 

 Under 5 mortality rate (1990) b   221  149  161  120  60  89  57 
 Under 5 mortality rate/1,000 

(2006) b  
 120  116  118  120  69  37  20 

 Under 5 mortality rank (2006) b   32  35  34  32  55  78  113 
 Life expectancy (years) b   47  53  52  59  50  71  72 

  Nutrition  
 Children <5 years, % stunted b   46  16  38  22  25 1   18  11 1  
 Children <5 years, % wasted b   3  8  3  5  3 1   9  2 1  
  HIV  
 HIV prevalence rate (age 

15–40 year) (2005) b  
 14.1  0.9  6.5  2.3  18.8  0.1  0.5 

 No. of HIV-infected children 
(×1,000) b  

 91  5  110  25  240 

  Health  
 Access to clean water (%) b   73  76  62  75  88  81  90 

   a US Census Bureau, International Data Base.   http://www.census.gov/ipc/www/idb/        [3] 
  b UNICEF, The State of the World’s Children 2008: child survival.   http://www.unicef.org/publica-
tions     [2] 
  c World Health Organization. National Health Accounts.   http://www.who.int/nha/en/     [4]  

   Table 6.2          Common 
presenting signs of endemic 
Burkitt’s lymphoma in Malawi   

http://www.census.gov/ipc/www/idb/
http://www.unicef.org/publications
http://www.unicef.org/publications
http://www.who.int/nha/en/
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   Differential Diagnosis 

 A careful history and examination will help in making the diagnosis of eBL espe-
cially with a classical jaw mass on presentation. Retro-orbital tumours could be, 
amongst others, rhabdomyosarcoma or non-Hodgkin’s lymphoma (NHL). When the 
eye is already destroyed it is important to elicit where the mass started (in the eye as 
a white spot or outside the orbit) and the length of history. Retinoblastomas present 
usually at an earlier age than eBL but advanced retinoblastoma and peri-orbital eBL 
have been mistaken for each other. Abdominal masses are often very large and mul-
tiple. They may arise within any organ or from the retro-peritoneum. Renal involve-
ment is not uncommon and must sometimes be differentiated from a Wilm’s tumour. 
Bone in fi ltration with eBL does occur and can be mistaken radiologically for a 
primary bone cancer such as osteosarcoma or chronic osteomyelitis (Fig.  6.5 ).   

   Investigations 

 In many places where eBL is common the ability to undertake diagnostic tests is 
limited. It is important to con fi rm the diagnosis and  fi ne needle aspiration (FNA) is 
easy to do and has a characteristic morphological appearance (Fig.  6.6 ). Of 475 
cases of eBL that presented to QECH from January 2000 to August 2009, 83.8% 

  Fig. 6.5    X-ray of the femur of a patient with Burkitt lymphoma       
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were con fi rmed by FNA (Personal communication EMM). Sometimes it is dif fi cult 
to differentiate other small round blue cell tumours from eBL but immunocytochem-
istry and cytogenetics are seldom available to con fi rm the diagnosis and clinical 
judgement must be deployed. If they are available it is helpful in the diagnosis of 
BL to demonstrate  MYC  deregulation and the presence of additional cytogenetic 
abnormalities, some of which have been shown to have prognostic signi fi cance  [  31  ] . 
The cells are always of B cell lineage (CD20 and CD79a positive); co-expression of 
CD10 and bcl-6 are often present, but the cells are usually negative for bcl-2. There 
is a paucity of T cells in the background  [  32  ] .  

 EBV EBER may be identi fi able by  fl uorescence in situ hybridization (FISH). 
It can be dif fi cult to distinguish diffuse large B-cell lymphoma (DLBCL) with 
genetic and immunophenotypic features of BL from BL and some of these cases 
are now classi fi ed as “B-cell lymphoma—unclassi fi able”, as they have features 
between diffuse large B-cell lymphoma and BL. Distinct molecular changes in BL 
may provide a more reliable diagnosis. 

 Van Noorden et al. described the preservation of eBL cells for immunocy-
tochemistry, in situ hybridisation and polymerase chain reaction in a buffered solution 
(PreserveCyt). These samples can be kept at room temperature and provide ade-
quate cells for testing for many months. Though this does not help with immediate 
diagnosis it is a valuable tool for retrospective review, to con fi rm the diagnosis and 
as a tool to explore immunocytochemical markers for treatment failure  [  33  ] . 

  Fig. 6.6    Burkitt’s lymphoma: H&E stain. Classic Burkitt’s lymphoma showing starry sky appearance       
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 It is also necessary to assess tumour spread. A thorough physical examination, 
ultrasound scan (USS) of the abdomen, chest X-ray, examination of bone marrow 
and cerebro-spinal  fl uid (CSF) will assist in evaluating the extent of the disease. 
Ideally lactic dehydrogenase, liver function tests, urea and electrolytes and full 
blood count should also be done. 

 One needs to know if it is safe to treat and a haemoglobin level, full blood count 
and differential, HIV test, stool and urine microscopy will identify any co-infections 
that require treatment or gross anaemia that needs correction prior to initiating 
treatment.  

   Staging 

 The St Jude/Murphy staging classi fi cation for Burkitt’s lymphoma is the most 
common in current use (Table  6.4 ). Many children with eBL present in Africa with 
very advanced, stage III or IV disease. In three, combined studies of 208 consecutively 
recruited patients in Malawi, Cameroon and Ghana, 75% presented with Murphy 
stage III/IV disease, which is similar to the corresponding 79% who presented with 
stage III/IV disease in the Lymphome Malins de type B (LMB ‘89) study of 561 
children  [  12,   34–  36  ] . In the  fi rst publications investigating the treatment of eBL, the 
need to be able to classify tumours by their stage of advancement was apparent. 
Burkitt initially commented only on primary tumour size with a subjective categori-
sation as small, medium and large (stages A–C)  [  37,   38  ] . Others in the  fi eld soon felt 
that a description of disease stage was more useful  [  39  ] . John Ziegler and colleagues 
working in Kampala, Uganda in collaboration with the National Cancer Institute 
(NCI), of the USAA developed a staging system for eBL based on earlier work by 
Morrow et al. in Mulago Hospital, Uganda  [  40  ] . This gave four stages, from 

   Table 6.4    The St Jude Staging system for non-Hodgkin’s lymphoma in children   

 Stage I  A single tumor (extranodal) or anatomic area (nodal) excluding the mediastinum or 
abdomen 

 Stage II  A single tumor (extranodal) with regional node involvement 
 Two or more nodal areas on the same side of the diaphragm 
 Two single (extranodal) tumors ± regional node involvement on the same side of the 

diaphragm 
 A primary gastrointestinal tract tumor ± mesenteric lymph node involvement that is 

grossly completely resected 
 Stage III  Two single extranodal tumors on both sides of the diaphragm 

 Two or more nodal areas on both sides of the diaphragm 
 All primary intrathoracic tumors 
 All extensive primary unresectable intra-abdominal disease 
 All primary paraspinal or epidural tumors (CNS and CSF not involved) 

 Stage IV  Any of the above with initial CNS or bone marrow involvement 

   Note : Elective surgery for presumed abdominal BL is not recommended and abdominal tumours 
are classi fi ed as stage III disease  
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isolated facial tumours, through to multiple facial tumour masses and disseminated 
disease to CNS or bone marrow disease  [  41  ] . This system was modi fi ed further by 
Nkrumah et al. in Ghana, during work supported, again, by the NCI. They more 
clearly separated intra-abdominal disease from other non-facial sites  [  42  ] . Following 
additional clinical observations in which it was found that the resection of limited 
extent abdominal disease (of the ileo-caecal area) conferred a survival bene fi t, the 
NCI staging system in its full form was reached  [  43  ] . In 1980, Murphy proposed the 
staging system for non-Hodgkin Lymphoma that remains in use today  [  44  ] . Staging is 
different from the treatment group assignment used by LMB and Berlin-Frankfurt-
Munster (BFM) protocols.   

   Treatment 

 In well-resourced centres BL is treated aggressively with remarkably good results 
 [  45,   46  ] . In resource-limited centres the intensity of treatment must be tempered by 
the level of locally available supportive therapy, staf fi ng numbers, expertise, drug 
availability, patient’s co-morbidity, and nutritional status. 

 The more intense the treatment, the better the long-term outcome. Each centre 
needs to decide what level of intensity their children can safely tolerate. Unacceptable 
high treatment-related morbidity and mortality due to unduly toxic regimens must 
be avoided. It must be decided how staff will monitor safety and progress, and what 
treatment is available for rescue therapy.  

   Chemotherapy 

 Burkitt’s lymphoma (BL) was one of the  fi rst tumours to be found to be curable 
with chemotherapy alone  [  47  ] . At a time when BL and most other neoplasms were 
almost universally fatal, the prospect of long-term cure was tantalising and resulted in 
the testing of multiple single cytotoxic agents together with various combinations 
(Table  6.5 )  [  13  ] .  

 The agents that emerged at that time as being of particular use were cyclophos-
phamide (CPM), methotrexate (MTX) and vincristine (VCR). At the same time 
there was concern, in conjunction with the discovery of the link with Epstein–Barr 
Virus (EBV), that bolstering the host immune response could be an important ave-
nue for therapy. The immune suppression induced by cytotoxic therapies was 
thought to be of concern for the same reason  [  38  ] . Approaches that were tested 
include scari fi cation with the attenuated mycobacterium tuberculosis vaccination 
Bacille-Calmette-Guerin (BCG)  [  48  ] . Although various immunologically based 
avenues continue to attract research attention, their places in the treatment of eBL in 
resource-poor settings are minimal at present. The place of other non-chemothera-
peutic modalities such as radiotherapy and surgery waxed and eventually waned 
over the following years. Of these, surgery alone has survived, though limited to 
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resection of localised disease (e.g. nodal or ileo-caecal abdominal disease) or biopsy 
of more extensive disease. Radiotherapy has now been shown to have no place in 
the treatment of BL in resource-rich settings, but historically its use in resource-
poor settings was limited by extremely poor access to radiotherapy facilities rather 
than by lack of inclination to use it  [  13,   49  ] . 

 Although local intra-arterial administration of chemotherapy to the tumour mass 
was explored in the 1960s by Oettgen and Burkitt, the importance of  systemic  and 
 central nervous system  (CNS) coverage was quickly discovered  [  37,   50  ] . The pro-
pensity of BL to relapse in untreated sanctuary sites, particularly the CNS has 
proved to have important implications for the design of treatment regimens. BL is 
characterised by extremely rapid growth, and this is re fl ected in its chemo-sensitivity. 
In resource-rich settings the progressive re fi nement of treatment protocols has 
resulted in short, very intense and expensive multi-agent regimens that cure the 
majority of children even with advanced disease, but they require a considerable 
contribution in supportive care (Table  6.6 ). Over time the focus of research into 
potential treatments for BL, which was heavily concentrated in Africa and eBL dur-
ing the 1960s and 1970s, has moved away. There was a notable paucity of research 
published from the resource-poor African settings during the 1980s and 1990s. 
During this period the research interest was concentrated on the treatment of spo-
radic BL (sBL) by single centres and large national and multinational cooperative 
groups. More recently there has been a resurgence in publications addressing eBL 
in non-resource-rich environments (Fig.  6.7 ). Sadly, the countries with the highest 
incidence of eBL have the least resources. The Burkitt Belt corresponds remarkably 

   Table 6.5    History of the treatments with single cytotoxic agents for endemic 
Burkitt’s lymphoma   
 Drug a   No. of patients  CR  CR + PR  % RR 

 Cyclophosphamide  163  43  132  81 
 Orthomerphalan  14     ?  14  100 
 Chlorambucil  12  3  10  83 
 Nitrogen mustard  61  10  44  72 
 Melphalan  26  8  16  61 
 Procarbazine  6  0  0  0 
 BCNU  5  0  4  80 
 Vincristine  21  10  17  81 
 Vinblastine  2  0  0  0 
 Methotrexate  45  11  26  58 
 6-Mercaptopurine  3  0  0  0 
 Cystosine arabinoside  3  2  2  100 
 Epipodophyllotoxin  3  2  2  100 
 Actinomysin D  4  1  4  100 

   CR  complete response;  PR  partial response;  RR  response rate; BCNU, carmustine 
  a Variety of doses and regimens were used [ 13 ].     
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well to the countries where total health expenditure per capita is <USD 50 per year. 
This in turn leads to greater barriers to research. Only more recent multi-centre 
studies (e.g. ongoing work of the International Network for Cancer Treatment and 
Research, INCTR) have patient numbers comparable to those enrolled in the LMB 
or BFM trials.   

 At a basic level the chemotherapy for eBL in the most resource-poor settings 
has not changed signi fi cantly since the 1960s. In 1967 after his earlier papers had 
described disease responses, Denis Burkitt published a paper describing long-term 
remissions using one or two 30–40 mg/kg body weight doses of cyclophosphamide 
(CPM)  [  47  ] . In 1970 Ziegler published a study of 57 patients comparing a single 
40 mg/kg dose of CPM given 6 times, every 2–3 weeks with an event-free survival 
(EFS) of 42% and 17% treatment-related mortality (TRM) in the 21 patients receiv-
ing the multi-dose regimen  [  41  ] . In 2009, Hesseling et al. published their 28-day 
regimen of four doses of CPM; the  fi rst dose given intravenously followed by oral 
dosing, combined with intrathecal methotrexate (MTX) and hydrocortisone as both 
CNS treatment and prophylaxis (Fig.  6.8 )  [  12  ] . This prospective single-centre study 
of 40 patients achieved a projected 1 year EFS of 47% and TRM of 5% in conjunc-
tion with rigorous and pragmatic supportive care guidelines. Unfortunately this 
“basic minimum” approach does not treat stage IV disease adequately (13% EFS). 
Attempts to replicate these results in multi-centre settings have been carried out by 
the French–African Pediatric Oncology Group GFAOP). Traoré et al. performed an 
international multi-centre trial in Burkino Faso, Cameroon, Cote D’Ivoire, Mali, 
Madagascar and Senegal. Over a 3-year period (April 2005 to March 2008) there 

  Fig. 6.7          Total publications for eBL by time period       
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were 257 consecutive patients with eBL registered in the central trial database. 
After excluding patients with advanced disease (patients with CNS or bone marrow 
disease, equivalent to LMB Group C disease), HIV and poor clinical condition, they 
recruited 178 subjects. Their chemotherapy was strati fi ed by St Jude stage at pre-
sentation and response at 21 days. Stage I/II patients received 3 weekly 1.2 g/m 2  
CPM doses (equivalent to 40 mg/kg) with concomitant intrathecal MTX/hydrocor-
tisone (HC), and Stage III/IV patients showing a complete response (CR) at 21 days 
were given a further three doses together with intrathecal MTX/HC. After this CR 
was observed in 83 of 176 evaluable patients (47%), and EFS was 33% at 18 months 
with a TRM of 7% for CPM monotherapy. The authors commented that in compari-
son with the Hesseling Malawi results their approach was hampered by advanced 
disease and a lower standard of supportive care  [  51  ] .  

 There have been many studies performed to investigate the augmentation of a 
basic CPM backbone with other agents in the African setting. The most commonly 
used additional agents are vincristine (VCR) and methotrexate (MTX). The major-
ity of the earlier studies were hampered by the inherent dif fi culties of conducting 
useful studies in situations where consistency of recruitment, treatment, supportive 
care and follow-up are very dif fi cult. There are now a number of studies aimed at 
addressing this issue  [  52  ] . An example is a multicentre prospective study set in 
Cameroon, using a pragmatic response and stage-based regimen that builds on the 
backbone of the Hesseling et al.  [  12  ]  Malawi 28-day  fi rst-line and subsequent 
relapse protocols (Fig.  6.9 ). In this approach, after the initial “core” courses of che-
motherapy, children with known advanced disease (St Jude stage III or IV) or 
incomplete response on either clinical examination or abdominal ultrasound receive 
either additional CPM or additional agents (VCR and 1 G/m 2  MTX). In another 
multi-centre African study, INCTR are investigating a risk strati fi ed 3 or 6 cycles of 
COM (cyclophosphamide, vincristine and methotrexate) as a  fi rst-line regimen with 
intrathecal cytotoxics followed by a secondline regimen of 4 cycles of ifosfamide, 
etoposide and cytosine arabinoside for children with incomplete responses or 
relapse within 3 months of completion of  fi rst-line therapy. The progression to inte-
gration of  fi rst-line and relapse strategies in a more seamless way is common to both 

  Fig. 6.8    Twenty-eight-day treatment schedule for eBL in Malawi       

 



110 E. Molyneux et al.

these studies and the French African Cooperative Group (GFAOP) work. The 
approach used in the Traoré et al. study was to proceed to second-line chemotherapy 
if there was not a complete response at 21 days (1 week earlier than in the Hesseling 
Cameroon study). This consisted of two courses of COPM (CPM 1.5 g/m 2  over 
3 days, vincristine, prednisone and 3 G/m 2  HD MTX with intrathecal MTX/HC) 
followed by two courses of CYM (low-dose cytarabine arabinoside, 3 G/m 2  HD 
MTX and further intrathecal MTX/HC and cytarabine arabinoside). Including the 
initial CPM monotherapy, Traoré et al. were able to demonstrate an overall survival 
(OS) of 50.5% with a total TRM of 14%. In the context of countries where the total 
health expenditure per capita is under 30 US dollars per year, the average cost of 
treatment per patient, in this protocol, of 685 US dollars is problematic.  

“Cameroon 2008 protocol” (Katayi 09, Hesseling 10)

Risk group 1: St Jude stages I & II in CCR

Risk group 2: St Jude stage III or stage unconfirmed in CCR ± abdominal tumour!
30ml @ D29

Risk group 3: St Jude stage IV, all patients not in CCR or with abdominal tumour"
30 ml @ D29

Induction (all stages)
Day 1 8 15 22 29

CPM ! ! !
40mg/kg iv/po

MTX/HC ! ! !
12.5mg IT

Consolidation (Risk group 1)
Day 29 36 43 57 65

CPM !
60mg/kg iv/po

Consolidation (Risk group 2)
Day 29 36 43 57 65

CPM ! !
60mg/kg iv/po

Consolidation (Risk group 3)
Day 29 36 43 57 65

CPM ! ! !
60mg/kg iv/po

VCR ! ! !
1.5mg/m2 iv

MTX !
1.0g/m2 iv

  Fig. 6.9    Cameroon protocol for endemic Burkitt’s lymphoma       
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 The alternative approach to building on to the most basic CPM-based regimen is 
to modify one of the “gold standard” protocols currently used in resource-rich set-
tings. Again, there have been a number of studies where this approach has been 
investigated. Following the  fi rst African Continental Conference of the International 
Society of Paediatric Oncology (SIOP) in 1994, the regimen used in Malawi was 
based on Lymphome Malins de type B (LMB) ‘89 Group B therapy, with omission 
of doxorubicin and reduction in CPM and high-dose MTX doses. In 44 patients 
with St Jude stage I–III disease this achieved a 1-year projected EFS of 57%, but at 
the expense of 23% TRM  [  53  ] . Reduced-dose LMB/Berlin-Frankfurt-Munster 
(BFM) protocols have been more successful in less resource-poor settings, but the 
spectre of signi fi cant (>10%) TRM is ever present. The GFAOP has tested a variety 
of reduced-intensity LMB-based regimens. Harif et al.  [  54  ]  describe two regimens 
in a total of 306 children after 37 children had been excluded (reasons being, among 
others, very limited stage disease, disease too advanced to be treated and parental 
refusal). The lower intensity regimen (GFA 2001) produced results not dissimilar to 
the initial Malawi experience with an EFS of 55.6% and TRM of 28.3%. The higher 
intensity regimen (MAT) used in the more experienced Moroccan units gave an 
EFS of 75.2%, but still with an undesirable TRM of 15.1%. Subsequent GFAOP 
studies have attempted to further modify the MAT regimen to minimise TRM  [  55  ] . 
Modi fi ed Berlin-Frankfurt-Munster (BFM) protocols used in central and south 
America now give somewhat better outcomes with EFS of above 80% and TRM 
<10%. These centres have made a greater number of iterations to achieve these 
results and are possibly better resourced (Table  6.6 ). In a retrospective analysis of 
the non-modi fi ed use of the French American British LMB 96 in Pakistan, Ahmad 
et al. demonstrate the hazards of not adapting to local circumstances. Over a 12-year 
period, they treated 122 consecutive children under 18 years of age with mature 
B-cell non-Hodgkin lymphoma (NHL), including 95 (78%) with BL. Despite unre-
stricted access to diagnostic facilities and antibiotics comparable with resource-rich 
settings, the EFS was 55% at 5 years with 30% TRM and 24% loss to follow-up. 
The authors attributed the difference between their results and those in the FAB/
LMB ‘96 study to late presentation, poor nutritional state and delays in recognition 
of potential infection during treatment  [  56  ] . 

 It might be thought that simply omitting or reducing the doses of drugs that have 
signi fi cant potential for morbidity and mortality without appropriate supportive 
care would be suf fi cient to design a protocol for middle-income countries. Cytotoxics 
that are commonly modi fi ed or omitted are high-dose methotrexate (HD MTX), 
high-dose cytosine arabinoside (HD Ara-C), etoposide (VP16), cyclophosphamide 
(CPM) and doxorubicin (Dox). HD MTX is a particular example of a cytotoxic drug 
that can be relatively well tolerated if there is good supportive care and the ability to 
measure blood levels in a timely and accurate manner. The potential for harm or 
death if mistakes are made with the doses commonly used for advanced disease in 
LMB (8 G/m 2 ) or BFM (5 G/m 2 ) schedules is large. Experience of relatively lower, 
but still “high”, doses of MTX in settings where the measurement of blood levels to 
guide folinic acid (FA) rescue therapy can be done has shown that 3 G/m 2  or less 
may be used safely as long as a cautious  fl uid and FA regimen is adhered to strictly 
 [  57  ] . Other studies suggest that there are factors other than dose intensity alone to 
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consider. The experience of the treating unit, together with factors discussed in the 
supportive care section of this chapter, and local patient factors such as malnutrition 
all play their part  [  58  ] .  

   Supportive Care 

 Adequate and timely supportive care, even if not as intense as in high income coun-
tries, is essential. This should include measures to prevent and manage tumour lysis 
syndrome (hyper-hydration, allopurinol and rarely frusemide). It is essential to be 
able to manage malaria, fevers, oral candidiasis and herpetic ulceration. Anti-emetics, 
for example metoclopramide, are needed to prevent nausea. Blood must be available 
for transfusion and analgesia of varying strengths. A protocol for the rapid institu-
tion of antibiotics for fever is vital. A “fever guideline” needs to empower nurses to 
initiate therapy without having to wait for a clinician. The choice of antibiotics 
should be informed by local bacterial patterns of antimicrobial resistance. 

 Central lines are rarely used in sub-Saharan Africa. They are expensive, require 
operative placement and need meticulous, aseptic handling. This means that chil-
dren have frequent venous sampling for full blood counts, and when febrile, for 
blood cultures. Finger pricks are carried out to make thick blood  fi lms to look for 
malarial parasitaemia. It is not surprising if children are traumatised by frequent 
blood sampling and intra-thecal injections. It is important to do these as frequently 
as necessary but not unnecessarily. The fact that central lines are not in place also 
means that the causative agents of bacteraemia tend to be similar to those found in 
other community-acquired infections and not the line-induced non-pathogens of 
well resourced settings. 

 Oral tumours can be ulcerated on presentation and may have superimposed 
secondary infections. The infection causes pain and an offensive smell. Liquid met-
ronidazole (or powder from crushed metronidazole tablets) swilled around the 
mouth reduces the pain, controls the infection and as chemotherapy is given and the 
tumour regresses, the problem resolves. 

 Nutritional support can be a major need. Malnourished children have reduced 
immunity, increased risk of infection and increased risk of surgical complications 
and mortality  [  59  ] . Malnutrition is also associated with more severe chemotherapy-
related neutropenia  [  29,   60  ]  (Table  6.7 ). Hospital food is often inadequate and par-
ents are far from home. Children may be anorexic because of the disease or the 
drugs and oral sores make swallowing painful. Many mothers fear naso-gastric 
tubes (as a sign of poor prognosis) and will not allow their children to have one 
inserted making it necessary to rely on high calorie oral foods. One such food is a 
peanut based, high density, ready-to-use therapeutic food (RUTF) with added 
micronutrients. It has a calori fi c value of 540 kcal per 100 g which means that a 
small quantity can provide good nutritional support, essential in the anorexic child. 
Furthermore it tastes good and children like it  [  61  ] .  
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 Pain control is vital. The WHO ladder for pain management guides therapy  [  62  ] . 
Oral morphine is cheap and should be available to the children who need it. 
Unfortunately, availability of morphine in low-income countries is still often a 
problem, due to several reasons such as import regulations and inappropriate fear of 
addiction. Not all children will be cured and many will bene fi t from palliative care. 
Members of the palliative care team should be part of the core clinical team for 
cancer care. In our units we do ward rounds together and the palliative care team has 
the time to counsel families, to give pain control, to assist with transport home or 
communicate with distant relatives. They take part in the care of many of the children 
who will eventually do well, but at critical times in the hospital stay they may have 
needed, for example, extra time, pain control, mouth care or bladder training. 

 There is urgent need to treat retro-orbital masses as increasing pressure on and 
distortion of the retinal vessels may lead to blindness, orbital ischaemia and loss of 
the eye.  

   Monitoring Treatment 

 Children require high  fl uid intake immediately prior to and during the time they 
receive chemotherapy. This is especially important when there is a large tumour 
load. Careful monitoring of  fl uid input and urine output is required. Body tempera-
ture should be checked at least twice a day. 

 Full blood counts and differentials need to be done regularly. At a minimum 
they should be done before each cycle of treatment and the absolute neutrophil 
count should be greater than 500 cells × 10 6 /mm 3  for chemotherapy to be given. 
The haemoglobin level, neutrophil count and platelet count may all fall and require 
chemotherapy to be delayed or show the need for a blood transfusion. Ideally liver 
function tests and urea and electrolytes should also be monitored regularly, though 
this may not be possible in some centres. 

 Daily physical examination should be carried out looking for signs of pallor, 
infection, oral mucositis or bleeding. Evidence of peripheral neuropathy is uncommon 
with the use of vincristine but constipation and jaw pain are common complaints 
when it is given. 

 Some children may develop diarrhoea or typhlitis requiring appropriate rehydra-
tion and antibiotics. Others may have nausea and vomiting and will need  fl uids and 

  Neutropenia in Malnourished children with eBL  

 Malnourished  Odds ratio   p  value 
 Neutropenic episodes  1.4(0.5 to 3.7)  0.5 
 Profound neutropenia  12(1.5 to in fi nity)  0.01 
 Prolonged neutropenia  5.9 (0.7 to in fi nity)  0.1 
 Febrile neutropenia  3.0 (0.6 to 28)  0.2 
 Death  3.6 (0.4 to in fi nity)  0.3 

   Table 6.7    The association of 
malnutrition and neutropae-
nia in Malawian patients with 
Burkitt’s lymphoma   
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encouragement to receive an adequate intake of  fl uids and calories. Naso-gastric 
feeds may be indicated though many mothers fear their placement as a sign of dete-
riorating well being of their child.  

   Complications 

 Burkitt’s lymphoma tumours are very chemo-sensitive which means that with che-
motherapy large tumours will rapidly get smaller producing large quantities of cell 
debris and waste products that are excreted through the kidneys. If hydration is 
inadequate and renal protection is not provided with a drug such as allopurinol, 
there is the risk of acute tumour lysis syndrome. In this syndrome the kidneys are 
damaged by high uric acid and phosphate loads; urine output is reduced and renal 
failure ensues. Intracellular potassium is released in to the blood with cell destruc-
tion and if serum potassium levels rise rapidly, ventricular  fi brillation and cardiac 
arrest can occur with a sudden unexpected death shortly after starting chemother-
apy. The prevention of tumour lysis syndrome in BL in resource-rich settings has 
been much improved with the availability of uric oxidase. Unfortunately the cost is 
prohibitive to its use in resource-poor settings. 

 Leucopenia makes a child vulnerable to infection and any fever must be identi fi ed 
and treated early. Mucositis is painful and makes feeding dif fi cult. It also exposes 
the child to invasive infections. Anaemia and/or thrombocytopenia, if severe, will 
require blood transfusion and platelet transfusions if they are available. Children 
should sleep under bed nets on the ward and be kept well away from the children 
admitted with infections.  

   Outcomes 

 Outcomes are dependent on the stage of disease at presentation, the intensity of 
treatment given and the completion of a full course of treatment. Failure to complete 
treatment is a major problem in many places where endemic Burkitt’s lymphoma is 
common. Guardians—usually the mothers—are far from home, may not have 
expected to be in hospital for long periods of time and have little  fi nancial means to 
make long journeys to and from hospital and home. 

 Stage 4 disease (in the CNS or bone marrow) has a long-term survival rate of 
about 10%; Stage One has a good prognosis in about 80–90% of cases. 

 Malnourished children may not tolerate the more intense regimens of chemo-
therapy and succumb to infections. Many children who present with paraplegia and 
incontinence will sadly not recover function; especially if their symptoms were 
present for several weeks prior to treatment. Nevertheless there are some children, 
who against all the odds, do very well and regain mobility and continence. It is 
always worthwhile to treat with the hope that such a recovery will be achieved. On 
discharge from hospital all children should be encouraged to sleep under a bed net 
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and to receive cotrimoxazole prophylaxis for the  fi rst 4–8 weeks at home. Children 
with eBL are usually followed up for 1 year post treatment. If they remain disease 
free during this time period they are considered cured.  

   Relapse 

 The frequency of relapse will depend on the stage of presentation and the intensity 
of  fi rst-line treatment given. There are some tumours that do not respond to treat-
ment or respond very little, and this is probably due to genetic factors that are not 
evident clinically. In the 178 patients given CPM monotherapy by Traoré et al., 83 
achieved complete remission and of these, 23 relapsed (28%). Relapses principally 
occur within 6–12 months after diagnosis, as illustrated by the event-free survival 
curves found by Hesseling et al. (Fig.  6.10 ). Once the eBL patient is over a year 
beyond diagnosis and start of treatment, risk of relapse is less than 5%, as illustrated 
when children were still in complete remission a year after treatment in a study with 
long-term follow up reported from Ghana  [  63  ] . Relapses occur at the original site or 
not infrequently in the central nervous system, especially if CNS prophylaxis is 
suboptimal. In resource-rich countries, the treatment options for relapsed disease 
are restricted to high-dose myeloablative chemotherapy followed by allo- or auto-
graft. Where CPM monotherapy or similar  fi rst-line chemotherapy has been used, 
there are various possible approaches using further CPM together with additional 

  Fig. 6.10    Kaplan–Meir curve of event-free survival (0    treatment failed,         censored)       
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agents such as MTX, cytarabine arabinoside, etoposide and Ifosfamide/MESNA. 
Recent and ongoing eBL study methodologies and outcomes are summarised in 
Table  6.6 . Depending on the setting 23–36% of relapsed or refractory disease may 
be salvaged after CPM monotherapy.   

   Play and School 

 Lengthy hospital stays are not conducive to happiness unless efforts are made to 
prevent children and parents getting bored and homesick. A play lady is a very 
important addition to the caring team. She can play with the children, help them 
with reading, writing, puzzles or drawing. She distracts them from discomfort or 
the anticipation of painful procedures. She can often talk with and listen to the 
older, (adolescent) child who is  fi nding the whole business of illness, hospital stay, 
treatment and loss of self-control dif fi cult and distressing. 

 School work for the older children keeps them up to date with their peers at 
school back at home and occupies the children. Limited and supervised television 
viewing is appreciated by both the children and their parents. 

 We have found that giving the guardians a small amount of money to go and buy 
some foodstuffs to cook together over the weekends is enjoyed, builds a community 
spirit, makes a change from the monotonous hospital diet and helps pass the time.  

   Future Directions 

 Future directions in treatment depend partially on general medical developments 
in endemic BL areas. If these improve, then access to health care with a reduction in 
late presentation with advanced disease, and improved supportive care will result in 
the possibility to deliver intense treatments. Ideally, one would hope that children 
will present earlier, in a better nutritional status and that improvement of supportive 
care would allow treatments comparable in intensity to treatments in high-income 
countries. 

 As the situation is now in many endemic areas, future directions should be sought 
that will bene fi t all children admitted to the hospital which include improvement of 
diagnostic facilities (ultrasonography, pathology, blood test and blood cultures). 
The same is true for improvement of palliative care that will be of wide bene fi t. 

 A few directions are foreseeable that are speci fi c to Burkitt’s lymphoma treat-
ment. One is further risk-strati fi ed treatment, attempting to avoid treatment-related 
mortality and also providing more intense treatment to those children who need it to 
survive (e.g. stage IV and resistant disease). With time, targeted therapy (e.g. ritux-
imab) with reduced toxicity may become available at affordable prices and prove to 
be ef fi cacious with tolerable toxicity in less resourced settings. Other options are 
to use adjuvant therapy such as sodium phenylbuturate. Sodium phenylbutyrate 
induces EBV lytic replication in susceptible B-lymphocyte cultures and may 
increase chemosensitivity to chemotherapy  [  64,   65  ] .      
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            Introduction 

 There were, for about three decades and until the association and characterization of 
HIV/AIDS malignancies, two categories of Burkitt’s lymphoma: endemic and non-
endemic. The latter was described soon after the former. However, these two share 
many characteristics but vary in proportions and extent of the major de fi ning fea-
tures. Indeed the initial characteristics of the non-endemic Burkitt’s lymphoma were 
epidemiological and could have  fi tted as a subclass of the Burkitt’s disease due to 
exhibiting only proportions of the initially described entity.  

   Historical Perspective 

 There are clues that what is known to us today as BL was described as early as the 
turn of the twentieth century. In 1904, Sir Albert Cook described lesions of malignant 
tumors. While in Mengo Hospital in Uganda, he saw a little Mohammandan child 
with large malignant tumor. 

 The child’s clinical description and the drawings    are said to be still available in 
his clinical records, which are contained in case records of Mengo Hospital. 

 Early African carvings suggest that a tumor of similar descriptions had been 
present in the equatorial Africa for a long time. In Nigeria, case of round cell tumor 
in the jaw, orbit, and ovary was described in 1934. 

 In Lorenza Marquez, plaster models of patients who obviously had BL also sug-
gested the existence of the tumor in Mozambique sometime long before Denis 
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Burkitt’s description of lymphomatous lesions, which may have been BL. Several 
reports emanating from Ghana, Rwanda, Burundi, Cameroon, and other countries of 
the present central Africa States suggest the existence of BL decades prior to the initial 
description by Burkitt’s. In 1948 Davis made remarks on the undue frequency of the 
tumor of reticuloendothelial system in Uganda. In 1953, lymphosarcoma of the ovary 
in young girls was described by Capponi, while Thjis in 1957 drew attention to the    
prevalence of neoplasma of the reticuloendothelial system in the Congo, now 
Democratic Republic of Congo. In the same year Burkitt’s  fi rst, now historic descrip-
tion, de fi ned the tumor as a round cell sarcoma recognizable by certain features and 
he stressed the high frequency of the tumor in children, but also pointed out that simi-
lar tumors were found in the abdominal viscera. After Burkitt’s publication, numerous 
reports appeared in other parts of the world describing similar lymphomatous growths 
that were henceforth referred to as Burkitt’s tumor. These culminated in the descrip-
tion in the two well-described types. It is not quite clear whether some of these early 
descriptions were all typical Burkitt’s as it has now emerged that the distinctions 
purely on geographical and clinical parameters are not absolute. Indeed intermediate 
forms are described in some tropical countries and Brazil’s series attest to this group. 
Purists would therefore use the terms African and American types for endemic and 
non-endemic BL, respectively, to avoid the gray area of possible intermediate type.  

   Current Concepts 

 Burkitt’s lymphomas (BL) are malignant lymphoproliferative disorders. The French 
America British (FAB) cooperative group classi fi ed it as: high-grade malignant 
lymphoma, small cell, non-cleaved cell, diffused, malignant lymphoma. Little has 
changed in concept since these founding descriptions by Denis Burkitt’s in 1958 
and subsequent years by others. The observations lead to the consolidation into 
syndromes. The major ones include a peculiar age distribution, an unusual and char-
acteristic anatomical distribution, and a limited geographical distribution which is 
unrelated to genetic factors. Since then, it has been demonstrated that the disease 
has typical catogenesis, cytologic, histologic, immunologic, biologic, clinical, and 
geographic distribution. For the non-endemic Burkitt’s lymphoma (NEBL) features 
are usually contrasted and compared with endemic or African BL. The commonly 
notable synonyms are non-African, American (ABL), non-endemic (NEBL) 
temperate climate, non-tropical, atypical, and non-classical Burkitt’s lymphoma. 
The majority would use either American-type Burkitt’s lymphoma (ABL) or NEBL.  

   Geo-Demographic Features 

 Geographical characteristics of BL are the most distinctive features of this disease. 
Generally the sporadic forms are predominantly found in the temperate regions. 
There are, however, geographical regions, for example Brazil, a country that lies 
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within the tropical latitudes that has features intermediate types of BL distribution. 
Comparatively, BL is rare in the temperate regions. In Europe, North and South 
America and Oceanic Age Standardized Rates (ASRs) in most populations are less 
than 1 per million in many countries. In the USA, malignant lymphoma accounts for 
only 10% of pediatric malignancies, being third in relative frequency after acute 
leukemia and brain tumors with BL comprising approximately 1–2% of all children 
tumors, and about one- fi fth of childhood non-Hodgkin’s lymphoma. The rate among 
US whites is approximately 2 per million, while that of the blacks is at 1.1 per mil-
lion and accounts for only between 2.9 and 9.3% of all childhood cancers in coun-
tries of North America. American series vary also according to the investigating 
teams. Data from the Surveillance Epidemiology and End Results (SEER) study of 
the National cancer institute show an overall annual incidence of 1.4 per million 
among white male and 0.4 per million among white female between. 

 Other temperate countries also document nearly similarly low rates. In the con-
tinent of Asia, the levels are low and vary from country to country. For example in 
Japan, reported by Aya Hanai Isaburo Fujimoto on the age group 0–14, the ASR 
was 0.07 and with Crude Incidence (CI) of 0.07, while that of Seoul Korea Cancer 
Registry CI of 10   . Kuwait Cancer registry, CI of 7.3, Philippines, Manila and Rizal 
Cancer registry CI was 0.3 and Singapore Cancer registry reported no BL. 
Nonetheless European experience with BL varies from one country to another. 
Danish Cancer registry estimates CI of 2.3. Finland cancer registry reported no BL 
till after 2000. Since then case reports show that 4–5 cases of Burkitt’s lymphoma 
tumor are registered annually. While the national registry of childhood tumors, for 
England and Wales approximates CI of 0.5 and their counterpart in the United 
Kingdom Scotland had a CI of 0.4. The temperate regions in the in the Southern 
Hemisphere; Australian pediatric cancer registry documented CI of 1.8. 

   Age 

 The non-Hodgkin’s lymphomas as a group account for about 7% of cancers in 
persons under 20 years of age. The BL constitute less than half of these lymphomas, 
for example Epidemiology and End Results (SEER) study of the National Cancer 
Institute show overall cases span a broad age group and only half were children. The 
mean age of onset is about 12 years. It accounts for a minor percentage of adult 
lymphoma, and its peak incidents occur in second and third decades of life.  

   Gender 

 The sporadic BL has an overall ratio of male to female of 3.5:1 but vary from one 
region to another. The USA, it is more common in male than in female children. 
Seoul Korea Cancer Registry documents M: F of 1:3 European experience with BL 
also showed some variations. Danish Cancer registry recorded M: F 1.6:1. While 
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the national registry of childhood tumors, for England and Wales M: F 3:2. Data 
from the Surveillance Epidemiology and End Results (SEER) study of the National 
Cancer Institute show an overall annual of 1.4 per million among white male and 
0.4 per million among white female between 1973 and 1981. In the Southern 
Hemisphere, Australian pediatric cancer registry shows M: F of 3:2. In Japan, 
reported by Aya Hanai Isaburo Fujimoto on the age group 0–14, M: F of 2:1.   

   Chromosomal 

 There are chromosomal translocations associated with BL disease. The sporadic 
form demonstrates these features only to some extent. The primary chromosome 
anomaly is the translocation t (8; 14) (q24; q32), found in 60–70% of the cases. 
Variant translocations having in common an 8q24 break, i.e., the t (8; 22) (q24; q11) 
and t (2; 8) (p12; q24) occur in approximately 10–15% and 2–5% of the cases, 
respectively. A minority of cases may carry a duplication of chromosome 1, involving 
the 1q21-25 segment as the only detectable chromosome lesion. 

 A common translocation t(8;14) and the consequent c-myc rearrangement and 
overexpression have been identi fi ed in BL. However, some not very strict associa-
tions between S m  and S a  recombination was identi fi ed at 14q32, with near 5’ or 
intronic c-myc recombination at 8q24. It seems probable that BL is composed of a 
mixture of molecular types and that the incidence of each subtype might depend 
upon environmental factors.  

   Cytology 

 Cytological features consistently found in slide preparations of tumor aspirates or 
tumor imprints stained by hematological stains include medium size lymphoid 
cells exhibiting no or very little morphologic heterogeneity, small to moderately 
plentiful bluish cytoplasm and some nuclear vacuoles. The blast cells in the periph-
eral blood and bone marrow display a basophilic cytoplasm with characteristic 
vacuolization, a picture indistinguishable from acute lymphoblastic leukemia 
(ALL) L3 of the FAB classi fi cation, which represents the leukemic counterpart of 
BL –type/like.  

   Histology 

 The features are characterized by monomorphic neoplastic lymphoid cell with inter-
spersed histiocytes creating the typical starry sky appearance pattern. The lym-
phoma consists of a monomorphic in fi ltrate of the lymph node by medium-sized 
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cells showing round nuclei with several nucleoli and basophilic cytoplasm. 
Numerous benign macrophages confer a histologic pattern referred to a starry sky. 
Involvement of the peripheral blood and bone marrow may occur.  

   Immunology 

 The cell markers are of B-cell characteristics. The malignant cells express surface 
immunoglobulins M (lgM) almost always in association with either the kappa or the 
lambda light chains. Also these cells express HLA-DR antigens and frequently 
express CALLA antigens and do not contain TdT a marker for T-cells.  

   Viral Linkage 

 The etiology of BL remains speculative but it is one of those malignancies for which 
the etiologic hypothesis has been focused on an infective agent based on its geo-
graphical pattern. The EBV determinants tend to be negative in the sporadic or 
American population with BL. Biopsy specimens from NEBL contain the EBV 
genome in only 15–20% of the cases. Other features noted are that only one-third or 
less of the American BL had an association with EBV, and 20% apparently had 
never even been infected with EBV. Ziegler 1981 had reported similar data earlier 
from non-endemic cases. Overall, the reported risk factors for BL in the industrial-
ized countries may be quite different. Perhaps, the more recent observation on the 
occurrence of BL in conjunction with infection of which about 35–40% was also 
EBV positive. 

 Differences observed between ethnic groups in Singapore where the Chinese 
appeared to have a delayed infection rate compared to the Indians. A report from 
Brazil shows intermediate EBV markers between the regions of endemic and spo-
radic forms. Thus the proportion of cases of BL associated with EBV is lower in 
areas of low and intermediate incidence of the lymphoma and the subtypes of the 
virus involved may differ.  

   Clinical Manifestations 

 It is notable that due to the initial anatomic sites involved the sporadic BL is a highly 
aggressive disease with a propensity to invade the bone marrow and CNS, with a 
reported incidence of 30–38% and 13–17% of cases, respectively. Lymph nodes 
involvement is more common among adults than children. The jaw is infrequently 
involved in sporadic Burkitt’s and the abdomen is the most common site, particu-
larly the terminal ileum, cecum, and intra-abdominal lymph nodes. However, other 
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anatomical sites namely the ovary, kidney, pancreas, liver, omentum, Waldeyer’s 
ring, and breast are often involved. Breast involvement is observed almost exclu-
sively in girls at the onset of puberty and in lactating women. 

 One-third of the patients have B symptoms at presentation, unexplained fever 
higher than 38 °C in the prior month, weight loss greater than 10% in the past 
6 months, and recurrent drenching night in the prior month. Patients with abnormal 
diseases usually present with abdominal mass or pain, bowel obstruction, gastroin-
testinal bleeding, or a syndrome mimicking acute abdomen and constituting onco-
logic emergency. 

 The presentation is with abdominal swelling, often in the area of the ileocecal 
valve. About 90% of American children with Burkitt’s lymphoma have abdominal 
tumors. Others may develop tumors in the testes, ovaries, skin, nasal sinuses, or 
lymph nodes. In adults, Burkitt’s lymphoma frequently produces a bulky abdomen 
and may involve the liver, spleen, and bone marrow. Terminal BL disease often pres-
ents with bone marrow involvement. Other commonly encountered anatomic sites 
are liver, retroperitoneal nodes, and ultimately stomach and intestines and the only 
exceptionally involved sites are lymph nodes. Infrequent sites of involvement are 
bone, breasts, thyroid, parotid, and skin. Head and neck manifestations of Burkitt’s 
lymphoma in less than a quarter of the reported cases and usually present as cervical 
adenopathy. Usual this subset with lymphoma of the head and neck presents with 
extranodal disease of the soft tissues or bone of the face.  

   Signs and Symptoms 

 The primary sites and other involved anatomical tissues generate the presenting 
features. This type of BL often affects the bowel and the lymph nodes in abdomen, 
causing symptoms such as pain, feeling sick, and diarrhea. It can sometimes cause 
intestinal obstruction and may in some cases be the initial presentation. Lymph 
nodes in the chest or throat can cause obstruction in these site, while different signs 
and symptoms depends on the part of the body involved by the BL. It may involve 
the bone marrow, spleen, and liver. Sometimes it may have already spread to the 
brain and spinal cord. BL often affects the bowel and the lymph nodes in the abdo-
men, causing symptoms such as pain, feeling sick, and diarrhea. BL can cause dif-
ferent symptoms depending on where else in the body it has spread. It may involve 
the bone marrow, spleen, and liver. Sometimes it may have already spread to the 
brain and spinal cord manifesting with central nervous signs and symptoms. It 
should be borne in mind that BL often presents as an emergency associated with 
abdomen obstruction, rupture of the viscera, peritonitis, central nervous system, 
brain, and spinal cord sudden affections, and rarely urinary tract acute obstructions. 
Most of these will also manifest with symptoms, known as B symptoms, include 
sweating at night, unexplained high temperatures, and weight loss. 
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 Extensive involvement of the stomach may cause pain, vomiting on eating, and 
complicate with hematemesis. Two of these demonstrated abnormalities of CT 
examination manifested by either thickening of the gastric wall or thickening of the 
gastric folds, but the lesions are less well shown than the upper gastrointestinal 
series. Posterior mediastinal extension along the esophagus can exhibit with both 
abdominal and chest symptoms. Diffuse involvement of the upper abdomen mani-
fest by obstructive symptoms in the paraesophageal region and partially obscured 
concomitant pleural effusion. 

 Tumor masses involving the pelvis may cause pain and mass effects on the tis-
sues of rectum and urinary system. 

 Intra-abdominal tumors complicate with ascites, obstruction, infection, and may 
mimick a variety of diseases.  

   Ascites 

 Ascites is present on about 24%. Peritoneal tap in many instances has malignant BL 
cells. The ascites are generally mild to moderate in extent. Radiological examina-
tion usually required to de fi ne the location of small amounts of ascites particularly 
in the pararectal fossae. In larger ascetic collections tumor may be obscured. Massive 
ascites render discrimination of intra-abdominal masses extremely dif fi cult, but 
such a quantity of ascites  fl uid. Usually ascites is associated with abnormal pelvis 
masses in most cases and concomitant pleural effusion is present in over 70% of 
such cases. Also a combination of ascites  fl uid and disseminated peritoneal neo-
plasm is found in most of the cases  

   Retroperitoneal 

 Retroperitoneal involvement, excluding kidney, is tend to accompany abdominal 
involvement. Diffuse retroperitoneal disease with anterior displacement of the kid-
ney with unilateral hydronephrosis. In addition psoas mass and iliac adenopathy are 
commonly encountered  fi ndings.  

   Liver 

 Hepatic involvement is demonstrated usually before spleen in many cases. Lesions 
tend to be solitary in early phases of the disease.  
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   Non-endemic Sites Commonly Involved Anatomical Sites    

 Site  Percentage 

 Abdomen  25.4 
 CNS  11.4 
 Jaw  11.4 
 Breast  20.2 
 Lymph nodes  11.4 
 Miscellaneous  20.2 

 100 

   Miscellaneous  sites include: skeletal system, bone, thyroid gland, and oral pharyngeal     

   Spleen 

 Of the tissues of the reticuloendothelial system spleen is rarely involved with 14% 
of patients having splenomegaly. In normal-sized spleen a focal lesion similar to 
lesion visualized in the liver is present.  

   Renal 

 Involvement of the kidneys is frequent and the enlargement when present represents 
BL involvement of the kidneys. In most cases the kidneys are mildly enlarged. Some 
of the cases in addition have unilateral primary renal involvement with perirenal 
extension. Encasement of the ipsilateral ureter by massive retroperitoneal neoplasm 
can lead to hydronephrosis. 

 Cases with massive tumor quickly lead to nephropathy. In most cases there is 
clinical evidence of elevated serum uric acid levels and decreased creatinine 
clearance.  

   Chest 

 Occasionally patients have mediastinal masses. The anterior mediastinal mass with 
a right cervical mass. A posterior mediastinal mass was an upward extension of a 
diffusely in fi ltrating upper abdominal mass and was manifested by widening of the 
posterior mediastinum. Pleural effusions are noted in some cases and these are asso-
ciated with ascites. No pleural or parenchymal masses, or hilar adenopathy is 
observed to accompany these chest changes.  
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   Miscellaneous 

 Bone lesion involving the right posterior iliac bone, the lower limb particularly the 
tibia, and the humerus is observed in about 4% of cases. Massive inguinal adenopathy 
and extending into the soft tissue of the thigh evolve rapidly in these cases.  

   Associations of Commonly Involved Anatomical Sites 

 There is apparent association between age and anatomic primary sites of the disease, 
although the feature is not as remarkable in non-endemic BL. The salient features are 
that stage A predominates in the early years 3–7. While from 8 to 15 years of age 
there is visible decrease in the stage A proportions. At 14 years the least is stage A 
with 11 %. In all age groups stage B is the least. Stage C appears to be increasing in 
proportion from age 5 years and 9 years and a rise again with a peak at I2 years fol-
lowed by a slight decline and a rise. Stage D clearly shows a rising trend with advanc-
ing years. Starting with 20% at age 3 followed by 33% at 4 years, 39% at 10, peaks 
at 14 with 55% after the age of 16 years the predominant stages are C and D. 

 When all sites are considered at an initial evaluation and use of sensitive meth-
ods to detect involvement there are 38 sites and site combinations. Overall, in 63% 
are single sites consisting of any of the abdomen, maxilla, breast, mandibles, thy-
roid, oral pharyngeal, or skeletal involvement. In 37% of instances, more than ana-
tomic site will be found involved. However, in adult cases there is no demonstrable 
actual single or isolated mandible, maxilla, skeletal, or miscellaneous sites as in 
those less than 16. 

 In adults the proportions of all involved sites, the order are abdomen, breast, 
miscellaneous and lymph nodes 11.4%, breast 20.2%, miscellaneous and lymph 
nodes 9.1%, in all there are seven sites involved compared to those in less than 
16 years old. Furthermore in this age group the proportion distribution from lymph 
node enlargement is noted. Also observed are comparatively high CNS 11.4% pro-
portions. Although BL in adults tend to present with more and diffuse site involve-
ment, the breast has only occasionally been detected; however, cervical lymph node 
involvement is infrequent.  

   Staging 

 The most common system of staging for non-Hodgkin’s lymphomas (NHL’s) in 
adults and children, including Burkitt’s lymphoma are the St Jude and Ann Arbor 
staging system for children and adults, respectively, describe how many groups of 
lymph nodes are affected, where they are in the body and involvement of other body 
organs such as the central nervous system, bone marrow, or liver is involved. 
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  Stage I : The lymphoma is either limited to one group of lymph nodes either above or 
below the diaphragm, or is in an organ or part of the body other than the lymph nodes. 

  Stage II : The lymphoma is either in two or more lymph node groups on the same 
side of the diaphragm, or is in only one organ or site other than the lymph nodes but 
also involves surrounding lymph nodes. 

  Stage III : The lymphoma is present in groups of lymph nodes on both sides of the dia-
phragm. It may involve an organ or site outside the lymph nodes, the spleen, or both. 

  Stage IV : The lymphoma is disseminated with more organs outside the lymph nodes 
involved. There may or may not be involvement of lymph nodes that are remote 
from the affected organs. 

 In all the NEBL is a severe disease, affects older children and the adult popula-
tions. There are usually few or no stage A and B. The dominant stages are D and C. 
Indeed, the duration to presentation is shorter in stages C and D. The stages A and 
B tend to be detected at much earlier time due to conspicuousity of the sites. 

 It is fair to foresee more information coming about sporadic Burkitt’s lymphoma 
and  fi nal  fi nding of signatures that will obviate the descriptions in terms of largely 
geographical and clinical basis.      
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      Introduction 

 In the World Health Organization (WHO) classi fi cation of lymphoma three distinct 
clinical variants of Burkitt’s lymphoma (BL) are recognized—endemic or classical 
BL, which is discussed in Chap.   6    ; sporadic BL discussed in Chap.   7    ; and herein 
epidemic or AIDS-related or other immunode fi ciency-associated BL  [  1  ] . In 1981, 
the appearance in homosexual men of  Pneumocystis carinii  pneumonia on the 
West Coast and Kaposi’s sarcoma on the East Coast in the USA heralded the onset 
of the AIDS epidemic  [  2,   3  ] . A year later the  fi rst cases of non-Hodgkin’s lym-
phoma were described and it was soon appreciated that Burkitt’s and Burkitt’s-like 
and other high-grade lymphoma were seen in markedly increased incidence in this 
setting  [  4–  6  ] . Accordingly, the case de fi nition for AIDS surveillance immediately 
re fl ected the occurrence of B-cell and other indeterminate immunophenotypic non-
Hodgkin’s lymphoma including the cases of Burkitt’s and Burkitt’s-like lymphoma 
as meeting criteria for index AIDS-de fi ning neoplasms by the U.S. Centers for 
Disease Control and Prevention  [  7  ] . Today Burkitt’s and Burkitt’s-like lymphoma 
represent signi fi cant causes of morbidity and mortality in patients with underlying 
HIV infection especially in the world’s AIDS epicenters. Given this backdrop, this 
chapter will focus on the natural history of AIDS-associated BL in the resource-rich 
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(e.g., western world) versus the resource-constrained setting (e.g., sub-Saharan 
Africa), which presents special challenges to all types of investigators from epide-
miologists, cancer virologists and researchers, physicians and other members of the 
health-care team taking care of these patients  [  8  ] .  

   Epidemiology 

 Present estimates are that nearly 4% of AIDS patients in the USA have cancer and 
compared to the general population, HIV-infected individuals have a 77-fold 
increased risk of developing non-Hodgkin’s lymphoma  [  9  ] . Despite a decline in 
incidence over the years, non-Hodgkin’s lymphoma is now the most common malig-
nancy diagnosed and most common cause of cancer mortality in HIV-infected indi-
viduals in the USA  [  9,   10  ] . Recent estimates in the USA also con fi rm that 5.5% of 
diffuse large B-cell lymphoma and 19.4% of BL cases occurred among persons with 
AIDS  [  11  ] . These lymphomas appear to be more common in males than in females, 
regardless of antiretroviral use, and there now appears to be a trimodal age-speci fi c 
incidence pattern for BL in the USA, with the middle-age peak largely composed of 
cases with AIDS  [  9,   12  ] . After the widespread implementation of highly active anti-
retroviral therapy (HAART)/combination antiretroviral therapy (cART) [more con-
temporaneous terminology], the risk of non-Hodgkin’s lymphoma decreased 
initially, especially in the western world, and has essentially remained stable since 
 [  13–  15  ] . While distribution and access to cART in AIDS epicenters of the world 
such as sub-Saharan Africa is improving, the overall impact of such therapy on the 
incidence of AIDS-associated lymphoma including BL is less apparent. Until cART 
is widely disseminated and routinely available in sub-Saharan Africa, AIDS-related 
lymphoma and BL and other intermediate to high-grade lymphomas in particular 
remain signi fi cant causes of morbidity and mortality in this region of the world as well. 

   AIDS-Related Burkitt’s Lymphoma in the Western World 

 Burkitt’s lymphoma historically has been a rare tumor in the industrialized world. 
It is presently highly associated with AIDS, and among HIV-infected patients is on 
the order of 100-fold or higher incidence than in patients without HIV infection  [  9, 
  16,   17  ] . For the most part there is consistent epidemiologic data from prospective 
cohort and retrospective studies in the USA and Europe that the overall incidence of 
AIDS-related BL has either remained stable or declined from the pre-HAART to 
current HAART (cART) therapeutic eras  [  18–  23  ] . In the large international collab-
orative study reported in 2000 on HIV infection and cancer [across three conti-
nents—United States, Europe, and Australia (notably Africa excluded) comprising 
nearly 48,000 HIV-infected cases and 2,702 tumors] there was no evidence that the 
incidence of BL had changed over time, though admittedly the number of BL cases 
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was small  [  18  ] . In the EuroSIDA cohort, small retrospective German and Los 
Angeles, California studies the incidence of BL was reported to have decreased over 
time  [  19–  22  ] . A single 2001 study in France, however, reported a trend (not statisti-
cally signi fi cant,  p  = 0.17) of increased proportion of AIDS-associated BL cases 
from 17.7% in the pre-HAART to 26.8% in the HAART era  [  23  ] .  

   AIDS-Related Non-Hodgkin’s Including Burkitt’s 
Lymphoma in Sub-Saharan Africa 

 In Uganda there is considerable published data from the Kampala Cancer Registry, 
which is the most mature tumor registry on the African continent. In 1989–1991, a 
decade after the onset of the AIDS epidemic, Kaposi’s sarcoma was the most com-
mon cancer in men, the second most frequent in women, and there was a 40-fold 
increase in children  [  24,   25  ] . By the mid-to-late 1990s the incidence of non-Hodg-
kin’s lymphoma had risen and it was recognized that HIV infection was signi fi cantly 
associated with increased risk of non-Hodgkin’s lymphoma with an OR of 6.2 (95% 
CI 1.9–19.9)  [  26,   27  ] . Through 2002 the Uganda AIDS-Cancer Registry Match study 
reported that the increased risk of AIDS-de fi ning neoplasms Kaposi’s sarcoma, 
non-Hodgkin’s lymphoma and cervical cancer remained high in HIV-infected cases 
 [  28  ] . Hodgkin’s disease, an EBV-associated disease, was also noted for the  fi rst time 
to be seen in increased incidence in patients with underlying HIV infection  [  29  ] . 
By 2006, while the incidence of Kaposi’s sarcoma declined in men, remained rela-
tively constant in women, and rates of pediatric disease declined by a third, and the 
burden of AIDS-associated cancers, especially non-Hodgkin’s lymphoma (precise 
histopathological characterization and speci fi cally BL was not published) and cer-
vical cancer, remained high  [  29  ] . A period prevalence study conducted in Nairobi, 
Kenya between1992 and 1996 clearly identi fi ed a threefold increase in the incidence 
of adult BL that was attributable to HIV infection  [  30  ] .   

   Pathogenesis 

 The pathogenesis of lymphoma in the setting of underlying HIV infection is complex 
 [  8,   31  ] . There is likely an interaction between host factors—such as accompanying 
progressive immunode fi ciency, which is the hallmark of untreated HIV infection—
and molecular and genetic alterations, which may occur  de novo  or result from co-
infection with EBV or human herpesvirus-8/Kaposi’s sarcoma herpesvirus (KSHV) 
(see Table  8.1 ). Progressive immune suppression, chronic antigen stimulation, and 
resultant B-cell proliferation—initially polyclonal and proceeding to oligoclonal 
and monoclonal lymphoid expansion—are important for lymphomagenesis. 
Associated immune activation and dysregulation of cytokine modulatory pathways 
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(especially interleukin-6 and interleukin-10); altered  bcl-6 ,  p53 , and c- myc  oncogene 
expression and coexisting viral infection(s) have all been implicated in the patho-
genesis of lymphoma in this setting as well  [  32–  40  ] . A proposed molecular and 
histogenic model of AIDS lymphoma pathogenesis identi fi es four major pathways 
 [  32  ] . In the  fi rst, BL is characterized by mild immunode fi ciency, germinal center-
derived B-cells, multiple genetic lesions, and a highly proliferative tumor. Large 
cell (centroblasts) and immunoblastic (immunoblasts) lymphoma, associated with 
intermediate immunode fi ciency, are comprised of post-germinal center B-cells, 
which can be distinguished on the basis of  bcl-6  expression (large cell) and LMP-1 
expression (immunoblastic). Primary CNS lymphoma can be considered a variant 
of immunoblastic lymphoma with severe immunode fi ciency and ubiquitous asso-
ciation with EBV infection. Lastly, a fourth pathway is AIDS-associated primary 
effusion lymphoma, caused by KSHV infection and frequently associated with EBV 
infection as well.  

   Pathogenic Mechanisms in AIDS-Related Burkitt’s Lymphoma 

 A de fi ning feature of BL is the presence of a translocation between the c- myc  gene 
and the  IgH  gene (found in 80% of cases [t(8;14)]) or between c- myc  and the gene 
for either the kappa or lambda light chain ( IgL ) in the remaining 20% [t(2;8) or 
t(8;22), respectively]  [  41  ] . Other speci fi c lymphoma-associated translocations, such 
as  IgH / bcl-2  and translocations involving  bcl-6 , are absent. In endemic BL, the 
breakpoint in c- myc  is more than 100 kb upstream from the  fi rst coding exon, and 
the breakpoint in the  IgH  gene is in the joining segment. In sporadic and AIDS-
associated BL, the breakpoint in c- myc  is between exons 1 and 2, and the breakpoint 
in  IgH  is in the switch (S m ) region, suggesting a different pathogenesis and that 
neoplastic transformation affects B cells at different maturational stages for these 

   Table 8.1    Immunological, molecular, and virological pathogenic determinants of AIDS-related 
lymphoma   

 Burkitt’s/
Burkitt-like 

 Large cell 
(centroblasts) 

 Immunoblastic 
(immunoblasts) 

 Primary CNS 
lymphoma 

 CD4 lymphocyte 
count 

 Usually normal to 
mild decrease 

 Decreased  Decreased  <50/ m L 

 Relationship with 
germinal center 

 Germinal center 
B-cells 

 Germinal center 
B-cells 

 Post germinal 
center B-cells 

 Post germinal 
center B-cells 

 Histogenic pro fi le  Ki67+ (very high 
proliferative 
index) 

 Bcl-6+/MUM1–/
CD138– 

 Bcl-6–/MUM1+/
CD138+ 

 Bcl-6–/MUM1+/
CD138+ 

 Molecular markers 
  c-myc  >65–100%  30%  (−)  (−) 
  LMP-1  (−)  (−)  65–75%  90% 
  p53  50–60%  Rare  Rare  No data 
 EBV infection  30–50%  30%  >90%  100% 
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subtypes of BL  [  42  ] . There is evidence that the frequency of the c- myc  translocation 
from chromosome 8 onto regulatory elements of immunoglobulin genes is increased 
in asymptomatic HIV-infected individuals compared to those who are not infected 
 [  43  ] . It has also been demonstrated that activation-induced cytidine deaminase (AID), 
an enzyme essential for antibody diversity in B cells, is markedly elevated in periph-
eral blood mononuclear cells of HIV-infected individuals who went on to develop 
non-Hodgkin’s lymphoma compared to HIV-seronegative controls, with the highest 
levels seen in BL cases  [  44–  46  ] . While increased c- myc  translocation as well as AID 
over-expression appear to be demonstrably increased in HIV-infected individuals, 
the precise molecular events contributing to these cellular changes are unknown.  

   Degree of Immunosuppression in AIDS-Related Burkitt’s 
Lymphoma 

 While immunode fi ciency-associated BL occurs mainly in HIV-infected patients, it 
also occurs in allograft recipients (mostly solid organs but recipients of stem cells are 
rarely affected as well) and individuals with congenital immunode fi ciency  [  47–  49  ] . 
In the post-transplant setting, mean interval to onset of lymphoma in one series was 
reported as 4.5 years  [  49  ] . It is known that the degree of immune suppression is less 
in patients who develop AIDS-related BL compared to other histologic subtypes of 
non-Hodgkin’s lymphoma in this setting  [  21,   22,     50–52  ] . The degree of immunosup-
pression in patients presenting with AIDS-related lymphoma, especially diffuse large 
B-cell lymphoma, has clearly lessened over time (i.e., median CD4+ lymphocyte 
counts are higher in the current cARV era), while median CD4+ lymphocyte counts 
in patients with AIDS-associated BL have largely remained unchanged  [  21,   22  ] . 
Numerous studies from sub-Saharan Africa have not reported an increase in endemic 
BL in HIV-infected children (the exception is a study reported by Newton et al.  [  27  ] ); 
and not infrequently a decline in BL incidence has been observed with childhood 
HIV infection  [  53–  57  ] . Taken together these observations are inconsistent with the 
notion that BL evolves in the backdrop of severe immunode fi ciency that accompa-
nies underlying HIV infection. Accordingly, it has been hypothesized that perhaps 
aberrant dysregulation of the immune response favoring a T-helper 2 (TH-2) domi-
nant cytokine-driven pro fi le that is stimulated by prolonged EBV-hyperproliferation 
of B-cells versus a weakened cell-mediated T-helper 1 (TH-1) pro fi le that results in 
impaired tumor surveillance may be pathogenic  [  58  ] .   

   Pathologic Features 

 With respect to morphology, the WHO Classi fi cation describes classic BL and two 
variants: Burkitt’s lymphoma with plasmacytoid differentiation and atypical 
Burkitt’s/Burkitt-like lymphoma  [  1  ] . Classic BL is found in cases of endemic BL 
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and most cases of sporadic BL affecting children but in only a minority of adults 
with sporadic and immunode fi ciency-associated BL. Neoplastic cells are uniform 
and medium-sized (their nuclei are no larger than the nuclei of admixed histiocytes), 
with round nuclei and several or multiple small basophilic nucleoli with moderately 
abundant cytoplasm. The classic “starry sky” pattern is derived from macrophages 
engul fi ng highly proliferative tumor cells. Burkitt’s lymphoma with plasmacytoid 
differentiation and atypical BL both tend to have greater nuclear pleomorphism 
than classic BL, and both tend to have a smaller number of more prominent nucleoli. 
The plasmacytoid variant is highly associated with AIDS, makes up 20% of cases 
of non-Hodgkin’s lymphoma, and in addition has monotypic cytoplasmic immuno-
globulin. Atypical BL is further characterized by the translocation t(8;14)(q24;q32) 
or one of its variants, or rearrangement of the c- myc  gene. Burkitt’s lymphoma, 
regardless of subtype, typically expresses monotypic surface IgM; pan-B-cell anti-
gens, including CD19, CD20, CD22, and CD79a; and co-expresses CD10, bcl-6, 
CD43, and p53, but not CD5, CD23, bcl-2, CD138, or TdT  [  39,   40  ] . The  sine qua 
non  is a proliferative fraction (e.g., Ki67) of essentially >95–100%; accordingly, 
the doubling time of the tumor is very short, between 24 and 48 h. Rare cases have 
been reported that lack surface immunoglobulin, including some occurring in 
allograft recipients  [  49,   59  ] . The immunophenotype suggests germinal center origin 
for this lymphoma. Chapter   2     provides additional details about the diagnosis and 
pathology of BL.  

   Clinical Manifestations 

 It was recognized early into the AIDS epidemic that the clinical course of AIDS-
related non-Hodgkin’s lymphoma was much more aggressive than patients without 
HIV infection. In general, AIDS-related non-Hodgkin lymphoma is characterized 
by higher grade (40–60%), extranodal disease (80%), advanced clinical stage 
(60–70%) often presenting with B symptoms (i.e., unexplained fever, night sweats, 
and weight loss in excess of 10% of normal body weight); and shortened survival 
(median 7–8 months) when compared with lymphomas in HIV-seronegative or 
indeterminate patients  [  8,   60  ] . At the time of clinical presentation prior to the 
cARV era, the median CD4 lymphocyte count was 100/ m L. In the cARV era, 
patients are less immune suppressed with median CD4 lymphocyte counts ranging 
between 150 and 200/ m L and higher. It is not uncommon for patients with AIDS-
related BL to present with signs and symptoms of tumor lysis syndrome. In addi-
tion, the incidence of leptomeningeal involvement at the time of diagnosis of 
AIDS-related non-Hodgkin’s lymphoma and over the course of disease appears to 
be declining as well. This could be attributable to the altered natural history of 
underlying HIV infection in the cARV era and perhaps less predominance of high-
grade histologies (off-set by increase in intermediate-grade large-cell lymphoma). 
Though high-grade histology, especially BL, and lymphomas that harbor EBV, 
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with bone marrow or disease involvement that impinges on or near the CNS such 
as paranasal sinuses and paraspinal masses are more likely to have leptomeningeal 
involvement  [  8,   60–  62  ] . There remains a clear male predominance in AIDS lym-
phoma in the USA but in other regions of the world most affected by the epidemic 
such as sub-Saharan Africa, there is nearly an equal distribution of cases in men 
and women. This is re fl ective of the predominant heterosexual transmission of HIV 
infection in developing countries. 

   Presentation of AIDS-Related Burkitt’s Lymphoma 
in Sub-Saharan Africa 

 Recent studies in Uganda have included a case–control study of non-Hodgkin’s 
lymphoma (31 adult and 61 pediatrics cases identi fi ed between 1994 and 1998), and 
two others have reported the clinical characteristics and outcome of pediatric 
Burkitt’s lymphoma (228 cases identi fi ed between 1994 and 2004) and adult non-
Hodgkin’s lymphoma (154 cases excluding BL identi fi ed between 2004 and 2008) 
in the backdrop of HIV infection for the  fi rst time  [  57,   63,   64  ] . In the case–control 
study, 92 cases had full phenotyping and documentation of EBV status, which were 
considered validated  [  57  ] . Burkitt’s lymphoma and large B-cell lymphomas repre-
sented 71% of adult and BL represented 92% of pediatric cases validated, respec-
tively  [  57  ] . EBV was present in 35% of adult of whom 34% were HIV-infected (vs. 
20% of controls); and EBV was present in 91% of pediatric cases, of whom 4.9% 
were HIV-infected (vs. 5% controls)  [  57  ] . In another study of children with Burkitt’s 
lymphoma, nearly one-third of cases were HIV-infected, the median age was 
6.9 years, and over 60% were male  [  63  ] . HIV-infected children presented with more 
advanced stage, signi fi cant extrafacial (e.g., especially lymphadenopathy) and 
thoracic disease  [  63  ] . 

 A Kenyan period prevalence study of adult BL in the backdrop of AIDS 
observed that the proportion of men (60%) was similar in HIV-seropositive ver-
sus seronegative cases; HIV-seropositive cases were signi fi cantly older at diag-
nosis (35 vs. 19.5 years); HIV-seropositive cases uniformly presented with B 
symptoms and advanced BL accompanied by diffuse lymph node involvement 
and extranodal presentations as well (see Figs.  8.1  and  8.2 ) as well  [  30  ] . What 
was striking in this study was the complete sparing of peripheral lymph nodes in 
HIV-seronegative adult BL cases, which is reminiscent of the “typical” pattern of 
clinical presentation in endemic disease. It was concluded that inclusion of 
AIDS-related BL in the differential diagnosis of the adult patient with unex-
plained fever and lymphadenopathy, which is often associated with  Myobacterium 
tuberculosis  and sexually transmitted diseases in Kenya and other parts of sub-
Saharan Africa, warrants consideration. The corollary is that HIV infection is 
virtually excluded in an adult patient without peripheral lymphadenopathy and 
biopsy-proven BL  [  30  ] .     
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  Fig. 8.1    Extensive 
peripheral lymphadenopathy 
and wasting in a Kenyan man 
with AIDS-related biopsy-
proven Burkitt’s lymphoma       

  Fig. 8.2    A Kenyan woman 
with AIDS-related biopsy-
proven Burkitt’s lymphoma 
of the breast       
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   Diagnosis and Staging 

 The diagnosis of AIDS-related non-Hodgkin’s lymphoma including BL is estab-
lished by pathological con fi rmation of malignant lymphoma on biopsy material of 
involved lymph node(s), bone marrow, or other extranodal site(s) and should include 
immunohistochemistry for con fi rmation of CD20 B-cell status of the tumor to guide 
selection of rituximab. In the resource-challenged setting diagnosis of BL is often 
made on  fi ne needle aspiration of peripheral lesions alone and the inherent chal-
lenges of this approach are discussed in Chap.   2    . Heightened clinical suspicion upon 
careful history taking for underlying risk behaviors for acquisition of HIV infection 
and physical examination for clinical signs and stigmata of HIV disease are critical 
to properly diagnose and sort out any association of HIV infection and malignant 
lymphoma. Routine HIV antibody testing is performed in patients with newly diag-
nosed non-Hodgkin’s lymphoma. 

 Patients with AIDS-related BL are best staged according to the Ann Arbor stag-
ing criteria, which is adopted as an international staging classi fi cation scheme for 
non-Hodgkin’s lymphoma  [  65  ] . Other staging schemes for endemic BL are dis-
cussed in this text (see Chap.   6    ). Clinical staging builds upon careful history and 
physical examination and incorporates laboratory investigations (including com-
plete blood cell count and differential; serum electrolytes and chemistries, including 
lactate dehydrogenase with particular attention to metabolic parameters that are 
indicative of tumor lysis syndrome); body computed tomography of neck, chest, 
abdomen, and pelvis; ( 18 FDG)-positron emission tomography; bone marrow aspiration 
and biopsy; and examination of the cerebrospinal  fl uid for cytology and  fl ow 
cytometry. Brain magnetic resonance imaging may help discern evidence of CNS 
involvement and echocardiography or other assessment of left ventricular function 
is obtained given the likely use of doxorubicin or other anthracycline-containing 
combination chemotherapy regimen. Lastly, assessment of HIV infection includes 
HIV serology, baseline determinations of CD4+ lymphocyte counts and HIV-1 
plasma RNA levels (i.e., viral load). 

   Clinical Staging of AIDS-Related Burkitt’s Lymphoma 
in Sub-Saharan Africa 

 In sub-Saharan Africa, reliance on physical examination is all the more important 
given the relative lack of computed tomography, magnetic resonance imaging, and 
positron emission tomography  [  8,   66,   67  ] . Although understaging of patients when 
compared to western and more resource-rich settings is likely this is, however, 
balanced by initial presentation at more advanced stages of disease than occurs in 
developed countries  [  66  ] . In this setting, physical examination becomes a reason-
able and reliable instrument of assessment. In most situations, patients will also 
undergo chest radiography, abdominal ultrasonography, bone marrow aspiration 
biopsy, and cerebrospinal  fl uid cytology  [  66  ] .   

http://dx.doi.org/10.1007/978-1-4614-4313-1_2
http://dx.doi.org/10.1007/978-1-4614-4313-1_6
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   Therapeutic Approach 

 Endemic BL was one of the  fi rst malignancies shown to be curable with cytotoxic 
chemotherapy  [  68–  71  ] . Sporadic and immunode fi ciency-associated BL do not share 
endemic BL’s exquisite sensitivity to chemotherapy, so that historically the progno-
sis has been poor, particularly among adults. Short-duration, high-intensity chemo-
therapy, sometimes combined with CNS prophylaxis, yielded excellent survival in 
children: patients with localized disease have a >90% 5-year survival rate  [  72  ]  and 
children with widespread disease (including leukemic presentation) may achieve a 
>90% complete response rate (CR), with an event-free survival rate at 4 years of 
65% in patients with leukemic presentation, and 79% for those presenting with 
stage IV lymphoma reported in one series  [  73  ] . When similar aggressive chemo-
therapeutic regimens have been administered to adults, good outcomes have been 
achieved, with CR rates of 65–100% and overall survival (OS) rates of 50–70% 
 [  74  ] . The institution of the CODOX-M/IVAC regimen (Magrath protocol)—two 
cycles of CODOX-M (cyclophosphamide, vincristine, doxorubicin, high-dose 
methotrexate, and intrathecal therapy) alternating with IVAC (ifosfamide with 
mesna, etoposide, high-dose cytarabine, and intrathecal therapy)—for high-risk 
disease, and for those with low-risk disease (e.g., one extranodal site or completely 
resected abdominal disease with normal LDH), three cycles of CODOX-M, repre-
sented a major step forward in the treatment of BL. Children and adults treated with 
this regimen had similar outcomes; the EFS rate at 2 years was 92% for the group 
as a whole  [  74  ] . The Dana-Farber Cancer Institute has treated patients with a 
modi fi ed Magrath regimen, aimed at decreasing toxicity while maintaining good out-
come  [  75  ] . In this modi fi cation, the schedule of fractionated cyclophosphamide was 
altered and the vincristine dose was capped, but the dose of doxorubicin was escalated. 
In this cohort, there were no treatment-related deaths, one instance of severe mucositis, 
and no severe neurotoxicity. The 2-year event-free survival rate was 64% for all 
patients, 100% for low-risk patients, and 60% for high-risk patients  [  75  ] . Rituximab, a 
monoclonal anti-CD20 antibody, may improve outcome; a study of a small series from 
the M.D. Anderson Cancer Center used rituximab in conjunction with hyper-CVAD 
(hyperfractionated cyclophosphamide, vincristine, doxorubicin, and dexamethasone), 
with CNS prophylaxis, and achieved a CR rate of 89%; most patients had advanced-
stage disease, and some were HIV-infected  [  76  ] . This backdrop provides the context 
for the evolution of treatment for AIDS-associated BL. 

 At the outset of the AIDS epidemic it was readily apparent that patients did not 
tolerate more aggressive or dose-intensive systemic therapy despite presenting with 
high-grade tumors including AIDS-associated BL and more advanced stage of dis-
ease when compared to HIV-seronegative or indeterminate cases of non-Hodgkin’s 
lymphoma; all patients were generally treated in a similar manner regardless of 
histologic subtype; and prognosis was most dependent on the degree of immuno-
suppression with patients having demonstrably poorer outcomes with CD4+ lym-
phocyte counts <100/ m L  [  8,   60,   77–  79  ] . Thus, initial approaches incorporated 
dose-modi fi ed chemotherapeutic strategies, which over the  fi rst 15 years of the 



1418 AIDS-Associated Burkitt’s Lymphoma

 epidemic proved equally ef fi cacious and markedly less toxic, especially with dimin-
ished myelotoxicity  [  80,   81  ] . It was also recognized that infusional versus bolus 
chemotherapy strategies (e.g., CDE—cyclophosphamide, doxorubicin, and etopo-
side or EPOCH—etoposide, prednisone, vincristine, cyclophosphamide, and doxo-
rubicin) yielded better CR rates and survival outcomes  [  50,   82  ] . What is also 
intriguing by the published experience with infusional EPOCH regimen was the 
strategy of suspension of antiretroviral therapy over the course of chemotherapy to 
avoid increased risk of drug–drug interactions, potential for increased toxicity, and 
to enhance overall patient compliance  [  50  ] . The chemotherapy was also dose-
adjusted on the basis of CD4 lymphocyte count in an attempt to individualize ther-
apy. While this strategy (to suspend antiretroviral therapy) did not result in adverse 
clinical outcome (i.e., HIV-1 viral load and CD4 lymphocyte counts returned to 
baseline by 3 and 12 months, respectively), it should be carefully considered and 
requires larger, multi-center clinical trial(s) to  fi rmly establish this approach. The 
role of rituximab has also been established in HIV-infected patients with CD20+ 
B-cell lymphomas despite initial observations (the addition of rituximab to stan-
dard-dose CHOP led to increased infectious complications and deaths attributable 
to sepsis) reported by the NCI-sponsored AIDS Malignancy Consortium (AMC 010 
study)  [  83  ] . Con fi rmatory studies conducted by the AMC and others have proven 
the safety of adding rituximab to cytotoxic chemotherapy regimens for AIDS-
related non-Hodgkin’s lymphoma, including cases of BL and BL-like subtypes 
(reviewed in  [  60,   84  ] ). Only recently, however, it has been recognized that in the 
cART era indeed outcomes are different between subtypes of AIDS lymphoma (see 
Fig.  8.3 ) and that patients with higher grade tumors, and BL in particular, do much 
worse and need to be treated with more aggressive systemic chemotherapy regi-
mens  [  22  ] . It is no longer appropriate to treat all cases of AIDS-related lymphoma 
as constituting a single disease entity and into “one therapeutic basket” but rather 
lymphoma-speci fi c features, especially tumor grade and likely other molecular 
markers in the not too distant future (e.g., CD20 and IRF4/MUM1-positive immu-
nohistochemistry) need to guide the selection of chemotherapeutic regimens. In the not 
too distant future viral therapeutic targets will likely emerge in the clinic as well.  

 Recent reports of aggressive chemotherapy regimens speci fi cally for AIDS-
associated BL are now appearing  [  85,   86  ] . The French LMB86 protocol [which is a 
complex poly-drug cytotoxic chemotherapy containing regimen incorporating: (1) a 
cytoreductive phase with COP immediately followed by; (2) induction with two 
courses of COPDAM with doxorubicin and high-dose methotrexate; (3) consolida-
tion phase with two courses of high-dose cytarabine and etoposide; and  fi nally, (4) 
a maintenance phase with four courses of reduced dosages of the prior drugs] 
reported a 70% CR rate, median overall survival duration of 14.2 months, and 
2-year disease-free and overall survival rates of 67.8 and 47.1%, respectively  [  85  ] . 
There were 7 (11%) treatment-related deaths, all patients experienced severe myelo-
toxicity, and 11 patients relapsed out of the 63 patients treated between November 
1992 and January 2006. Low CD4+ lymphocyte counts and ECOG performance 
status of >2 were poor prognostic factors. Patients with 0 or 1 factor had a 60% 
2-year survival rate, which contrasted with the 12% of patients who survived 
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2 years with both adverse prognostic factors  [  85  ] . The AMC recently reported its 
preliminary observations in 33 patients recruited from September 2006 to July 2010 
incorporating further modi fi cations of the Magrath regimen (R-CODOX-M/IVAC) 
for AIDS-associated BL  [  86  ] . In this study there was an acceptable safety and toxic-
ity pro fi le [39% of patients had grade 3 or 4 myelotoxicity, 61% had any grade 3 or 
4 toxicity, there were 6 (18%) treatment-related deaths]; a 81.7% 1-year survival 
rate with a median survival duration of 35 months. The group also reported improved 
outcomes in patients whose tumors where IRF4/MUM1-positive, which is indicative 
of a post-germinal center activated B-cell negative by immunohistochemistry  [  86  ] . 
The rationale for several treatment modi fi cations to the Magrath regimen speci fi cally 
considered for AIDS-associated BL included: inclusion of rituximab for BL as a 
CD20+ lymphoma with high likelihood of improved ef fi cacy without added toxic-
ity; institution of infusion schedules of ifosfamide and etoposide rather than bolus 
administration given mounting evidence of improved outcomes with this strategy 
especially highly proliferative tumors and in HIV-infected patients; lessening toxicity 

  Fig. 8.3    First published report, albeit a retrospective study, of AIDS-related non-Hodgkin’s 
lymphoma that demonstrated different survival outcomes among patients with intermediate grade 
(DLCL) and high-grade (BL) histology: ( a ) survival of all patients and ( b ) survival of patients 
treated with curative intent by pathologic type in the cART era;  BL  Burkitt’s lymphoma and  DLCL  
diffuse large-cell lymphoma  [  22  ]        
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by reducing the dose of methotrexate (from total dose of 5,520 to 3,000 mg/m 2 ) 
while maintaining CNS penetration and during the CODOX-M portion of the regimen 
from day 10 (time of anticipated nadir) to day 15; and reducing neurotoxicity, which 
is especially troublesome to HIV-infected patients due to underlying HIV neuropa-
thy or polypharmacy, by establishing a  fi xed ceiling dose of vincristine to a maxi-
mum of 2 mg. While comparative trials of BL chemotherapy regimens for patients 
with and without HIV infection have not been reported, the AMC experience appears 
to be less myelotoxic with improved overall survival duration. Further follow-up of 
this encouraging report are awaited. 

   Therapeutic Approach to AIDS-Related Burkitt’s Lymphoma 
in Sub-Saharan Africa 

 There are limited published reviews on the clinicopathological spectrum of lym-
phoproliferative diseases encountered in this part of the world with or without the 
backdrop of underlying HIV infection and therapeutic outcome, including both 
prognostic and predictive indicators. Often these reviews focus more on the adop-
tion of therapeutic approaches from the developed world that may or may not be 
suitable for the sub-Saharan African setting or report clinical experience in patients 
that are not HIV-infected (in a review from Cape Town, South Africa less than 2% 
of 512 consecutively treated lymphoma patients seen at a private sector academic 
center were HIV-infected)  [  87–  90  ] . 

 Other published reports have clearly identi fi ed the challenges in administering 
dose-intense chemotherapy to children with endemic Burkitt’s lymphoma in other 
parts of sub-Saharan Africa [e.g., Malawi and International Society of Paediatric 
Oncology (SIOP) network], where 1-year event-free survival is 57% and treatment-
related mortality is on the order of 30%, which contrasts with at 90% 1-year EFS 
rate in Europe and markedly diminished treatment-related mortality attributable to 
the requisite supportive care in the resource-rich environment to sustain children 
through prolonged periods of dose-intense myelosupppression  [  91–  93  ] . In addition, 
a Ugandan study reported that the median survival of those patients presenting with 
non-Hodgkin’s lymphoma in whom mortality status was con fi rmed was 2 months; 
of these 32% were HIV-seropositive; and median survival among patients with HIV 
infection receiving antiretroviral therapy was comparable to those without HIV 
infection  [  64  ] . In the majority of instances these patients were treated with standard 
CHOP combination chemotherapy and dose-adjusted CHOP based on CD4 lym-
phocyte count (<200 cells/ m L) in HIV-infected patients  [  64  ] . Another Uganda study 
of pediatric BL reported that while treatment response rates ( £ 70%) were similar 
regardless of HIV-serostatus, median survival (11.79 months) in HIV-infected 
children was less than HIV-negative/indeterminate children (median survival not 
reached in HIV-negative children)  [  63  ] . In this report, no details were reported on 
the types of chemotherapy administered to these children. Inherent challenges 
remain in the administration of chemotherapy, supportive care, and follow-up of 
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patients with non-Hodgkin’s lymphoma in Uganda, which is akin to other resource-
challenged areas in sub-Saharan Africa including anecdotal reports from Kenya 
with an established pediatric oncology unit  [  8,   64,   67,   94  ] . 

 Given this backdrop the  fi rst prospective clinical trial of AIDS-related non-
Hodgkin’s lymphoma in sub-Saharan Africa utilizing a dose-modi fi ed oral chemo-
therapy regimen was reported in 2009  [  66  ] . Important outcomes in 49 patients 
treated on this trial included overall objective response rate of 78%, median event-
free and overall survival times of 7.9 months (95% CI, 3.3–13.0 months) and 
12.3 months (95% CI, 4.9–32.4 months), respectively; and 33% of patients survived 
5 years  [  66  ] . The regimen was well tolerated, had modest effects (decline) on CD4+ 
lymphocyte counts ( p  = 0.077), and had negligible effects on HIV-1 viral replica-
tion. Four febrile neutropenia episodes (5% of cycles) and three treatment-related 
deaths (6% mortality rate) occurred. Importantly there was demonstrable activity in 
patients with high-grade tumors including three cases of veri fi ed AIDS-associated 
BL with survivals of 7.2, 12.3, and 14.8 months  [  66  ] . It was concluded that dose-
modi fi ed oral chemotherapy is ef fi cacious, has comparable outcome to that in the USA 
in the pre-cART setting, has an acceptable safety pro fi le, and subsequent projects 
should focus on strategies to optimize combination antiretroviral therapy and 
chemotherapy and follow-up tissue diagnostic and correlative studies. The NCI-
sponsored AIDS Malignancy Consortium plans shortly to launch a successor trial 
(AMC 068 protocol) of the dose-modi fi ed oral regimen in sub-Saharan Africa 
(in Eldoret, Kenya; Harare, Zimbabwe; Johannesburg, South Africa; and Kampala, 
Uganda) in which all patients will be treated with cART and the chemotherapy will 
be extended from a total course of 12–18 weeks (total of three cycles of therapy 
instead of two as in the original study). In the sub-Saharan setting, dose-modi fi cation 
of CHOP combination chemotherapy and/or utilization of more intensive chemo-
therapy regimens (including dose modi fi cation thereof) for AIDS-associated BL, 
especially patients with CD4+ lymphocyte counts <100 cells/ m L seems prudent 
depending on drug supply and provision of supportive care in this setting  [  8,   66,   94  ] . 
It may also be clinically prudent to initiate antiretroviral therapy for patients once 
stabilized after their  fi rst course of chemotherapy if they are indeed cART naïve at 
time of BL diagnosis to limit potential risks of noncompliance with oral cART regi-
mens and the nausea, vomiting seen with chemotherapy and the inherent debility of 
patients at time of presentation especially those with BL involvement of the gastro-
intestinal tract.   

   Summary and Ways Forward 

 AIDS-associated BL remains a signi fi cant cause of morbidity and mortality in 
HIV-infected patients. Since 1996, the treatment of HIV infection with cART has 
dramatically impacted patient outcomes with markedly improved overall survival, 
improved immune reconstitution and near complete suppression of HIV-1 viral rep-
lication. We have come full circle in treating AIDS-associated BL in the western 
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world from less myelotoxic dose-modi fi ed strategies at the outset of the epidemic 
to more dose intense therapeutic regimens greatly afforded by improvements in 
antiretroviral therapy, better tolerance to cytotoxic chemotherapy, and incorporation 
of the CD20+ directed monoclonal antibody rituximab into front-line regimens. 
In the setting of widely accessible cART, it is imperative that the therapeutic 
approach be tailored to the subtype of lymphoma (e.g., BL and other high-grade 
subtypes versus diffuse large B-cell lymphoma and other intermediate-grade sub-
types) rather than approaching AIDS-related lymphoma as a single disease entity. 
There is also less reliance on the prognostic impact of level of CD4+ lymphocyte 
counts at diagnosis in the current cART era. Identifying new agents, optimizing 
treatment within the context of cART, and determining biologic and virologic cor-
relates of disease pathogenesis and of response to therapy in patients with AIDS-
associated BL remain research priorities. 

 In sub-Saharan Africa and other developing countries, which bear the greatest 
burden of AIDS-associated BL, challenges still abound and concerted efforts need 
to be made to improve care in this setting. Clinical research should be prioritized so 
as to determine the best way to manage this disease by improving diagnostic capa-
bility and identifying pragmatic and better risk-adapted approaches for treatment 
and patient care. At the same time there are unprecedented opportunities for trans-
lational research to interrogate viral oncogenic pathways given the inherent increased 
rates of co-infection with viral pathogens such as HIV, EBV, and KSHV among others 
so unique in this part of the world. This may yield innovative viral-targeted thera-
peutic strategies and new insights into prevention efforts of AIDS-associated and 
other viral tumors in this setting altogether.      
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         Introduction 

 Diffuse large B-cell lymphoma (DLBCL) represents the most common type of 
B-cell non-Hodgkin lymphoma (B-NHL) in the adult, comprising 30–40% of all 
new diagnoses and including cases that arise de novo as well as cases that result 
from the clinical evolution of more indolent B-NHL types (most commonly, follicu-
lar lymphoma and chronic lymphocytic leukemia)  [  1,   2  ] . While remarkable advances 
have been made over the past decade in our ability to diagnose and treat this disease, 
DLBCL remains an important clinical problem, with at least one-third of patients 
not being cured by currently available therapeutic approaches, including combina-
tion immuno-chemotherapy  [  3  ] . Such incomplete success is explained in part by the 
heterogeneity of these tumors, which can be appreciated from a morphologic, phe-
notypic, genetic, and clinical standpoint. Indeed, gene expression pro fi le studies 
along with more recent genomic analyses have revealed the existence of several 
molecularly distinct DLBCL subtypes that re fl ect either the origin from B cells at 
various stages of differentiation or the coordinated expression of comprehensive 
transcriptional signatures. The identi fi ed subgroups not only differ in the expression 
of speci fi c gene signatures, but also seem to rely on separate oncogenic mecha-
nisms. Moreover, distinct phenotypic subtypes have been associated with different 
overall survival rates. Collectively, these observations provided a molecular frame-
work for the development of rationally targeted therapeutic approaches. This chapter 
will focus on the molecular pathogenesis of the most common subtypes of DLBCL, 
with emphasis on the mechanisms of genetic lesion and on the nature of the involved 
genes/pathways in relationship with the normal biology of lymphocytes.  
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   The Cell of Origin of DLBCL 

 Analogous to most other B-NHLs, DLBCL derives from the malignant transformation 
of mature B cells that have experienced the germinal center (GC) reaction and have 
undergone unique DNA modi fi cation events in order to produce highly ef fi cient 
neutralizing antibodies. Thus, a fundamental concept for the understanding of the 
pathogenesis of DLBCL is the relationship between these tumors and the GC. 

   The Germinal Center and Its Master Regulator BCL6 

 The germinal center (GC) is a highly specialized microenvironment that forms in 
secondary lymphoid organs following the encounter of a naïve B-cell with a foreign 
antigen, in the context of signals provided by CD4+ T cells and antigen-presenting 
cells  [  4–  6  ] . 

 This structure, which represents the hallmark of T-cell-dependent immune 
responses, can be schematically divided into two anatomically well-recognizable 
areas, known as the dark zone and the light zone. In the dark zone, rapidly proliferat-
ing centroblasts (CBs) characterized by a doubling time of less than 12 h modify the 
variable region of their immunoglobulin genes (IgV) by the process of somatic hyper-
mutation (SHM), which introduces not only mostly single nucleotide substitutions but 
also deletions and duplications in order to change the af fi nity of the antibody for the 
antigen  [  5–  9  ] . CBs express elevated levels of BCL6  [  7,   8  ] , a potent transcriptional 
repressor  [  9  ]  that modulates the expression of a broad set of genes involved in multi-
ple biological functions, including signaling through the B-cell receptor (BCR) and 
CD40 receptor  [  10,   11  ] , the control of apoptosis (via BCL2)  [  10,   12  ] ; the response to 
DNA damage (by modulation of genes involved in both the sensing and execution of 
p53-dependent and -independent DNA damage responses)  [  13–  16  ] ; multiple cytokine 
and chemokine signaling pathways, such as those involved in interferon and TGF b  
responses  [  10,   12  ] ; and plasma cell differentiation, via suppression of the master regu-
lator PRDM1 (also known as BLIMP1) (Fig.  9.1 )  [  17–  20  ] . Through these multiple 
functions, BCL6 plays a critical role in establishing the proliferative status of CBs 
while allowing the execution of DNA modi fi cation processes such as SHM and 
class-switch recombination, without eliciting DNA damage responses; additionally, 
BCL6 prevents the premature activation and differentiation of B cells prior to the 
selection for the survival of clones producing high af fi nity antibodies.  

 CBs then move to the light zone, where they are thought to cease proliferation 
and differentiate into centrocytes (CCs), which are re-challenged by the antigen 
through the interaction with CD4+ T-cells and follicular dendritic cells  [  4,   6  ] . Here, 
CCs expressing a BCR with reduced af fi nity for the antigen will be eliminated by 
apoptosis, while few cells with high af fi nity for the antigen will be stimulated by a 
variety of signals, including (but not limited to) the engagement of their BCR by the 
antigen itself, and the activation of the CD40 receptor by the CD40 ligand present 
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on CD4+ T-cells (Fig.  9.1 ). These signaling cascades result in the downregulation of 
BCL6 expression, thereby allowing the restoration of DNA damage responses, as 
well as activation and differentiation capabilities, such that B cells can be selected 
for survival and differentiation into memory cells and plasma cells  [  4,   21  ] . In the 
GC, CCs also undergo class-switch recombination (CSR), a DNA remodeling event 
that confers distinct effector functions to the antibodies  [  22  ] . Both SHM and CSR 
represent B-cell-speci fi c functions that modify the genome of these cells via mecha-
nisms involving single- or double-strand breaks and depend on the activity of acti-
vation-induced cytidine deaminase (AID)  [  23–  25  ] , a DNA editing enzyme with 
important roles in the generation of genetic alterations associated with mature 
B-NHL. 

 This schematic description, which only partially re fl ects the complex dynamics 
of the GC reaction, is nonetheless useful to focus on two concepts that are key to the 
understanding of DLBCL pathogenesis, and B-NHL in general. First, the most fre-
quent oncogenic events in DLBCL—namely chromosomal translocations and aber-
rant somatic hypermutation (ASHM)—result from mistakes in the AID-dependent 
machinery that normally diversi fi es the Ig genes during B lymphocytes differentiation, 

Plasma cell
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Germinal Center
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  Fig. 9.1     The germinal center reaction and its master regulator BCL6 . The  fi gure shows a schematic 
representation of the germinal center reaction. Germinal centers form following antigenic stimula-
tion of a naïve B-cell in the context of T-cell dependent responses, and can be schematically 
divided into a  dark zone  populated by proliferating centroblasts, and a  light zone  composed of 
smaller centrocytes. These two stages of B-cell differentiation are characterized by distinct bio-
logical programs that are largely governed by BCL6 (only representative targets shown). In prolif-
erating centroblasts, BCL6 prevents premature response to signals that may cause exit from the 
GC before these cells have completed the remodeling of their Ig genes in order to produce high-
af fi nity antibodies. BCL6 expression is subsequently downregulated in the light zone by a number 
of signals, including BCR cross-linking and engagement of CD40 by CD40L, thus restoring cel-
lular programs that are required to proceed through terminal B-cell differentiation       
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further supporting the GC origin of these tumors. Second, the de fi nition of two 
distinct phases during GC development re fl ects stages of B-cell differentiation that 
can at least in part be recognized in the phenotype of the two major molecular 
subtypes of DLBCL.  

   Cellular Derivation of DLBCL 

 Over the past decade, the development of gene expression pro fi le technologies has 
allowed the identi fi cation of multiple phenotypic subgroups of DLBCL, which 
appear to derive from B cells arrested at various stages of differentiation. At least 
three phenotypically well-characterized DLBCL subtypes have been recognized to 
date, based on similarities to their putative cell of origin: germinal center B-cell-like 
(GCB) DLBCL, activated B-cell-like (ABC) DLBCL, and primary mediastinal 
large B-cell lymphoma (PMBCL)  [  26–  29  ] . An additional 15–30% of cases present 
signatures that are intermediate between the above categories and are thus termed 
unclassi fi ed  [  27  ] . 

 GCB-DLBCLs are postulated to derive from a proliferating CB, as their expres-
sion pro fi le is enriched in genes that are speci fi c for GC B cells, e.g., BCL6 and 
CD10  [  26  ] , while lacking post-GC differentiation markers (Fig.  9.2 ). These tumors 
carry highly mutated Ig genes showing evidence of ongoing SHM  [  30  ] , and express 
surface IgG in most cases, as an evidence of successful CSR  [  26  ] . 

 The ABC-DLBCL subgroup displays a transcriptional signature that shares 
signi fi cant similarities to the one induced in BCR-activated peripheral blood B cells 
and in a small subset of plasmablastic B cells located in the GC light zone, and 
presumably poised to exit the GC  [  26  ]  (Fig.  9.2 ). These cells have downregulated 
the GC-speci fi c program and express genes (e.g., IRF4) that are necessary for ter-
minal B-cell differentiation; however, they are precluded from exiting the GC due 
to genetic lesions that disrupt this pathway, namely PRDM1 loss or BCL6 translo-
cations (see next section)  [  31–  34  ] . ABC-DLBCLs are also characterized by consti-
tutive activation of the NF- k B, BCR, and JAK/STAT signaling pathways  [  35  ] . 
Consistent with their derivation from a post-GC cell where the SHM machinery has 
been turned off, ABC-DLBCLs do not show ongoing SHM  [  36  ] . Interestingly, these 
tumors only rarely show evidence of legitimate CSR, a  fi nding attributed to abnor-
malities in the regulation of this process  [  30,   37  ] . 

 The third subtype of DLBCL, PMBCL, is postulated to arise from thymic medul-
lary B cells  [  28,   29  ]  and has been recently recognized as a separate clinicopathologi-
cal entity in both the REAL and World Health Organization classi fi cations  [  2  ]  
(Fig.  9.2 ). This disease, which typically involves the mediastinum and is most com-
monly observed in young female adults, shares signi fi cant histological, molecular, 
and clinical features with nodular sclerosis Hodgkin lymphoma (HL)  [  38  ] , including 
the presence of an immune/in fl ammatory cell in fi ltrate with a distinctive cytokine 
pro fi le, the decreased expression of BCR signaling pathway components, and the 
constitutive NF- k B activation  [  28,   29,   38  ] . 
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 Of note, several studies have shown that strati fi cation according to gene expression 
pro fi les has prognostic value, and patients diagnosed with GCB-DLBCL display a 
better overall survival compared to ABC-DLBCL  [  39  ] . This prognostic advantage 
was also observed after the integration of the drug rituximab into standard combi-
nation therapies for DLBCL, although controversial  fi ndings have been reported in 
different studies  [  36,   40  ] . The distinction in GCB- and ABC-DLBCL has therefore 
not been of fi cially incorporated into the WHO classi fi cation of lymphoid malig-
nancies, mostly because it requires the use of sophisticated tools that are not rou-
tinely available in every diagnostic lab, and because it is imperfectly replicated by 
immunophenotyping or morphology  [  41,   42  ] . 

 While the similarity to different stages of B-cell differentiation represents an 
important aspect in the phenotypic characterization of DLBCL, gene expression 
pro fi le analyses also allowed the identi fi cation of three discrete subsets that re fl ect 
the coordinated expression of comprehensive consensus signatures de fi ned by genes 
involved in oxidative phosphorylation, B-cell receptor/proliferation, and tumor 
microenvironment/host in fl ammatory response  [  43  ] .  
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  Fig. 9.2     Postulated cellular origin of major DLBCL subtypes  .  Schematic cartoon of the germinal 
center reaction, and its relationship with major DLBCL subtypes. GCB-DLBCLs express pheno-
typic similarities with proliferating centroblasts, while ABC-DLBCLs are related to a plasmablas-
tic B cell. PMBCL is postulated to arise from a post-GC B cells in the thymic medulla. The most 
common genetic lesions that are associated with speci fi c molecular subtypes (or shared by multi-
ple subtypes) are indicated below. Abbreviations: Tx, translocation; BSE1, binding site in exon 1       
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   Classi fi cation of DLBCL 

 In addition to the “DLBCL, not otherwise speci fi ed” discussed here, updated 2008 
WHO Classi fi cation of Tumours of Haematopoietic and Lymphoid tissues recog-
nizes as separate categories a number of DLBCL subtypes and other “lymphomas 
of large B cells”, as well as “borderline cases”. The latter category, once termed 
“grey zone lymphomas” include those cases with overlapping morphologic and 
immunophenotypic features between DLBCL and classical Hodgkin lymphoma 
and between BL and DLBCL with MYC translocations or “double-hit” MYC and 
BCL2 translocations  [  2  ] . These rare tumors may resemble BL in their gene expres-
sion pro fi le but exhibit atypical features, including a very aggressive clinical course 
that requires intensive chemotherapeutic regimens  [  44,   45  ] . Since this category 
likely comprises a biologically heterogeneous group of diseases, additional genetic 
and clinical characterization will be necessary for an improved understanding of its 
pathogenesis.   

   Mechanisms of Genetic Lesion in DLBCL 

 Common mechanisms of genetic lesion in DLBCL include chromosomal translocations 
leading to deregulated expression of proto-oncogenes, aberrant somatic hypermuta-
tion (ASHM), point mutations, and a variety of copy number aberrations  [  35,   46  ] . 
Of these, chromosomal translocations and ASHM are generated as by-products of 
the DNA remodeling reactions that are required for the assembly of functional BCR 
genes during B-cell development. 

   Chromosomal Translocations 

 DLBCL-associated chromosomal translocations represent reciprocal and balanced 
recombination events that occur between two speci fi c chromosomes, most com-
monly without involving the coding regions of the affected genes, and are clonally 
represented in each tumor case. Although the precise molecular mechanisms that are 
responsible for the generation of translocations remain partially obscure, signi fi cant 
advances have been recently obtained in our understanding of the events that are 
required for their initiation. It is now well documented that chromosomal transloca-
tions in B cells occur at least in part as a consequence of mistakes during Ig gene 
rearrangements, including RAG-mediated V(D)J recombination (as it is in the case 
of BCL2 translocations and BCL1 translocations) and AID-mediated isotype class 
switching and somatic hypermutation (e.g., BCL6 translocations and MYC translo-
cations)  [  47,   48  ] . In particular, in vivo studies using lymphoma-prone mouse models 
have conclusively demonstrated that the removal of the AID enzyme is suf fi cient to 
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abrogate the generation of  MYC-IGH  translocations in normal B cells undergoing 
CSR  [  49–  51  ] , and to prevent the development of GC-derived lymphomas  [  52,   53  ] . 

 The common denominator of all NHL-associated chromosomal translocations is 
the presence of a proto-oncogene in proximity to the chromosomal recombination 
sites. In contrast with acute leukemias, however, most chromosomal translocations 
in DLBCL do not affect the coding domain of the oncogene; instead, they cause 
alterations in its normal pattern of expression as a consequence of the juxtaposition 
of heterologous regulatory sequences derived from the partner chromosome. This 
process of proto-oncogene deregulation is referred to as  homotopic  when the 
involved proto-oncogene is tightly regulated in normal lymphoid cells and becomes 
constitutively expressed in the lymphoma cell, as it is the case for  BCL6  transloca-
tions. Conversely, the term  heterotopic  deregulation is used when the proto-onco-
gene is not expressed in the normal tumor counterpart and undergoes ectopic 
expression in the lymphoma. Paradigms of heterotopic deregulation in DLBCL are 
represented by translocations of the  MYC  and  BCL2  genes, both of which are not 
expressed in normal GC cells  [  10,   12,   21  ] . In most DLBCL-associated transloca-
tions, the heterologous regulatory sequences that are juxtaposed to the involved 
proto-oncogene and are responsible for its deregulation derive from antigen recep-
tor loci that are expressed at high levels in GC/post-GC cells  [  47  ] . More promiscu-
ous are the chromosomal translocations involving BCL6, which can be found 
juxtaposed to different promoter regions derived from over 30 distinct chromosomal 
sites in individual tumor cases  [  54–  61  ] .  

   Aberrant Somatic Hypermutation 

 The term aberrant somatic hypermutation (ASHM) de fi nes a mechanism of genetic 
lesion that is predominantly associated with DLBCL (and, at lower frequencies, to 
a few other B-NHLs) and is due to the abnormal functioning of the physiologic 
SHM process that normally operates in the GC. In normal centroblasts, SHM is 
tightly regulated both spatially and temporally to introduce mutations only in the 
rearranged  IgV  genes  [  62  ]  and in the 5 ¢  region of a few other genes, including  BCL6, 
CD95  and the  CD79  components of the B-cell receptor  [  63–  67  ]  (although the func-
tional role of the mutations found in these non-Ig loci remains unknown). Such 
restricted mutational activity in normal GC B cells, despite the ability of AID to 
bind multiple DNA sequences  [  63,   64  ]  relies on high-accuracy repair mechanisms 
 [  65  ] . On the contrary, over half of DLBCL patients harbor multiple mutational events 
in numerous genes that are actively transcribed in B cells, including well-known 
proto-oncogenes such as  PIM1  and  MYC   [  66  ] . Depending on the genomic 
con fi guration of the target gene, the mutations may affect untranslated as well as 
coding regions, potentially leading to alterations in gene expression or in key protein 
structural and functional properties  [  66  ] . This is the case of  MYC,  where a signi fi cant 
number of events lead to amino acid changes that have been experimentally shown 
to activate its oncogenic properties. Nonetheless, a comprehensive characterization 
of the potentially extensive genetic damage caused by ASHM is still lacking.  
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   Oncogenic Mutations and Gene Ampli fi cations 

 In addition to chromosomal translocations and ASHM, the structure of proto-
oncogenes and/or their pattern of expression can be altered by gene copy number 
changes and somatic point mutations. To date, only a few genes have been identi fi ed 
as speci fi c targets of chromosomal ampli fi cation in DLBCL, as exempli fi ed by 
 BCL2, MYC ,  REL   [  39,   67–  69  ] , and the genes encoding for the  PD-1  and  PD-2  
ligands in PMBCL  [  70,   71  ] . However, the introduction of high resolution, genome-
wide array-CGH and single nucleotide polymorphims (SNP) array technologies has 
revealed a more complex scenario, leading to the identi fi cation of additional chro-
mosomal sites of ampli fi cation which may harbor important new oncogenic loci. 

 Somatic point mutations may alter the coding sequence of the target proto-onco-
gene and thus the biological properties of its protein product, as observed in  MYC  
and  BCL2   [  21,   72–  74  ] . More recently, a number of genes involved in the activation 
of the NF- k B transcription complex have been found to harbor oncogenic point 
mutations which lead to constitutive activation of this signaling pathway in ABC-
DLBCL  [  35, 75,   76  ] . Mutations of the  RAS  genes, a very frequent alteration in 
human neoplasia, are virtually absent in lymphomas  [  77  ] .  

   Loss of Tumor Suppressor Genes 

 In addition to the  TP53  gene, possibly the most common target of genetic lesions in 
human cancer  [  78  ] , several genes have been recently identi fi ed as targets of biallelic 
or monoallelic loss in DLBCL. Analogous to other tumors, the mechanisms respon-
sible for inactivation of tumor suppressor genes in DLBCL entail point mutation of 
one allele with genetic deletion or mutation of the second allele. Two such genes lie 
on the long arm of chromosome 6, a region long known to be deleted in a large 
percentage of aggressive lymphomas, and generally associated with poor prognosis 
 [  79,   80  ] : the  PRDM1 / BLIMP1  gene on chromosomal region 6q21, which is bialleli-
cally inactivated in ~25% of ABC-DLBCL cases  [  31,   32,   34  ] , and the  TNFAIP3  
gene on chromosome 6q23, which encodes for the negative NF- k B regulator A20 
and is commonly lost in both ABC-DLBCL and PMBCL (besides a few other lym-
phoma types)  [  75,   81–  83  ] . More recently, monoallelic inactivating mutations and 
deletions of the acetyltransferase genes  CREBBP  and  EP300  have been reported in 
a signi fi cant proportion of DLBCL and FL ,  suggesting a role as haploinsuf fi cient 
tumor suppressors  [  84  ] . Furthermore, one or both alleles of the  MLL2  gene, encod-
ing for a histone trimethyltransferase, are targeted by disruptive mutations in over 
30% of DLBCL  [  84,   85  ] . Other tumor suppressor genes that are homozygously 
deleted in a discrete fraction of DLBCL include  CDKN2A  and  CDKN2B   [  86  ]  and 
the immune regulatory genes B2M and CD58  [  85  ] , while loss of PTEN is observed 
in rare cases  [  86  ] .   
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   Molecular Pathogenesis of DLBCL 

 Recent genome-wide efforts have led to a better de fi nition of the multitude of genes 
and pathways that are disrupted by genetic lesions in DLBCL. Consistent with the 
phenotypic heterogeneity of this neoplasm, the catalogue of structural alterations 
that have been identi fi ed to date is remarkably diverse, including alterations that are 
common to all DLBCL subgroups, as well as lesions that are preferentially or exclu-
sively associated with individual DLBCL categories (Fig.  9.2 ). These observations 
revealed the involvement of distinct oncogenic pathways that in turn may in fl uence 
treatment outcome. The following section will focus on well-characterized genetic 
lesions as related to the three main subtypes of DLBCL, de fi ned by cell of origin. 

   Alterations Common to Various DLBCL Subtypes 

   Chromosomal Translocations of BCL6 

 Up to 35% of all DLBCL cases harbor chromosomal translocations involving the 
BCL6 proto-oncogene on band 3q27  [  80,   87,   88  ] , with a twofold higher frequency 
in the ABC-DLBCL subtype  [  89  ]  (Table  9.1 ). These rearrangements juxtapose the 
intact coding domain of  BCL6  downstream and in the same transcriptional orienta-
tion to heterologous sequences derived from the partner chromosome, including 
the IG heavy and light chain loci, and at least 20 other chromosomal sites  [  54–  61  ] . 
The majority of these translocations result in a fusion transcript in which the 
promoter region and the  fi rst non-coding exon of BCL6 are replaced by sequences 
derived from the partner gene  [  55,   90  ] . Since the common denominator of these 
alternative promoters is a broader spectrum of activity throughout B-cell develop-
ment, including expression in the post-GC differentiation stage, the translocation is 
thought to prevent the downregulation of BCL6 expression that is normally associ-
ated with differentiation into post-GC cells (e.g., by abrogating IRF 4 binding sites 
in its promoter)  [  33  ] . Deregulated expression of a normal  BCL6  gene product may 
play a critical role in tumorigenesis by enforcing the proliferative phenotype typical 
of GC cells, while attenuating DNA damage-induced responses and blocking termi-
nal B-cell differentiation, as con fi rmed by a mouse model in which deregulated 
BCL6 expression causes DLBCL  [  91  ] .   

   Inactivation of Acetyltransferase Genes 

 Recent studies have revealed the presence of mutations and/or deletions inactivating 
the acetyltransferase genes  CREBBP  and, less frequently,  EP300  in nearly 40% of 
all DLBCL cases, with some preference for the GCB-DLBCL subtype  [  92  ] . 
 CREBBP  and  EP300  encode for ubiquitously expressed transcriptional activators 



   Table 9.1    Most common genetic lesions in DLBCL   

 Genetic lesion  Frequency 
 Functional 
consequences 

 Gene function/mechanism of 
transformation 

  Shared lesions  
 MLL2 mutations  32%  Loss of function  H3K4 methyltransferase/epigenetic 

reprogramming 
 CREBBP/EP300 

mutations/
deletions 

 22–40%  Loss of function  Epigenetic reprogramming; impaired 
p53 activation and BCL6 
inactivation 

 BCL6 translocations  25–40%  Transcriptional 
deregulation 

 Enhanced proliferation; impaired 
DNA damage responses, block in 
differentiation 

 B2M mutations/
deletions 

 29%  Loss of function  Reduced tumor cell immunogenicity; 
downregulation of HLA class I 

 CD58 mutations/
deletions 

 21%  Loss of function  Reduced tumor cell immunogenicity 

  GCB-DLBCL  
 BCL2 translocations  30–40%  Transcriptional 

deregulation 
 Enhanced resistance to apoptosis 

 MYC translocations  10%  Transcriptional 
deregulation 

 Enhanced proliferation and growth, 
DNA replication 

 EZH2 mutations  22%  Gain of function  H3K27 methyltransferase/epigenetic 
reprogramming 

 BCL6 mutations in 
BSE1 

 20%  Loss of BCL6 
autoregulation 

 Enhanced proliferation; impaired 
DNA damage responses, block in 
differentiation 

 MEF2B mutations  8%  Unclear 
  ABC-DLBCL  
 BCL2 ampli fi cation  30%  Increased gene dosage  Enhanced resistance to apoptosis 
 PRDM1 mutations/

deletions 
 25%  Loss of function  Block in terminal B-cell 

differentiation 
 MYD88 mutations  29%  Gain of function  Constitutive activation of NF- k B and 

JAK-STAT signaling 
 TNFAIP3 mutations/

deletions 
 20%  Loss of function  Constitutive activation of NF- k B 

signaling due to loss of negative 
regulation 

 CD79B/CD79A 
mutations 

 20%  Gain of function  Constitutive activation of NF- k B and 
BCR signaling 

 CARD11 mutations  9%  Gain of function  Constitutive activation of NF- k B 
signaling 

  PMBCL  
 REL ampli fi cation  75%  Increased gene dosage  Constitutive activation of NF- k B 

signaling 
 JAK2 ampli fi cation  63%  Increased gene dosage  Activation of JAK-STAT pathway 
 JMJD2C 

ampli fi cation 
 63%  Increased gene dosage  Histone modi fi cation/Epigenetic 

reprogramming 
 PDL1, PDL2 

ampli fi cation 
 63%  Increased gene dosage  T-cell exhaustion; Reduced tumor 

cell immunogenicity 
 SOCS1 mutations/

deletions 
 45%  Enhanced JAK2 signaling due to 

impaired JAK2 degradation 
 STAT6 mutations  36%  Unclear  Activation of JAK-STAT pathway? 
 CIITA translocations  38%  Overexpression of 

fusion protein 
 Reduced tumor cell immunogenicity; 

downregulation of HLA class II 

   GCB  germinal center B-cell-like,  ABC  activated B-cell-like,  PMBCL  primary mediastinal B-cell 
lymphoma,  BSE1  BCL6 binding sites in exon 1  
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that modify lysine residues on numerous histone and non-histone proteins, and 
are thus involved in multiple signaling and developmental pathways. In most 
DLBCLs, these lesions are heterozygous and are associated with the expression of 
the residual normal allele, thus suggesting a role as haploinsuf fi cient tumor suppressor 
genes. Indeed, a dose-dependent effect of CREBBP expression has been docu-
mented by the observation that a rare genetic disease known as Rubinstein-Taybi syn-
drome is due to CREBBP and, more rarely, EP300 haploinsuf fi ciency. While the 
functional consequences of these alterations are likely to be broad,  CREBBP  mutations 
were shown to impair the ability of this enzyme to acetylate the known substrates 
BCL6  [  93  ]  and p53  [  94,   95  ] , leading to constitutive activation of the oncoprotein 
and to decreased p53 tumor suppressor function  [  92  ] . Since the balance between the 
activities of these two genes is critical for the regulation of DNA damage responses 
during  Ig  gene remodeling processes in the GC  [  13,   14  ] , one consequence of BCL6 
activity overriding p53 would be an increased tolerance for DNA damage in the 
context of impaired apoptotic and cell cycle arrest responses. Given the broad 
involvement of histone acetyltransferases in gene transcriptional regulation, addi-
tional studies will be required to dissect the entire set of cellular targets/pathways 
that are critically affected by acetyltransferases reduction in lymphoma. Importantly, 
the identi fi cation of mutations in  CREBBP  and  EP300  may have direct therapeutic 
implications in view of current attempts to use histone deacetylase inhibitors as 
anticancer drugs.  

   Inactivating Mutations of MLL2 

 The most commonly mutated gene that emerged from recent unbiased genome 
 sequencing efforts in DLBCL is the mixed-lineage leukemia 2 ( MLL2)  gene  [  84,   85  ] . 
 MLL2  encodes for a histone H3K4 methyltransferase involved in the control of gene 
transcription via PolII-dependent activation of target genes. In approximately 32% of 
DLBCL cases (as well as in almost 89% of FL cases), either one or both  MLL2  
alleles are targeted by somatic mutations, introducing stop codons, out-of-frame 
insertions/deletions, and alterations at consensus splice sites  [  84,   85  ] . These variants are 
predicted to generate truncated proteins that lack the entire C-terminal cluster of 
conserved domains (including the SET domain) or signi fi cant portions of it, thus 
abrogating its enzymatic activity. Missense mutations, the signi fi cance of which is 
still unknown, have also been reported in a smaller proportion of cases. While the 
precise mechanism of transformation imposed by  MLL2  mutations has not been 
investigated yet, the multitude of genes that are normally in fl uenced by its methyl-
transferase activity suggest a multifaceted role for MLL2 inactivation in DLBCL.  

   Loss of Immunomodulatory Genes 

 A set of lesions recurrently observed in DLBCL involve immune recognition and 
antigen-presenting functions. Inactivating mutations and focal deletions of the  B2M  
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locus, mostly biallelic, occur in ~29% of cases  [  85  ] . These lesions abrogate the 
expression of  b 2-microglobulin, a polypeptide found in association with the major 
histocompatibility complex (MHC) class I on the surface of nearly all nucleated 
cells, and required for the proper recognition by cytotoxic T lymphocytes (CTL) 
 [  96  ] . In an additional 45% of cases, the B2M protein is either not expressed or aber-
rantly localized, suggesting the involvement of alternative genetic or epigenetic 
mechanisms of inactivation  [  97  ] . Since the assembly of the class I human leukocyte 
antigen complex (HLA-I) plays an essential role in antitumor immunosurveillance, 
these lesions are thought to facilitate lymphomagenesis by allowing the escape of 
the cancer cell from immune recognition by CTLs. Homozygous deletions and trun-
cating mutations are also commonly detected in the  CD58  gene  [  85  ] , a member of 
the immunoglobulin superfamily that functions as the ligand of the CD2 receptor, 
present on T cells and most natural killer (NK) cells, and participates in their adhe-
sion and activation  [  98  ] . Notably, loss of B2M/HLA-I and CD58 expression is often 
concurrent in the same DLBCL cases  [  97  ] , suggesting that these two lesions have 
been selected for their ability to interfere with the interaction between tumor cells 
and the microenvironment, thus allowing the combined escape from CTL- and 
NK-mediated immunosurveillance mechanisms.  

   ASHM 

 Over half of all DLBCL patients present evidence for an aberrant activity of the 
SHM mechanism, irrespective of their subgroup classi fi cation  [  66  ] . The number 
and identity of the genes that accumulate mutations in their coding and non-coding 
regions due to this mechanism varies in different cases and is still largely unde fi ned. 
However, preferential targeting of individual genes has been observed in the two 
main DLBCL subtypes, with mutations of  MYC  and  BCL2  being found almost 
exclusively in GCB-DLBCL, and mutations of  PIM1  showing signi fi cantly higher 
frequencies in ABC-DLBCL. ASHM may therefore contribute to the heterogeneity 
of DLBCL via the alteration of different cellular pathways in different cases.   

   GCB-DLBCL ASSOCIATED LESIONS 

   Chromosomal Translocations of BCL2 

 The t(14;18) translocation, resulting in the deregulated expression of the anti- 
apoptotic BCL2 oncoprotein, is almost exclusively found in GCB-DLBCL (~30–
40% of cases) (Table  9.1 ). BCL2 is a known target of BCL6, which binds to its 
promoter sequences via the transcriptional coactivator Miz1 and prevents its expres-
sion in GC B cells  [  10,   12,   21  ] , presumably to facilitate apoptosis. This mechanism 
is disrupted in tumors carrying the t(14;18) translocation, which removes the BCL6-
binding sequences in the BCL2 promoter while bringing the BCL2 coding sequences 
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under the control of potent regulatory elements from the Ig locus. BCL2 expression 
is also detected in a large fraction of DLBCL cases lacking BCL2 translocations, as 
the results of several mechanisms including deregulation of Miz1, ASHM of the 
BCL2 promoter sequences, and mutations in the BCL2 coding sequence  [  21  ] . 
Increased levels of BCL2 provide a survival advantage to the tumor cells and have 
been associated with an inferior outcome in DLBCL  [  99  ] .  

   Chromosomal Translocations of MYC 

 In 10–14% of GCB-DLBCL cases, chromosomal translocations of MYC cause its 
ectopic expression by joining its coding exons to the Ig heavy or light chains loci, 
and by allowing the escape from BCL6 mediated transcriptional repression  [  21,   39, 
  100–  102  ] . Notably, the presence of MYC translocations has been linked with worse 
prognosis, possibly due to the potent activity of this known proto-onocogene in 
promoting cell proliferation and DNA replication  [  103  ] .  

   Mutations of the EZH2 Gene 

 Heterozygous mutations of the polycomb-group oncogene  EZH2  have been reported 
in 21.7% of GCB-DLBCL  [  104  ] .  EZH2  encodes for a histone methyltransferase 
that is responsible for trimethylating Lys27 of histone H3 (H3K27me3).  EZH2  
mutations replace a single evolutionary conserved residue (Tyr641) within the protein 
SET domain, and have been shown to alter the catalytic speci fi city of the mutant 
EZH2 enzyme for its substrates, leading to increased levels of H3K27me3  [  105, 
  106  ] . However, the precise role of these mutations in malignant transformation has 
not been elucidated yet.  

   Mutations in the BCL6 Autoregulatory Motifs 

 Consistent with their derivation from a GC B-cell, up to 75% of all DLBCLs harbor 
mutations in the BCL6 5 ¢  sequences  [  63,   107,   108  ] , which re fl ect the physiologic 
activity of the SHM mechanism operating in GC B-cells  [  63,   64,   67  ] . However, a 
distinctive set of mutations have been observed only in GCB-DLBCL, suggesting a 
speci fi c role in the pathogenesis of these tumors  [  89,   109,   110  ] . These mutations 
affect two BCL6 binding sites within the  fi rst non-coding exon of the gene and dis-
rupt an autoregulatory circuit through which the BCL6 protein controls its own 
expression levels, leading to its transcriptional deregulation  [  109,   110  ] . In a smaller 
fraction of cases, mutations interfere with IRF4 mediated downregulation of BCL6, 
suggesting that the overall fraction of cases carrying BCL6 abnormalities may be 
even higher. Further efforts will be necessary to characterize the full extent of muta-
tions deregulating BCL6 expression in DLBCL.  
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   Other Lesions 

 Mutations and deletions of the  TP53  tumor suppressor gene are predominantly 
restricted to DLBCL cases derived from the transformation of FL and chronic lym-
phocytic leukemia  [  111–  113  ] , and are therefore commonly associated with chromo-
somal translocations of  BCL2  and with a GCB-DLBCL phenotype  [  113  ] . In 
approximately 9% of DLBCLs, missense mutations target the Myocyte Enhancer 
Factor 2B ( MEF2B ) gene  [  84,   85  ] , which encodes for a member of the MADS/
MEF2 family of DNA binding proteins and is thought to cooperate with histone 
modifying enzymes to regulate gene expression  [  107  ] . Inhibition of the tumor sup-
pressor  PTEN  via mutually exclusive deletions of chromosome 10q and ampli fi cations 
of the miR-17-92 micro-RNA cluster have been also preferentially reported in 
GCB-DLBCL  [  35,   86  ] , where they favor the activation of the phosphatidylinositol 
3 kinase (PI3K)/AKT pathway.   

   ABC-DLBCL ASSOCIATED LESIONS 

   Alterations in NF- k B Pathway Components 

 A prominent feature of ABC-DLBCL, also shared by PMBCL and Hodgkin 
Lymphoma, is the presence of constitutive activation of the NF- k B transcription 
complex, which can be appreciated in most, if not all cases  [  108  ] . A genetic explana-
tion to this phenotypic trait has been provided by the recent discovery of structural 
alterations affecting multiple positive or negative regulators of this signaling path-
way. Up to 30% of ABC-DLBCLs harbor biallelic mutations and/or focal deletions 
that inactivate the  TNFAIP3  gene, encoding for the negative regulator A20  [  75,   81  ] . 
A tumor suppressor role for A20 in ABC-DLBCL is supported by the observation 
that reconstitution of A20-null cell lines with wild-type A20 proteins induces apop-
tosis and blocks proliferation, in part due to suppression of NF- k B activity  [  75,   81  ] . 
Loss of A20 may thus contribute to DLBCL development by preventing the termina-
tion of NF- k B responses. In an additional ~10% of cases, the  CARD11  gene is tar-
geted by oncogenic mutations that cluster in the coiled-coil domain, enhancing the 
ability of this adaptor molecule to transactivate NF- k B target genes  [  75,   76  ] . Less 
commonly, mutations were found in a variety of other genes encoding for NF- k B 
components, overall accounting for over half of all ABC-DLBCL cases  [  75  ]  and sug-
gesting that yet unidenti fi ed lesions may be responsible for the NF- k B activity 
observed in the remaining fraction of cases.  

   Alterations in BCR Signaling 

 In addition to constitutive NF- k B activity, ABC-DLBCLs display evidence of 
chronic active BCR signaling. Activation of this pathway is required for the survival 



1659 Diffuse Large B-Cell Lymphoma

of ABC-DLBCL cells, possibly because of its ability to induce of NF- k B (via the 
CBM complex) and PI3K  [  114  ] . Indeed, more than 20% of ABC DLBCL biopsy 
samples have selected gain-of-function somatic mutations affecting the immunore-
ceptor tyrosine-based activation motif (ITAM) signaling modules of  CD79B  and 
 CD79A   [  114  ] . These mutations appear to promote chronic BCR signaling by atten-
uating the phosphorylation and activation of the Lyn kinase, which is necessary for 
internalization of the surface BCR and serves as a negative feedback regulator of 
this cascade. As a consequence, ABC-DLBCL cases with CD79B mutations display 
greater abundance of BCR on their surface  [  114  ] . Interestingly, CD79A and B muta-
tions and CARD11 mutations tend to be mutually exclusive, indicating that they 
may represent alternative mechanisms converging on the same pathway (Fig.  9.3 ).   
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  Fig. 9.3     Disrupted signaling pathways in ABC-DLBCL.  In normal B cells, a variety of signals, 
including engagement of the BCR by the antigen, interaction of the CD40 receptor with the CD40L 
presented by T-cells, and stimulation of Toll-like receptors activate the NF- k B transcription 
 complex, leading to the upregulation of numerous target genes (shown are IRF4 and A20). IRF4 
downregulates the expression of BCL6, terminating the germinal center programme and allowing 
the release of PRDM1/BLIMP1, another master regulator required for plasma cell differentiation. 
The A20 negative regulator terminates NF- k B responses via a negative feedback loop. In ABC-
DLBCL, multiple genetic lesions converge on this pathway and disrupt it at multiple levels in 
 different cases. These observations suggest a model in which structural alterations in various 
NF- k B pathway components promote lymphomagenesis by favoring the anti-apoptotic and pro-
proliferative functions of NF- k B while blocking terminal B-cell differentiation through mutually 
exclusive alterations deregulating BCL6 or inactivating BLIMP1       
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   Mutations of the MYD88 Gene 

 MyD88 is an adaptor molecule in the Toll-like receptor (TLR) signaling pathway, 
which associates with the IRAK1 and IRAK4 kinases leading to activation of the 
NF- k B and type I interferon pathways. Oncogenic MYD88 mutations have been 
reported in up to 20–39% of ABC-DLBCLs  [  115  ] , and are mostly represented by a 
single amino acid substitution in the protein TIR domain, which converts the leu-
cine at position 265 into a proline, presumably disrupting its structure. Mutant 
L265P MyD88 alleles interact constitutively with IRAK4 and IRAK1, and were 
able to activate both NF- k B and JAK/STAT3 transcriptional responses when rein-
troduced into heterologous cells  [  115  ] . Collectively, the above  fi ndings suggest that 
deregulation of NF- k B responses represents a major downstream effect shared by 
genomic alterations of  TNFAIP3 ,  CARD11 ,  CD79B,  and  MYD88 ; nonetheless, indi-
vidual lesions may impinge on additional signaling pathways that cooperate in pro-
moting malignant transformation, including PI3K, MAPK, and/or JAK/STAT.  

   Inactivation of PRDM1 

 More than 75% of all ABC-DLBCL cases lack expression of the PRDM1/BLIMP1 
protein. In up to 25% of cases, this is due to genetic alterations that disrupt the 
 PRDM1  locus on chromosomal band 6q21, including truncating mutations, mis-
sense mutations, and genomic deletions  [  31,   32,   34  ] . In an additional large propor-
tion of cases, PRDM1 is transcriptionally repressed through constitutively active, 
translocated BCL6 alleles  [  31,   32,   34  ] . The  PRDM1  gene encodes for a zinc  fi nger 
transcriptional repressor that is expressed in a subset of GC B-cells undergoing 
plasma cell differentiation and in all plasma cells  [  116,   117  ] . Since the PRDM1 
protein constitutes an essential requirement for terminal B-cell differentiation  [  118  ] , 
one mechanism by which PRDM1 inactivation contributes to lymphomagenesis is 
by blocking post-GC B-cell differentiation, as demonstrated in mouse models where 
conditional ablation of this gene in GC B cells leads to the development of DLBCL 
 [  31,   119  ]  Notably, translocations deregulating the  BCL6  gene are virtually never 
found in  PRDM1  mutated DLBCL cases  [  34,   35  ] , suggesting that BCL6 deregula-
tion and PRDM1 inactivation represent alternative oncogenic mechanisms converg-
ing on the same pathway (Fig.  9.3 ).   

   Other Lesions 

 Additional ABC-DLBCL-speci fi c structural alterations include ampli fi cations of 
the  BCL2  locus, observed in more than one-third of the cases  [  39,   120,   121  ] ; dele-
tions or lack of expression of the  CDKN2A  and  CDKN2B  tumor suppressor genes 
 [  86,   107  ] ; and mutations of the  ATM  gene, which have been reported at smaller 
frequencies  [  122,   123  ] .   
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   PMBCL 

 A genetic hallmark of both PMBCL and HL is the ampli fi cation of chromosomal 
region 9q24, detected in nearly 50% of patients  [  70,   71  ] . This relatively large inter-
val encompasses multiple genes of possible pathogenetic signi fi cance, including the 
gene encoding for the  JAK2  tyrosine kinase and the  PDL1  and  PDL2  genes, which 
encode for inhibitors of T-cell responses  [  70,   71  ] . Ampli fi cations of the PDL1 locus 
have been linked to impaired antitumor immune responses in several cancers. 
Moreover, elevated expression levels of these genes may in part explain the unique 
features of these lymphoma types, which are characterized by a signi fi cant 
in fl ammatory in fi ltrate. Other lesions affecting regulators of immune responses in 
PMBCL include genomic rearrangements and mutations of the MHC class II trans-
activator gene CIITA  [  124  ] . These rearrangements cause the downregulation of sur-
face HLA class II expression, which is associated with reduced tumor cell 
immunogenicity  [  124  ] . PMBCL also shares with HL the presence of genetic lesions 
affecting the NF- k B pathway and the deregulated expression of receptor tyrosine 
kinases  [  83,   125–  127  ] .   

   Concluding Remarks 

 During the past decade, our understanding of the pathogenesis of DLBCL has 
improved dramatically. Genome-wide expression pro fi ling has demonstrated the 
degree of heterogeneity of DLBCL and opened the way to a better de fi nition of 
the molecular mechanisms underlying diverse subtypes of the disease. More 
recently, powerful genomic technologies such as high-density genome-wide single 
nucleotide polymorphism array analyses and massively parallel sequencing, applied 
to whole genomes/exomes/transcriptomes, have allowed the identi fi cation of previ-
ously unsuspected genes and pathways that are disrupted by genetic alterations in 
DLBCL, further improving our understanding of the disease. These discoveries will 
be essential for the development of new diagnostic tests that may allow the 
strati fi cation of patients according to different prognostic groups as well as the 
design of more effective therapeutic approaches aimed at targeting speci fi c signal-
ing pathways in distinct disease categories.      
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   Historical Overview 

 Almost 50 years ago, Burkitt’s lymphoma (BL) was initially described in associa-
tion with the  fi rst human tumour virus, Epstein–Barr virus (EBV) discovered in BL 
tumour samples  [  1  ] . Since then, the role of EBV in BL pathogenesis has become 
more enigmatic in the  fi eld of cancer Biology. In the middle of the last century, Denis 
Burkitt, an English surgeon was working in central Africa in the Kampala region of 
Uganda and equatorial Africa. He observed the occurrence of a malignant tumour in 
children with lesions in the face, as well as upper and lower jaws. He also noted that 
some children had huge abdominal masses, sometimes accompanied by disease in 
the facial bones, although there was usually no lymph node involvement. This typi-
cal malignant syndrome was initially thought to be a sarcoma  [  2,   3  ] , but later char-
acterized as a lymphoma, now referred to as BL. Interestingly, the lymphoma was 
found to occur throughout tropical Africa except at high altitudes or in some areas 
where the climate was relatively cool. Importantly, he also realized that BL was an 
independent clinical entity with a particular geographical distribution  [  4  ] . On safari, 
together with Ted Williams and Cliff Nelson, he identi fi ed epidemiological features 
of this disease which was associated with high incidence in the low lands with tropi-
cal climate and its absence in the high lands with little rainfall  [  5,   6  ] . This phenom-
enon led to the hypothesis that malaria, a disease associated with the arthropod borne 
parasite, was involved in the pathogenesis of this disease. These geographic and cli-
matic associations strongly suggested a compatibility with  Plasmodium falciparum . 
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In 1961, Denis Burkitt made the acquaintance of Anthony Epstein, a young experi-
mental pathologist. He shipped samples of the lymphoma to him at his lab in 
England. Epstein and his colleagues Barr and Achong identi fi ed the virus that is 
now known as Epstein– Barr virus (EBV). This was the  fi rst description of a virus 
involved in the pathogenesis of a tumour in humans. In present-day Africa, BL 
 continues to account for a large portion of childhood malignancies  [  7  ] . 

 Werner and Gertrude Henle, two virologists at the Children’s Hospital in 
Philadelphia, became interested in this novel virus and developed serological tech-
niques to detect the virus in the human population  [  8  ] . Surprisingly, they found that 
Epstein–Barr virus was not only restricted to BL patients as initially believed, but 
also proved to be prevalent in 95% of the adult population  [  4  ] . In the African popu-
lation, the virus appeared to be detected in the younger age groups, signi fi cantly 
earlier than seen in the USA and Europe where seroconversion was often delayed to 
adolescence  [  4  ] . Furthermore, African children with BL displayed particularly high 
antibody titers to EBV  [  9  ] . In 1968, based on the seroepidemiological studies, the 
Henles identi fi ed EBV as the causal agent of an acute disease, now reffered to as 
infectious mononucleosis  [  10  ] . Infectious mononucleosis is characterized by fever 
and swollen lymph nodes and an abnormal increase in mononuclear leucocytes or 
monocytes in the bloodstream  [  10  ] . Volker Diehl, the Henles and John Pope in 
Brisbane, independent of each other demonstrated that EBV has the ability to trans-
form primary human B cells into B blasts  [  10–  12  ] , which, upon a crisis and telom-
ere stabilization  [  13  ]  grew out into continuously proliferating immortalized B-cell 
lines. Later, zur Hausen et al. also established the association between EBV and 
African Burkitt’s lymphoma as well as nasopharyngeal carcinoma  [  14  ] . These stud-
ies strongly suggested that the EBV genome is present in tumour cells of these 
cancers in vivo and that the virus also has strong transforming potential in vitro.  

   Geographical Distribution 

 BL are commonly distinguished on the basis of a number of factors including, 
 geographical location, EBV incidence, clinical features, age and sex ratio  [  15  ] . 
Typically, one form is called “endemic” or African form, found in equatorial Africa 
and Papua New Guinea region, and another represents the “sporadic” form which 
was found in Northern part of America, Northern and Eastern Europe and the Far 
East. An “intermediate” form may also be considered which occurs mainly in 
Southern Europe, the Middle East and some parts of South America  [  16  ] . 

   The Zone of High Risk 

 The zone of highest risk for BL appears to be between 10° north and 10° south of 
the equator and in Papua New Guinea, where the prevalence of this malignancy is 
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very common in relation to other types of childhood cancers  [  17  ] . In general, the 
proportion of lymphomas which accounts for BL is very high in these regions; in 
Papua New Guinea, 58% (1979–1988), and in Nigeria, Uganda and Malawi (1985–
1995) 67–70% of lymphomas are considered BL  [  18  ] . Interestingly, the frequency 
of BL may vary substantially, even within high-risk areas. It was reported that 
occurrence of BL was preferentially found in lowland areas, warm, humid regions 
of Western Kenya which is divided into three provinces, two of which are primarily 
hot, moist, tropical savannahs (known as Nyanza and Western provinces), and the 
other is predominantly highland area and semi-arid regions (known as Rift Valley 
Province)  [  19  ] . Overall, BL accounted for one third (201/600) of solid tumours of 
those under 15 years, but the proportion varied in each province. For example, it 
accounted for 52% of neoplasms in Nyanza province, 31% in the Western province 
and 23% in the Rift Valley  [  19  ] . The incidence of BL is also relatively infrequent in 
other upland areas within the high-risk zone, such as Rwanda, Burundi and the pla-
teaux of Zambia and Zimbabwe  [  20  ] .  

   The Zone of Intermediate Risk 

 Southern Europe, North Africa and Asia as far west as Iraq and Kuwait are desig-
nated as intermediate-risk regions  [  21  ] . In countries like Spain, France and Portugal 
BL accounts for 15–46% of lymphomas, and for 25–33% of lymphomas in the 
Middle East  [  22  ] . Denmark and the Netherlands may also fall into the intermediate 
risk zone  [  23  ] .  

   The Zone of Low Risk 

 Most of the Northern and Eastern Europe, and Northern parts of South America 
were recognized as the zone of low risk. The incidence of BL also appears to be rare 
in certain regions of Asia including the eastern zone of Pakistan; Bangladesh, China, 
Singapore and Vietnam with minimal report of cases of BL. Importantly, some 
Asian registries tend to show lower childhood cancer incidence rates than registries 
from America, Europe or Australia  [  24  ] .   

   Signs and Symptoms of Burkitt’s Lymphoma 

 BL is a B-cell malignancy of the lymphatic system. This neoplastic condition can be 
presented with several signs and symptoms which may vary from patient to patient. 
The symptoms will also vary in intensity and frequency between different individu-
als. They include painless swelling of lymph nodes in the groin, neck, underarm, 
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abdomen or chest, recurring infections, fever, itchy skin, sore throat, loss of appetite 
and weight loss, a feeling of fullness in the groin area, fatigue and pain in the joints 
and bones  [  25  ] . These signs and symptoms of BL typically can be similar to those 
of other medical problems, especially blood disorders, making this type of cancer 
dif fi cult to diagnose.  

   Staging of Burkitt’s Lymphoma 

 It is critical to determine the anatomical sites of involvement in patients with such 
malignant lymphomas when radiotherapy is considered the treatment of choice as 
the treatment  fi eld must encompass the sites of known disease. Recent correlations 
between the type of histology and the extent of clinical disease have greatly facili-
tated the choice and sequence of staging procedures for BL  [  26  ] . Generally, child-
hood lymphomas belong to three major histological categories, undifferentiated 
(either the Burkitt or the non-Burkitt type); “histiocytic” or large-lymphoid-cell 
types; and lymphoblastic lymphoma  [  27  ] . The  fi rst two types typically involve the 
head and neck region as well as the lymph nodes and abdominal viscera, and the 
third type, even though commonly involving the mediastinum, may involve only 
the lymph nodes, either in a localized or generalized distribution  [  28  ] . Simply stated, 
patients with childhood lymphomas, including Burkitt’s, can be subdivided into two 
clinical stages: those with a small tumour burden and those with a large tumour 
burden  [  29  ] .  

   Clinicopathologic Features of Burkitt’s Lymphoma 

 There are three distinct epidemiological forms of BL that are well established. The 
high-incidence “endemic” form typically presents as a jaw or abdominal tumour in 
children in equatorial Africa where malaria is holoendemic, and is 100% EBV 
genome positive  [  30  ] . Elsewhere, the occurrence of BL as a “sporadic” form in 
children is related to the degree of EBV association in different geographical areas 
 [  30  ] . It is therefore possible that chronic immune stimulation from other parasitic 
infections may also increase BL incidence which preferentially involves EBV-
associated disease. Interestingly, a third, adult form of the disease, AIDS-associated 
BL, has proven to be very common among HIV-infected individuals with about 
30–40% of these tumours positive for EBV  [  30  ] . According to WHO report, BL 
can be classi fi ed into classic, and two variant categories which depend upon their 
cellular morphology that are BL with plasmacytoid differentiation and atypical 
Burkitt’s/Burkitt-like lymphoma  [  31  ] . Classic BL is associated with some cases of 
endemic BL and mostly in sporadic BL. For diagnostic purposes, it is very important 
to review the morphological features of BL, as de fi ned in the 2001 WHO leukaemia/
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lymphoma classi fi cation: medium-sized cells with round nuclei,  fi ne granular 
chromatin, relatively clear para-chromatin, centrally situated multiple basophilic 
nucleoli, deeply basophilic cytoplasm, usually containing lipid vacuoles, and a 
high mitotic rate  [  31,   32  ] . BL, regardless of subtype, typically expresses mono-
typic surface IgM, pan-B-cell antigens, including CD19, CD20, CD22 and CD79a, 
and also co-expresses CD10, Bcl-6, CD43 and p53, but not CD5, CD23, Bcl-2, 
CD138 or TdT  [  31,   33  ] ; consequently, the doubling time of the tumour is very 
short, between 24 and 48 h. In rare cases, Burkitt’s lymphoma lacks surface immu-
noglobulin  [  34  ] , including some occurring in allograft recipients  [  35  ] . The 
immuno-phenotyping study suggests follicle centre origin for this lymphoma. 
Some additional characteristics feature of BL as seen on Pap-stained smears that 
include coarse nuclear chromatin and multiple nucleoli  [  36,   37  ] . Another atypical 
Burkitt/Burkitt-like lymphoma has some of the above features, but with greater 
occurrence of pleomorphism in nuclear size and shape, and fewer, more promi-
nent nucleoli  [  31  ] .  

   Pathogenesis of Epstein–Barr Virus (EBV)-Associated Burkitt’s 
Lymphoma 

 Even after intensive research in the  fi eld of viral oncology for over 40 years, the pre-
cise contributions of EBV in the pathogenesis of BL have yet to be fully realized. 
EBV-infected cells display predominantly three different types of latency based on the 
EBV-encoded protein and RNA expression. Type I latency is characterized by an 
almost exclusive expression of EBV-encoded nuclear small non-polyadenylated RNA 
(EBER) molecules and EBV-encoded nuclear antigen (EBNA) 1. Type II latency 
shows additional expression of latent membrane proteins (LMP). Type III latency 
displays expression of EBV nuclear antigen 2–6 by virtue of differential promoter 
usage  [  38  ] . Generally, BL cells usually display latency type I but may convert to 
latency type III in cell culture condition  [  39  ] . Table  10.1  shows some of the described 
roles of the EBV latent antigens and their interacting host factors which are likely to 
be important for progression of BL.   

   Role of Major EBV Gene Products in Burkitt’s Lymphoma 

   EBNA1 

 Studies have suggested that BL is a tumour derived from cells containing EBV 
maintained as a persistent latent infection  [  65  ] . Some  fi ndings also indicated that 
BL has the Ig gene somatic mutations of a memory B cell  [  66  ] , and that EBV persists 
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in resting memory B cells in the peripheral blood  [  67,   68  ] . BL also showed a unique 
pattern of viral latent protein expression, with expression of the EBV-encoded 
nuclear antigen (EBNA) 1 protein, as the predominant latent antigen necessary for 
maintenance and replication of the viral genome  [  69  ] . EBNA1 is produced from a 
transcript of EBNA1 (Q-K), originating from a unique Qp promoter  [  70  ] . EBNA1 
is ultimately to be a predominant target for cytotoxic T lymphocytes and previous 
studies suggested that only EBNA1 is expressed in the progenitor of BL cell type 
 [  65  ] . Recent genetic studies revealed that infection of B cells with derivatives of 
EBV lacking EBNA1, induced their proliferative capacity but with less potency 
when compared to wild-type EBV  [  40  ] . This indicated that the functions of EBNA1 
can provide activities important for driving initiation and maintenance of the prolif-
erative state of EBV infected B cells. Other studies investigating EBV-infected B 

   Table 10.1       The EBV latent antigens and their associated cellular proteins important for their 
activities in BL cells   
 EBV latent 
antigens 

 Associated cellular 
proteins  Functions  References 

 EBNA1  PKR, H2B, Rag-1, Bcl2, 
CD25 

 Essential for B-cell immortalization, inhibition 
of apoptosis, genome maintenance 

  [  40–  45  ]  

 EBNA2  CD21, CD23, c-Fgr, 
RBP-JK, Spi, PU-1 

 Transcriptional co-activator that up 
regulates expression of viral (LMP1) 
and cellular genes (c-myc) 

  [  46–  50  ]  

 EBER’s  c-Myc, ribosomal protein 
L22 

 Enhanced immunogenicity, Inhibition of 
apoptosis, IL-10 production, BCL2L11 
(BIM) down-regulation 

  [  51–  53  ]  

 BART’s  miRBART 2, miRBART5, 
PUMA, p53, BIM, 
c-Myc 

 Protein product may modify Notch 
signaling 

  [  54–  56  ]  

 EBNA3A 
and 3C 

 Bcl2, BIM  Essential for B-cell immortalization, 
stabilizing c-Myc, cyclin D1 and Mdm2 

  [  57  ]  

 LMP1  CD40, ICAM1, NFkB, 
c-JUN, JNK, STAT 

 Essential for B-cell immortalization, MAPK 
and Wnt signaling 

  [  58–  60  ]  

 LMP2A  AKT, mTOR, PI3K, 
c-Myc, p53 

 Drives EBV in to latency, blocks BCR, AKT, 
mTOR and PI3K signaling pathway 

  [  61–  64  ]  

  This table shows the important functions of EBV latent antigens and associated host factors in 
Burkitt’s lymphoma cells.  EBNA  Epstein–Barr virus nuclear antigen,  EBER  EBV-encoded RNA, 
 BART  BamHI-A rightward transcript,  LMP1  latent membrane proteins1,  PKR  protein kinase 
RNA-activated,  H2B  histone H2B,  RAG1  V(D)J recombination-activating protein 1,  BCL2  B-cell 
lymphoma 2,  CD  cluster of differentiation,  c-FGR  Gardner–Rasheed feline sarcoma viral (v-fgr) 
oncogene homolog,  RBP-JK  recombination signal binding protein for immunoglobulin kappa J 
region,  Spi , Salmonella pathogenicity island 1,  PU.1  transcription factor PU.1,  c-MYC  v-myc 
avian myelocytomatosis viral oncogene homolog,  miR-BART  micro-RNA BamHI-A rightward 
transcript,  PUMA  p53 upregulated modulator of apoptosis,  BIM  BCL2-like 11,  ICAM1  inter-cellu-
lar adhesion molecule1,  NFkB  nuclear factor kappa-light-chain-enhancer of activated B cells, 
 c-jun  jun proto-oncogene,  JNK  c-Jun N-terminal kinases,  STAT  signal transducer and activator of 
transcription,  AKT  protein kinase B,  mTOR  mammalian target of rapamycin,  PI3K  phosphati-
dylinositol 3-kinases,  MDM2  mouse double minute 2,  MAPK  mitogen-activated protein (MAP) 
kinases,  NOTCH  Notch ( Drosophila ) homolog,  Wnt  proto-oncogene Int-1 homolog,  BCR  break-
point cluster region  
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cells demonstrated inhibition of EBNA1-induced apoptosis  [  41  ] . Interestingly, in 
Burkitt’s lymphoma cells, expression of the two small, non-translated EBERs were 
shown  [  71  ] . These viral RNAs can inhibit apoptosis induced by interferon treatment 
through a mechanism involving inhibition of RNA-dependent protein kinase (PKR) 
 [  72  ] . EBNA1 inhibition in Burkitt’s lymphoma cells showed no alteration in the 
level of EBERs detected and further supports a role for EBNA1 in inhibition of 
apoptosis  [  41  ] .  

   EBNA2 

 In lymphoblastoid cell lines, only a subset of viral genes is expressed. They code for 
six nuclear proteins, three membrane proteins and two small non-polyadenylated 
nuclear RNAs  [  73,   74  ] . The latent genes required for transformation is still a subject 
of intense investigation. The EBV nuclear antigen 2 (EBNA2) is deleted in the 
transformation-defective virus P3HR 1  [  73  ] . The two forms EBNA2A and EBNA2B 
found in the different strains of the virus and share about 50% homology  [  75  ] . 
EBNA2 was detected as the  fi rst viral gene expressed together with EBNA-LP, after 
infection of primary B cells  [  73,   76  ] . It functions as a transcriptional activator of 
different latent viral as well as cellular proteins including the viral Cp, LMP1 and 
LMP2, and cellular CD21, CD23 and c-fgr genes  [  46,   47,   77–  87  ] . EBNA2 exerts its 
trans-activating function by binding to RBP-JK in complex with its cognate DNA 
sequence  [  48,   50,   88,   89  ] , and through interaction with transcription factors of the 
ETS gene family members including, Spi-1 and PU-1  [  82,   90  ] . In vitro transforma-
tion of primary B cells is strictly dependent on EBNA2  [  91,   92  ] . However, EBNA2 
is not predominantly expressed in BL tumours  [  93  ] , although some studies have 
shown EBNA2 expressed in BL tumours  [  94  ] . Therefore, the role of EBNA2 in BL 
is still signi fi cant. Studies have shown that EBNA2 down-regulates the surface 
expression of IgM and transcription of the Ig- m  locus  [  73  ] . BL cells with t(8;14) 
translocations showed down-regulation of Ig- and  m  expression was observed in 
association with concomitant transcriptional shut-down of the c-myc gene  [  73  ] . 
This  fi nding revealed the dysregulation of c-Myc under the control of the Ig heavy 
chain locus in these cells  [  73  ] . Additionally, the function of EBNA2 as a negative 
regulator of Ig-I transcription provided an explanation for the growth inhibitory 
effect of EBNA2 in Burkitt’s cells carrying a t(8;14) translocation  [  73  ] .  

   EBERs 

 EBERs 1 and 2 were identi fi ed as small, non-coding, non-polyadenylated RNAs 
expressed during EBV latent infection  [  95  ] . They are generally abundant but their 
mechanism of action in EBV mediated B-cell transformation remains poorly 
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understood. Reports have suggested that the EBERs have anti-apoptotic effects on 
infected cells but these results are still controversial. Currently, it was suggested that 
EBERs may furnish B cells with a degree of protection from the pro-apoptotic 
activity of alpha-interferon; however, the contribution of EBERs to the pathogene-
sis of BL is still unclear  [  96  ] . The genes coding for the non-polyadenylated RNAs 
EBER1 and EBER2, 173 and 169 nucleotides, respectively, are highly expressed in 
all EBV-associated tumours  [  97  ]  and may contribute to EBV-mediated oncogenesis. 
However, studies by Swaminathan et al. demonstrated that they were not essential 
for in vitro transformation. Independent studies by Takada and Sample investigated 
the oncogenic potential of the parental EBV-positive BL cells using individual EBV 
genes. In this study, they used loss variants of EBV-positive BL cell lines as recipi-
ents. Interestingly, they concluded that EBNA1 alone is not suf fi cient to reconstitute 
resistance of the cells to apoptotic stimuli and that the EBERs are partially respon-
sible for the onset of tumorigenesis  [  98  ] . Further, Niller et al. demonstrated a c-MYC 
binding site in the EBER promoter and suggested that the probable role of c-MYC 
is to induce expression of EBERs as cooperative partners which promotes oncogen-
esis  [  51,   99  ]  . Importantly, it was also reported that EBER2, but not EBER1 contrib-
utes to B-cell immortalization  [  100  ] . Often, EBERs are found in complexes with the 
La protein, the auto-antigen in lupus erythematosis, and the ribosomal protein L22 
 [  101  ] , but the functional relationship with EBV-mediated B-cell transformation has 
not been elucidated.  

   BARTs 

 BamHI-A rightward transcripts are lower in abundance in EBV-immortalized cells 
and BL cells expressing latency I pattern  [  102  ]  as well as in fresh BL biopsies  [  103  ] . 
BHRF1 is also expressed in BL cells with Wp-restricted latency  [  104  ] . This is the 
primary transcript which gives rise to miR-BHRF-1–3  [  97  ] . Three viral BHRF1-
micro-RNAs were also detected in BL cells with latency I at low levels due to 
residual Cp promoter activity  [  105  ] . Interestingly, Pratt et al. showed a correlation 
between viral micro-RNA expression and maintenance of the viral genome in that 
three BL lines (Akata, MutuI and Daudi) spontaneously lost their viral genomes 
with the low expression levels of viral micro-RNAs  [  97  ] . This  fi nding suggested 
that viral micro-RNAs may exhibit a maintenance function for survival or growth 
of BL cells in vitro and potentially also in vivo  [  106  ] . To determine the role of viral 
micro-RNAs in regulation of viral and cellular gene expression, as well as cellular 
micro-RNA expression, primary B cells were infected with EBV. Global down-
regulation of cellular micro-RNAs was observed with the exception of miR-155 which 
was found up-regulated in EBV-immortalized B cells  [  107  ] . The results suggested 
that the viral latency III program induces miR-155 which globally regulates the T 
helper and germinal centre response  [  54  ] . Recently, targets of two other viral BART-
derived micro-RNAs have been described. Among them, miRBART2 targets 
BALF5, the gene coding for the viral DNA polymerase  [  55  ] , and miR-BART5 
which targets PUMA  [  56  ] , a pro-apoptotic protein and target of p53 that strongly 
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cooperates with Bim in driving lymphomagenesis  [  108  ] . This observation is 
signi fi cant in regards to c-MYC/Bim/PUMA signaling in EBV-associated BL with 
implications for pathogenesis  [  109  ] .  

   EBNA3 

 The three EBV latency-associated proteins, EBNA3A, EBNA3B and EBNA3C, are 
a family of latent antigens which share limited but signi fi cant amino-acid sequence 
homology predominantly in their amino terminal regions  [  110  ] . They have the same 
gene structure and are arranged in tandem in the EBV genome  [  109  ] . Recently, it 
was shown that BL cells latently infected with EBV provide signi fi cant protection 
from programmed cell death induced by a variety of cytotoxic agents  [  57,   94,   111  ] . 
Studies on EBV latent gene expression patterns in various EBV-positive BL-derived 
cell lines suggested that the EBNA3 family might play a crucial role in B-cell sur-
vival and transformation. Delecluse et al. generated recombinant viruses using a 
bacterial arti fi cial chromosome (BAC) system to evaluate the contribution made by 
each of the EBNA3 proteins in B-cell survival  [  57  ] . EBV recombinants were pro-
duced with deletions in the individual EBNA3 genes and, importantly, viruses in 
which the deleted EBNA3 gene was restored to the wt viral genome (revertants)  [  57  ] . 
These viruses were used to infect EBV-negative BL cells. Several experiments with 
EBNA3-knockout (KO) viruses in BL31 cells after exposure to different cytotoxic 
drugs revealed that cell survival was dependent on both EBNA3A and EBNA3C, 
which correlated with a signi fi cant down-regulation of the three isoforms of Bim, 
BimEL (extra-long), BimL (long) and BimS (short)  [  57  ] . These  fi ndings suggest a 
model which described the contribution of EBV to the pathogenesis of BL. EBV 
nuclear proteins, EBNA3A and EBNA3C (but not EBNA3B) are necessary to estab-
lish LCLs  [  112  ] , and their expression may be involved in the resistance of BL cells to 
cytotoxic drugs. The regulation of Bim was observed predominantly at the RNA 
level, with little evidence of post-translational Bim stabilization by EBV  [  113  ] . The 
molecular mechanism by which Bim is regulated has not been completely 
elucidated.  

   LMP1 

 The Epstein–Barr virus latent membrane protein 1 (LMP1) is critical for EBV-
induced B-cell immortalization and transformation  [  114  ] . Expression of LMP1 
induces phenotypic changes of B cells and also activates cellular genes like CD40 
or ICAM1/CD54, NFkB, c-jun N-terminal-kinase (JNK), and the STAT signaling 
pathway  [  113  ] . This protein is abundantly expressed during the lytic cycle of viral 
replication  [  115  ] . LMP1 possesses six hydrophobic transmembrane domains in its 
protein structure that enable ligand-independent aggregation in the plasma membrane 
important for altering cell growth and cellular gene activation  [  116  ] . This cellular 
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gene activation is permitted through two major effector domains like, C-terminal 
activation regions (CTAR) 1 and 2  [  117,   118  ] . The C-terminal activation region1 
contributes to the initial induction of lymphocyte transformation and NFkB activa-
tion and also interacts with tumour necrosis factor receptor-associated factor (TRAF) 
 [  119  ] . It was also reported that CTAR2 is critical for long-term growth of lympho-
blastoid cell lines  [  118  ] . This domain was proved to interact with TNF receptor-
associated death domain protein (TRADD) and is essential for activation of NFkB 
and JNK  [  117,   120  ] . EBV suppresses the cellular apoptotic program important for 
establishment of latent infection and the development of viral associated neoplasia. 
Furthermore, expression of LMP1 in BL cell lines leads to increased mRNA levels 
of b fl -1, the cellular anti-apoptotic gene  [  121  ] . Moreover, ectopic expression of 
B fl -1 in an EBV-positive cell line induces a latency type 1 program and protects 
against apoptosis induced by growth factor deprivation  [  122  ] . A recent report dem-
onstrated that LMP1 can activate the b fl -1 promoter activity through interactions 
with components of the tumour necrosis factor receptor (TNFR)/CD40 signaling 
pathway in BL-derived cell lines  [  122  ] .  

   LMP2A 

 LMP2A in fl uences the balance of survival factors in B lymphocytes and may con-
tribute functionally to BL-associated pathogenesis. Low levels of LMP2A tran-
scripts were detected in fresh tumour biopsies supporting the hypothesis that 
LMP2A protects B cells from apoptosis which is induced by deregulated c-MYC in 
human BL cell lines  [  123  ] . Additionally, studies using transgenic mice revealed a 
functional role for LMP2A in development of BL  [  124  ] . It was reported that LMP2A 
induces a BCR-like signal in absence of functional BCR  [  63  ] . Previous studies have 
shown that LMP2A plays a major role in activation of PI3K/Akt/mTOR signaling 
pathway  [  125  ] . Akt was identi fi ed as one of the downstream targets of LMP2A in B 
cells  [  126  ] , and LMP2A expression induces PI3K dependent AKT phosphorylation 
 [  127  ] . Additionally, expression of c-Myc in association with LMP2A increases the 
probability of acquiring a mutation in p53 in EBV-positive cells  [  123  ] . Therefore, 
LMP2A is probably an important component of the missing link between EBV and 
BL. Moreover, LMP2A was found to increase the pro-survival levels of Bcl family 
members in B lymphocytes  [  123  ] .   

   Cellular Factors That Contribute to Lymphomagenesis 

   Translocation of c-Myc and Burkitt’s Lymphoma Pathogenesis 

 c-Myc is a major transcription factor which plays a crucial role in many cellular 
processes like-growth, proliferation and apoptosis  [  128,   129  ] . Interestingly, c-Myc-
induced apoptosis was found as a key phenomenon in BL cells as c-Myc expression 
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levels above a threshold induces apoptosis of these cells  [  130  ] . However, c-Myc 
potently drives S phase progression in somatic cells  [  131  ] . Therefore, c-myc expres-
sion is tightly regulated and immediately sensitive to external stimuli. In case of 
normal cells, c-Myc exerts pro-proliferative effects by the upregulation of cyclins 
including, D and E and down-regulation of p27  [  30  ] . In addition, over-expression of 
c-Myc in B cells leads to induction of p53 or ARF and results in induction of apop-
tosis  [  132  ] . It was also demonstrated that in mouse cells, the product of CDKN2A 
(INK4a-ARF) locus, p19ARF80 stabilizes p53 by forming a complex with and 
antagonizing MDM2, a key negative regulator of p53  [  133,   134  ] . In human, the 
p14ARF protein is a homolog of the ARF protein  [  135  ] . Interestingly, deregulation 
of c-Myc is implicated in a number of human malignancies which occurs through 
gene translocation or ampli fi cation, mRNA stabilization, enhanced translation or 
protein stabilization  [  136  ] . Different forms of BL are strongly associated with 
speci fi c chromosomal translocations that result in the juxtaposition of the c-myc 
locus on chromosome 8 and various immunoglubulin (lg) loci located on chromo-
some 14, 22, or 2  [  137,   138  ] . These chromosomal translocations lead to deregulated 
expression of the c-myc gene  [  139,   140  ] , because of structural alterations present in 
the 5 ¢  regulatory portion of the translocated gene  [  141,   142  ] . Additionally, a number 
of transcriptional regulatory factors from the lg loci also in fl uence c-myc expression 
 [  139  ] . Deregulated expression of the c-myc gene plays a pathogenic role in BL and 
in analogous B-cell tumours in several animal species  [  143  ] . This was also shown 
in studies, involving the transfection of an activated c-myc gene into murine B lym-
phocytes  [  144  ] , and in vivo studies using transgenic mice carrying activated c-myc 
genes in their B cells  [  145  ] . Those experiments indicate that c-myc activation per se 
does not lead to transformation, and that additional, most likely genetic, alterations 
are required for tumour development. Lombardi et al. observed that EBV infection 
and c-myc activation are suf fi cient for tumorigenic conversion of human B cells 
in vitro, strongly supporting the hypothesis that these same two pathogenic steps 
may be involved in the in vivo development of BL  [  146  ] . It is well established that 
higher levels of c-Myc expression facilitates enhanced protein synthesis and energy 
metabolism, reduction of cell adhesion, stimulation of angiogenic property, pro-
motes genomic instability and metastasis potential towards lymphomagenesis  [  147  ] . 
This growth promoting activity of c-Myc is counteracted by its capacity to induce 
programmed cell death via activation of ARF  [  148  ] . ARF stabilizes p53 by antago-
nizing MDM2, which results in transcriptional activation of the pro-apoptotic tar-
gets of p53 like, NOXA, PUMA and BAX  [  149  ] . The majority of BL tumours and 
derived cell lines carry mutations that result in deregulation of the p53/MDM2/ARF 
signaling pathway  [  149  ]  and threonine 58 mutation blocks the ability of c-Myc 
protein to induce the expression of the apoptotic BCL-2 family member BIM  [  131  ] . 
BIM interacts with the anti-apoptotic protein BCL-2, inhibiting its function and 
appears to be an important regulator of apoptosis  [  150  ] . The exact mechanism 
by which MYC activates BIM is not fully understood and recent studies demon-
strated that EBV-infected cell lines express lower levels of BIM than parental lines, 
suggesting that a latent EBV product blocks apoptosis by down-regulating the 
expression of BIM  [  151  ] . Interestingly, the anti-apoptotic kinase, PIM-1 was also 
reported to be hyperactive in BL and induces MDM2 in these cells resulting in the 
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destabilization of p53  [  152  ] . Importantly, BL cells with inactivating TP53 mutations 
appear to be devoid of MYC mutations  [  108  ] . Furthermore, once inactivating TP53 
mutations are present there is no longer a requirement for further lesions in MYC to 
block apoptosis. Additionally, mutations that disrupt the nuclear localization signal 
of RB-related genes like, RBL2 (RB2/p130) have also been reported in endemic 
BL, which correlates with increased cellular proliferation  [  153  ] , and alterations in 
p130 may drive proliferation prior to translocation of the MYC gene  [  131  ] .  

   Deregulation of p53 and Burkitt’s Lymphoma 

 Deregulation of c-myc appears to be one of the essential features of BL. Additional 
genetic and epigenetic alterations have been detected in BL tumours or derived cell 
lines that affect the p53 and Rb signaling pathways and are thought to be crucial in 
pathogenesis of this disease  [  154  ] . Thirty percent of endemic BL tumours and up to 
70% of long-established BL cell lines carry p53 mutations  [  154  ] . Furthermore, 
those endemic BLs carrying wild-type p53 frequently carry some genetic alterations 
at other genes involved in the p53 and RB pathways, such as over-expression of the 
MDM2, silencing of p16INK4A through promoter methylation and deletion, and in 
a few cases inactivation of the tumour suppressor p14ARF through homozygous 
deletion  [  155  ] . Over-expression of MDM2, due to enhanced translation, results in 
inactivation of wild-type p53 in BL cells  [  156  ] . These  fi ndings strongly suggest that 
disruption of the p53 signaling pathway contributes to BL development  [  154,   157, 
  158  ] . In EBV-negative BL cells, reactivation of p53, by reducing MDM2 protein 
levels, led to apoptosis  [  158  ] . Moreover, nutlin-3, a potent antagonist of MDM2, 
activates the p53 signaling pathway in BL cell lines harbouring wild-type p53, 
regardless of EBV status. Nevertheless, nutlin-3 strongly induced apoptosis in EBV-
negative or latency I-associated EBV-positive BL cells, whereas latency III-associated 
EBV-positive BL cells were more resistant  [  158  ] .  

   Rb Function is Dysregulated in BL Cells 

 The Rb/p105 gene is a well-known prototypical tumour suppressor gene identi fi ed 
as one of the  fi rst genes which belongs to the retinoblastoma (RB) family  [  159  ] . 
The Rb family consists of pRb/p105, p107 and pRb2/p130 which are structurally 
and functionally related  [  160  ] . These proteins have major roles in gene regulatory 
networks that govern the cellular response to anti-mitogenic signals. The deregula-
tion of these proteins contribute towards the malignant transformation of cells 
 [  161  ] . Interestingly, pRb/p105 is expressed frequently in BL; however, the Rb 
pathway is inactivated in a large fraction of BL tumours  [  159  ] . In most cases, inac-
tivation of p16 by promoter methylation, homozygous deletion or point mutations 
have been observed  [  154  ] . Moreover, some reports have been shown that the 
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pRb-related protein pRb2/p130 is mutated in its nuclear localization signal in BL 
cell lines as well as in primary tumours  [  153  ] . This fact allows for the possibility 
that inactivation of pRb2/p130 renders BL cells more susceptible to malignant 
transformation by activated c-Myc  [  162  ] . Additionally, missense mutations of c-Myc 
have altered interactions with p107 during lymphomagenesis  [  163  ] . It should be 
noted, however, that analysis of AIDS-related lymphomas revealed no mutations 
in the RB2/p130 gene  [  164  ]  and a high percentage of cells, expressing nuclear 
pRb2/p130 have enhanced proliferative activity  [  164  ] . These observations suggest 
that a potent, molecular mechanism of Rb regulation is linked to viral-mediated 
oncogenesis in BL cells.   

   Deregulation of Cellular Signaling Pathways Associated 
with Burkitt’s Lymphoma 

 EBV viral onco-proteins are capable of altering a number of cellular signal trans-
duction pathways. These EBV latent proteins play prominent roles in deriving 
virus-mediated oncogenesis. They can trigger several signaling cascades which 
alter cellular growth and survival. These viral oncoproteins can stimulate a number 
of signal transduction pathways such as, NF-kB, JNK, JAK/STAT, PI3K/Akt, 
ERK1/2, and p38 mitogen-activated protein kinase (MAPK)  [  165  ] . Additionally, 
they can regulate downstream genes which are functionally related to different 
biological processes. These deregulated cellular signaling can contribute to the 
development of BL. Here we will discuss the molecular interactions of EBV latent 
proteins with cellular host factors (Fig.  10.1 ), which contribute signi fi cantly to the 
modulation of cellular signal transduction pathways.  

   JAK-STAT Signaling 

 The EBV latency antigens, EBNA-1, EBNA-2 and LMP-1, have been shown to play 
critical roles in B-lymphocyte transformation  [  91,   167  ] . The LMP1 protein is com-
posed of a short cytoplasmic N-terminus domain of 24 amino acids, six transmem-
brane domains of 186 amino acids and also a cytoplasmic C-terminus domain of 
200 amino acids  [  168  ] . The six transmembrane domains are essential for LMP-1 
aggregation in the cell membrane as well as cellular signal transduction  [  169  ] . The 
long cytosolic C-terminal domain contains the C-terminal activating regions 
(CTAR)-1 and -2  [  170  ] . These domains play a major role in LMP1 contribution to 
EBV mediated B-cell transformation and immortalization  [  117  ] . Interestingly, the 
region between CTAR-1 and -2 (CTAR-3) was also found to induce the JAK/STAT 
signaling pathway  [  171  ] . LMP-1 mimics a constitutively active tumour necrosis 
factor receptor (TNF-R), and by this constitutive activation contributes to B-cell 
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immortalization and transformation  [  113,   172  ] . Interestingly, IL-21 can also induce 
the JAK/STAT signaling pathway and so regulate expression of the EBV latency 
proteins EBNA2 and LMP1 in BL cell line Jijoye, as well as in B95-8 transformed 
lymphoblastoid cells  [  173  ] . They also suggested that intact JAK/STAT signaling 

  Fig. 10.1       EBV latency proteins modulate major cellular signal transduction pathways  [  166  ] . Viral 
proteins interact with different cellular proteins to deregulate their signaling cascades. This eventu-
ally leads to the formation of Burkitt’s lymphoma by abnormal cell proliferation and inhibition of 
the apoptotic process       
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was required for IL-21-mediated regulation of EBNA2 and LMP1 expression in 
EBV positive cells  [  173  ] .  

   MAPK Kinase Pathway 

 Three genetically distinct groups of mitogen-activated protein kinase (MAPK), 
including ERK, JNK/SAPK and p38 MAPK, were identi fi ed in mammalian cells all 
activated by a kinase cascade  [  174  ] . Recent studies revealed that activation of the 
ERK cascade is generally responsible for survival or proin fl ammatory processes, 
whereas JNK signaling exerts the apoptotic response  [  175  ] . These MAPK pathways 
are implicated in regulation of stress-induced apoptosis  [  176  ] . Both JNK and p38 
are activated in response to a variety of stress agents including ionizing radiation 
 [  177  ] . Importantly, some reports have provided evidence to show that EBV-positive 
BL is associated with high levels of MAPK activation and high levels of ROS gen-
eration when compared with EBV-negative BL  [  178  ] . Latent EBV can be reacti-
vated by different stimuli, including tumour promoters,  n -butyrate and antibodies 
against cell surface immunoglobulins (sIg)  [  179  ] . Cross-linking with sIg can induce 
MAPK signaling pathways through phosphorylation of MAPK  [  180  ] . 
Phosphorylation of MAPK triggers intracellular signaling cascades which are 
involved in proliferation, differentiation and apoptosis of B-cells  [  181,   182  ] . 
Notably, LMP1 and LMP2A can both modulate the signaling activities of MAPK in 
BL cell lines  [  183  ] .  

   PI3K/Akt Pathway 

 The serine/threonine kinase Akt or PKB promotes cellular proliferation, survival and 
apoptosis in a wide range of cell types  [  184  ] . Akt is a well-known downstream effec-
tor molecule of PI3-kinase  [  185  ] . Akt phosphorylates a number of signaling mole-
cules involved in a number of major cellular processes  [  186,   187  ] . Akt phosphorylates 
the Bcl-2 family member BAD, to promote cellular survival  [  186  ] . Thus, PI3-K/Akt 
signaling pathway is involved in regulation of cell proliferation and survival in a 
wide range of different malignancies. In EBV-immortalized B-cells, PI3-K/Akt sig-
nal transduction also plays a crucial role in both cell survival and proliferation  [  188  ] . 
PI3-K/Akt pathway activation cooperates with EBV proteins in B-cell transforma-
tion. Latent membrane protein (LMP) 2A activates the PI3-K/Akt pathway and 
inhibits TGF-beta-induced apoptosis in BL and gastric carcinoma cell lines  [  189  ] . 
LMP2A can also contribute to EBV-associated neoplasia by regulating  b -catenin 
signaling pathways  [  127  ] . LMP1 can also promote cell survival through these path-
ways. In the context of EBV lytic infection, BRLF1, but not BZLF1 has a contribu-
tory role in PI3-K/Akt activation and studies have also demonstrated that PI3-K is a 
major determinant of responsiveness to the B-cell antigen receptor (BCR)-mediated 
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EBV activation  [  189  ] . These  fi ndings provide important evidence for the role of 
PI3-K/Akt signaling pathway in EBV-mediated growth and survival of BL cells.  

   Notch Signaling 

 Signal transduction through members of the Notch signaling pathway has multiple 
roles in cell fate determination. This family of proteins is conserved in evolution 
from nematodes to human  [  190  ] . The Notch signaling pathway in mammals includes 
four different receptors, Notch1-4, and  fi ve ligands including Jagged1, 2 and Delta-
like1, 3, 4  [  191  ] . The Notch receptor is activated by direct interaction with its ligands 
expressed on neighbouring cells  [  192  ] . Sequentially, the intracellular domain of the 
Notch receptor (NIC) is released from the membrane after receptor cleavage which 
is executed by the ADAM/TACE protease and gamma-secretase complexes  [  193  ] . 
NIC translocates to the nucleus and associates with the transcription repressor 
RBP-Jk, which results in transactivation of the RBP-Jk responsive promoter through 
recruitment of the co-activators of the Mastermind-like (MAML) family  [  194  ] . The 
N-terminal Delta-Serrate-Lag2 (DSL) domains are extracellular domains which are 
essential for Notch-binding  [  195  ] . 

 Notch signaling is linked to multiple functions during mammalian haematopoi-
esis and lymphopoiesis  [  196  ] . One important function is the regulation of T-cell 
commitment from a common lymphoid precursor at the expense of B-cell develop-
ment in the thymus  [  149  ] . Notch signaling also controls marginal zone B-cell dif-
ferentiation in the spleen  [  56  ]  and deregulated Notch signaling plays a pivotal role 
in T-cell malignancies  [  197  ] . Importantly, EBV antigens have derived strategies for 
usurping this function of Notch. Involvement of EBV protein EBNA2 with the tran-
scription factor RBP-Jk was shown to be essential for B-cell transformation  [  198, 
  199  ] . EBNA2 activates B cells by up-regulating the B-cell activation markers CD21 
and CD23  [  199  ] . Thus, deregulated Notch signaling may promote the immortaliza-
tion of B cells through usurpation of RBP-Jk interaction. Notch-1 can mimic 
EBNA2’s ability to activate CD21 expression and down-regulate Ig m  transcription 
in BL cell lines infected with a mutant EBV lacking EBNA2  [  200  ] . Interestingly, 
CD23 and LMP1 were not activated by Notch-1  [  200  ] , and activated Notch-1 can 
transiently maintain the proliferation of LCLs  [  201  ] . These LCLs do not have 
EBNA2 but express viral oncoprotein LMP1 suggesting that activated Notch-1 can 
partially substituted for EBNA2  [  202  ] .  

   Wnt Signaling 

 Activation of the wnt/wingless signaling cascade is an important contributor to a 
number of malignancies.  b -catenin, the downstream transcriptional regulatory factor 
is a critical component of the wnt signaling pathway  [  203  ] . To activate transcription, 
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 b -catenin is stabilized and translocated to the nucleus where it binds to other 
transcription factors, like-T-cell factor (Tcf), or lymphocyte enhancer factor (Lef) 
 [  204  ] . In  Xenopus laevis  and  Drosophila melanogaster ,  b -catenin–Tcf/Lef com-
plexes regulate a number of processes involved in their development. In mamma-
lian systems,  b -catenin–Tcf/Lef complexes have been shown to regulate the 
expression of c- myc  and cyclin D1  [  205  ] , as well as genes important for cell growth 
and tumour progression, such as MMP7  [  206  ] , gastrin  [  207  ] , connexin  [  208  ]  and 
WISP proteins  [  209  ] .  b -Catenin has signi fi cant roles in regulation of leukemic cell 
adhesion, proliferation and survival  [  210  ] . Moreover, the speci fi c roles of  b -catenin 
are linked to lymphocyte proliferation and the development of lymphomas but the 
underlying mechanisms are yet to be fully explored.  b -Catenin activity is tightly 
regulated by targeted ubiquitination and proteasomal degradation by glycogen syn-
thase kinase-3 b  (GSK-3 b )  [  211  ] . Studies have revealed that during EBV type I 
latency, when EBNA1 is predominantly expressed;  b -catenin is degraded via a pro-
teasome-dependent process  [  212  ] . However,  b -catenin was found stabilized in type 
III latency, in which all EBV latent proteins are expressed  [  213  ] . Interestingly, bone 
marrow B cells from LMP2A transgenic mice showed a signi fi cant induction of 
TCF mRNA expression, compared with B cells from non-transgenic littermates, 
signifying that LMP2A activates the Wnt signaling pathway in vivo  [  209  ] . It is also 
interesting that BCR activation induces  b -catenin activity by inhibiting GSK-3 b , 
which indicates that LMP2A exploits normal B-cell signaling to mimic an activated 
BCR  [  214  ] . Therefore, LMP2A utilizes ubiquitination to regulate the turnover of 
 b -catenin or other proteins which are involved in Wnt signaling to maintain B-cell 
survival during EBV latency  [  132  ] .   

   EBV-Mediated Genomic Instability Contributes to Progression 
of Burkitt’s Lymphoma 

 Genomic instability is considered a hallmark of malignant transformation and 
tumour progression. It promotes the  fi xation of multiple genetic changes required 
for evolution of a pre-malignant cell clone to invasive cancers  [  212,   215  ] . This 
requires an increased rate of mutations combined with failure to correct mutagenic 
lesions through the inactivation of DNA repair pathways. Two types of genetic 
alterations are commonly seen in cancerous cells, these are microsatellite instability 
(MIN) and chromosome instability (CIN)  [  216  ] . Chromosomal aberrations such as 
the reciprocal translocations, deletions, inversions and duplications can be transmit-
ted to progeny, while non-clonal aberrations, including di-centric chromosomes, 
rings, fragments, satellite associations, double minutes and chromatid gaps are often 
lethal and are therefore generated de novo at each cell cycle  [  148  ] . Interestingly, 
clonal and non-clonal chromosomal aberrations have been observed in EBV-
positive BL  [  217,   218  ] , and cells carrying EBV are also associated with a 3–10-
fold increase of di-centric chromosomes, chromosome fragments and chromatid 



192 S. Banerjee et al.

gaps by scoring non-clonal chromosomal aberrations in metaphase plates from 
EBV-positive and negative BL cell lines  [  219  ] . A distinct role for the virus was sug-
gested by comparison of paired EBV-negative and in vitro EBV-converted cells 
line. Most importantly, non-clonal chromosomal aberrations were decreased in 
EBV-loss variants of EBV-positive BLs and reappeared in their converted sublines, 
suggesting that the phenotype is reversible and, hence, dependent on the expression 
of one or more viral products  [  148  ] .  

   Other Risk Factors Associated with Burkitt’s Lymphoma 
Progression 

   Malaria 

 Extensive studies on EBV associated lymphomagenesis revealed that EBV and 
 P. falciparum  infections are two important polymicrobial stimuli which are important 
for malignant progression in endemic BL  [  220–  222  ] . However, reports have indi-
cated that the presence of holoendemic malaria is associated with increased risk of 
endemic BL in equatorial Africa rather than EBV infection in early stage of life 
 [  223  ] . Recently, two hypothetical models were proposed to explain the impact of 
holoendemic malaria on EBV latency and immunity in children. These are suppres-
sion of EBV-speci fi c T-cell immunity and the expansion of the latently infected 
B-cell pool  [  224  ] . In 1983, Moss and colleagues  fi rst observed impaired EBV-
speci fi c T-cell responses in adults living in malaria prone holoendemic regions of 
Papua New Guinea  [  225  ] . Additionally, EBV loads are higher in areas of holoen-
demic malaria compared to areas where malaria is sporadic  [  226  ] . Furthermore, an 
increased persistence in children is seen with a history of severe malaria due to 
higher viral reactivation  [  227  ] . Endemic BL also appears in elderly individuals who 
have migrated from malaria-free high altitude region to lower, malaria-endemic 
region  [  228  ] , and EBV viral load in blood is reported to be highest in children from 
malaria endemic areas  [  226  ] . There are three possible consequences for EBV and 
malaria infections in BL: (a) EBV infection occurs  fi rst followed by malarial infec-
tion; (b) EBV infection and malarial infection occurs simultaneously; (c) Malarial 
infection is followed by EBV infection. Moreover, the highest parasitic loads were 
found in very young children  [  224  ] . Recently, studies have shown that the malaria 
parasite  P .  falciparum  can directly activate B cells via a cysteine-rich inter-domain 
region 1 a  (C1DR1 a ) on the  P. falciparum  erythrocyte membrane protein 1 
(PfEMP1), which binds to surface Ig  [  229  ] . The activation of B cells by C1DR1 a  
and subsequent protection from apoptosis has been postulated to play a role in 
enhancing survival of GC B cells bearing oncogenic mutations  [  131  ] . It was gener-
ally thought that the association between malaria and BL arises from a combination 
of immunosuppression and B-cell activation. Interestingly, cytotoxic T-cell-mediated 
control over the outgrowth of EBV-infected B cells is impaired during acute malaria 
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infection  [  230  ] . This suggested that peripheral EBV loads may reach levels  fi ve times 
higher during acute malaria compared to healthy individuals  [  226  ] . The  fi ndings of 
Whittle and co-workers also demonstrated that peripheral blood lymphocytes from 
adults and children with acute malaria were unable to control outgrowth of EBV-
transformed cells in colony regression assays in vitro  [  231  ] , and  P. falciparum  may 
stimulate EBV latently infected memory B cells via Toll like receptor-9 engagement 
 [  224  ] . Furthermore, the expression of interleukin-10 (IL-10) was increased after 
 P. falciparum  infection leading to TLR9 induction in naïve B cells  [  232  ] . Kataaha 
and co-workers observed that addition of P. falciparum extracts to peripheral blood 
lymphocytes ex vivo increased the ef fi ciency of EBV-induced cell transformation 
 [  233  ] . Thus,  P. falciparum  infection is an additional factor which can contribute to 
endemic BL pathogenesis (Fig.  10.1 ). In addition the in fl uence of malaria in stimu-
lating B-cell expansion is only one contributor; however, there is the possibility that 
mosquito-borne arboviruses are another risk factor for endemic BL  [  235  ] .   

   AIDS 

 Burkitt and Burkitt-like/atypical BL are the largest group of HIV-associated non-
Hodgkin lymphomas, comprising up to 35–50% of these neoplasms in some cases 
 [  236  ] . According to pathological classi fi cations, BL was placed as the second most 
common subtype after immunoblastic DLBCL  [  237  ] . The diagnosis of Burkitt or 
Burkitt-like lymphoma requires a medium-sized CD10-positive B-cell population 
with a high proliferative rate and demonstration of c-Myc translocation  [  238  ] . 
Involvement of peripheral blood was found to be less common in HIV-infected 
patients compared with HIV-negative patients in BL  [  239  ] . The cell population in 
BL was observed as characteristically uniform in nature, with indistinct nucleoli, 
whereas Burkitt-like lymphomas display a greater degree of nuclear pleomorphism 
and may comprise more prominent nucleoli  [  237  ] . A subset of BL may show unique 
plasmacytoid differentiation, a morphological variation that appears only in AIDS 
patients  [  237  ] . In the plasmacytoid variant, the cells have eccentrically placed nuclei 
and abundant cytoplasm which contains immunoglobulin  [  237  ] . HIV-associated BL 
is characterized by multiple genetic lesions. The relative signi fi cance of each in the 
pathogenesis of this lymphoma is not fully understood. Additionally, the transloca-
tions involving c-Myc, point mutations within the regulatory regions associated with 
c-Myc, and within the p53 gene are common  [  240  ] . Male predominance was observed 
in sporadic BL (sBL) and AIDS-related BL, suggesting that males may be geneti-
cally predisposed to BL, and is independent of the geographic origin of the cases, and 
of antecedent illnesses, including EBV, malaria, or human immunode fi ciency virus 
 [  241  ] . BL tumours make up about 30% of AIDS-associated lymphomas and EBV is 
more often found in HIV-associated BL tumours than in sporadic BL tumours  [  74  ] . 
In Western nations, 30–40% of HIV-associated BL tumour cells harbour EBV and 
the presence of EBV-encoded RNA (EBER) was observed by in situ hybridization 
technique in tumour cells in about 30% cases of BL  [  98  ] . Similar to sporadic or 
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epidemic forms of BL, or in HIV-associated EBER-positive disease, the major viral 
antigens LMP-1 and EBNA-2 are not typically detected  [  237  ] . This phenomenon is 
in contrast to EBER-positive immunoblastic DLBCL and PEL, which shows the 
expression of these EBV-associated viral oncogenes  [  237  ] . Thus EBV may have 
distinctly different roles in oncogenesis in these different types of lymphomas. It is 
also interesting that although BL is common in HIV-infected patients, it is not asso-
ciated with other forms of immunosuppression  [  242  ] . This may indicate that the 
oncogenic properties of HIV itself can play a greater role in pathogenesis of this 
highly aggressive tumour when compared with EBV, or that there are additional 
mechanisms yet to be uncovered. Deregulation of cell cycle protein functions has 
been implicated in the development of BL. Inactivating mutations of the tumour 
suppressor gene RBL2 (Rb2/p130) were frequently found in endemic and sporadic 
BL cases  [  162  ] . By contrast, in HIV-associated cases, abnormal over-expression of 
wild-type RBL2 was observed  [  164  ] . This  fi nding, in conjunction with studies indi-
cating that the function of Rb2/p130 in the control of the G0/G1 transition can be 
negated by the physical interaction with the HIV encoded Tat protein  [  243  ] . This 
may suggest a pivotal role for HIV proteins acting synergistically with c-Myc acti-
vation in the pathogenesis of BL. HIV, by reducing the effectiveness of T-cell based 
immune response to oncogenic viruses can act as an indirect co-factor in the aetiol-
ogy of BL  [  244  ] , or by reducing the EBV-speci fi c T-cell function, leading to prolif-
eration of EBV infected B cells and eventual tumour formation  [  245  ] . Studies have 
suggested that either reducing HIV incidence, or treatment of HIV with antiretrovi-
ral drugs, may lead to a reduction of BL incidence in children  [  246  ] . Therefore, HIV 
infection and AIDS can also be considered a prime contributor to accelerate the 
pathogenesis of EBV associated BL (Fig.  10.2 ).   

   Treatment Strategy of Burkitt’s Lymphoma 

 Over the past few years, BL research has focused on identifying more ef fi cacious 
but less toxic regimens. Additionally, the rapidly growing knowledge providing 
molecular diagnosis of this disease has enabled the development of novel treatment 
options. Systemic chemotherapy is one of the treatments of choice in BL  [  28  ] . 
A careful patient history, physical examination and routine laboratory studies, gal-
lium-67 scintigraphy, CAT scanning, and abdominal ultrasonography are all useful 
techniques for identifying tumour sites as well as follow-up examination in response 
to therapy  [  247  ] . The gallium concentrates preferentially in tumour nodules and is 
the most sensitive of the three studies  [  248  ] . The CAT scan and ultrasonogram are 
important for localization of the tumours in the abdomen and is also important in 
preparing for surgical removal  [  249  ] . In addition, the serum lactate dehydrogenase 
level also re fl ects the tumour burden and hence becomes a sensitive indicator of 
tumour regression and relapse  [  250  ] . BL was known as one of the few B-cell malig-
nancies in which the treatment regimen for adults has been modeled on the basis of 
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  Fig. 10.2    EBV infection contributes to Burkitt’s lymphoma progression by deregulation of a 
range of cellular processes which lead to uncontrolled proliferation of infected B-cells. After infec-
tion of the oropharyngeal epithelial cells EBV infects B-cells to establish latency. This phenome-
non contributes to aberrant cell-cycle progression, genomic instability, higher angiogenic rate, 
abnormal cellular metastasis, and inhibition of programmed cell death  [  234  ] . Additional factors 
such as Malaria and HIV infection can also accelerate the oncogenic process       
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paediatric regimens. BL was associated with poor outcomes before the advent of 
high intense chemotherapy due to its high proliferative rate  [  251  ] . The prognosis for 
many patients with BL has changed signi fi cantly with the introduction of short, 
intensive chemotherapeutic regimens  [  251  ] . This advancement has signi fi cantly 
improved clinical outcomes for the BL patients. A report by Magrath et al., suggests 
that in cases of high-grade B-cell lymphomas, chemotherapeutic drugs like-cyclo-
phosphamide, vincristine, doxorubicin, high-dose methotrexate and intrathecal 
therapy should be alternated with ifosfamide, etoposide, high-dose cytarabine and 
intrathecal therapy for two cycles each for high-risk patients, whereas those with a 
low risk should receive three cycles of cyclophosphamide, vincristine, doxorubicin 
and high-dose methotrexate  [  252  ] . They also demonstrated that short courses of 
intensive therapy can elicit excellent response rates  [  251  ] . However, the toxicity rate 
was found to be very signi fi cant, including neurotoxicities from intrathecal therapy, 
haematological toxicity and severe mucositis symptoms  [  251  ] . A recent report dem-
onstrated that a phase II study utilizing a modi fi ed regimen  [  252  ] , treated adult 
patients with reduced doses of systemic methotrexate and intrathecal cytarabine, 
and altered the fractionated schedule for the cyclophosphamide resulting in a 
signi fi cant decrease in neurotoxicity and mucositis  [  253  ] . With the advancement of 
immunotherapy, the potential usage of monoclonal antibodies and other biological 
reagents, such as adjuvant therapy, opened new therapeutic options in BL treatment. 
For example, rituximab, or anti-CD20 monoclonal antibody, which acts by several 
mechanisms including the activation of cell-dependent cytotoxicity as well as anti-
body-dependent cellular cytotoxicity, has been used most extensively with combi-
nation of cyclophosphamide, vincristine, doxorubicin and dexamethasone drugs 
 [  254  ] . Additionally, this same strategy has recently been found to be very effective in 
treating HIV-associated BL  [  255,   256  ] . Other agents like, small peptide nucleic acids 
can theoretically be used to target oncogenes. Recently, an in vivo study demonstrated 
that BL grown in severe combined immunode fi cient (SCID) mice can be inhibited by 
a peptide nucleic acid complementary to regulatory intronic sequences, thus inhibit-
ing production of c-Myc  [  257  ] . 

 Several therapeutic strategies using stem cell transplantation in the treatment of 
BL have also been explored. Different studies have focused on the potential bene fi t 
of high-dose chemotherapy followed by autologous stem cell transplant. A recent 
report on phase II study demonstrated an intensive chemotherapy course followed 
by autologous stem cell transplant for adult patients resulted in comparable or 
slightly better overall survival rate for those with BL compared with current chemo-
therapy regimens utilized for comparable-aged patients  [  258  ] . Some additional 
reports were also found providing retrospective evaluations of allogeneic transplan-
tation for BL. The reports demonstrated lower relapse rates for allogeneic transplant 
patients compared with autologous transplant recipients, but unfortunately, the mor-
tality rate was found to be higher in allogeneic transplant patients  [  259  ] . Anti-viral 
therapy is also a very useful approach for treatment of viral positive BL. Latently 
infected BL cells with EBV remained unaffected by conventional anti-viral drugs 
like, acyclovir and ganciclovir  [  260  ] . They lack the expression of the viral thymi-
dine kinase (TK) necessary to convert nucleoside analogues to their monophosphate 
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form  [  261  ] . Moreover, it was observed that exposure to arginine butyrate can induce 
expression of EBV TK and sensitize the EBV-infected cells to these drugs  [  262  ] . 
Other drugs like cidofovir may also target expression of EBV latent genes, as some 
studies have demonstrated that cidofovir can down-regulate LMP1 expression and 
also decrease Bcl-2 expression levels in BL cells  [  262  ] . Further studies into the use 
of viral speci fi c therapies for use against EBV-associated BL would provide another 
avenue for development as well as increased speci fi city and ef fi cacy important for 
future targeted therapies.  

   Future Perspective 

 BL was  fi rst described as a common African childhood tumour. This exceptional 
tumour would quickly become an important paradigm in the  fi eld of cancer research. 
Since the geographical distribution pattern of BL coincided with the distribution of 
hyperendemic and holoendemic malaria, it was strongly suggested that malaria or 
other infectious agents carried by mosquitoes were likely responsible for the onset 
of BL  [  263  ] . The following, discovery of Epstein–Barr virus (EBV) in BL cells led 
to studies linking EBV infection and BL pathogenesis  [  264  ] . Extensive studies are 
ongoing in the  fi eld of BL research. However, to date the molecular contribution of 
EBV to the pathogenesis of BL remains a paradox. The functional aspects of EBV-
mediated BL pathogenesis are yet to be unveiled. It is necessary also to elucidate the 
function of the viral microRNAs expressed in BL cells  [  265  ] , and how they relate to 
the cellular and viral expressed genes. Further studies are required to understand the 
oncogenic potential of EBV antigens using transgenic models. Upon EBV infec-
tion, cellular proteins involved in regulation of multiple cellular processes like, 
apoptosis, differentiation, proliferation, ubiquitination, cell-cycle progression, 
autophagy and migration may be deregulated by viral antigens. These functional 
dysregulations are likely contributors to the uncontrolled cellular proliferation of 
infected B-cells thus facilitating the EBV-mediated progression of BL.      
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         Introduction 

 Burkitt lymphoma (BL) was  fi rst described by Dennis Burkitt in 1958 as a unique 
sarcoma involving the jaw in African children  [  1  ] . He spent the next few years visit-
ing hospitals in East and Southern Africa and found that this tumor had a geographi-
cal distribution that overlapped with areas hyperendemic and holoendemic for 
malaria, suggesting a potential link to an insect vector  [  2  ] . Shortly after, a newly 
discovered herpes virus, now known as EBV, was isolated from BL tumors  [  3  ] . 
Further studies con fi rmed the presence of EBV in almost 100% of Burkitt lym-
phoma cases in Africa. 

 We now recognize three epidemiologic subtypes of BL: endemic, sporadic, and 
HIV-associated. The endemic type, as described by Burkitt, presents as an abdomi-
nal or jaw mass in children in equatorial Africa and Papa New Guinea, areas with 
high transmission rates of  Plasmodium falciparum  malaria. In these cases >95% of 
tumors are found to have EBV. The sporadic type, seen in the USA and Europe, 
often presents as lymph node enlargement and is associated with EBV in approxi-
mately 20% of cases. HIV-associated BL is seen worldwide and is associated with 
EBV in approximately 30% of cases. The unifying characteristic of all three epide-
miologic subtypes is the translocation of the MYC proto-oncogene to one of the 
three immunoglobulin chains. This essentially puts MYC translation under the con-
trol of the immunoglobulin locus and leads to constitutive Myc activation. 
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 Burkitt lymphoma has an important role in history being the  fi rst human cancer 
to be linked to an oncogenic virus, EBV, and a cellular proto-oncogene,  MYC . 
In more than 50 years since its discovery this tumor has continued to fascinate sci-
entists due to the complex interplay between cellular genetics, infectious agents, 
and host immunity. In this chapter we will focus on the molecular characteristics of 
Burkitt lymphoma, and the complexities of Myc activation in conjunction with other 
cellular genetic or functional alterations that provide insights into the pathobiology 
of this highly aggressive malignancy.  

   Pathologic Diagnosis of BL 

   Morphology and Immunophenotype 

 The characteristic histologic appearance of BL is that of medium-sized monomorphic 
cells with round nuclei and basophilic cytoplasm. In fi ltrating macrophages that 
have ingested apoptotic tumor cells give the classic starry sky appearance. When 
evaluated by immunohistochemistry BL tumor cells express common B-cell anti-
gens (CD19, CD20, CD22, CD79a, PAX5) as well as germinal center B-cell speci fi c 
markers (CD10, BCL6). They typically do not express BCL2. The proliferation 
index as measured by Ki67 is exceedingly high, approaching 100%. 

 The immunophenotype of BL is similar to that of germinal center (GC) B-cells, 
and this has been proposed to be the cell of origin of BL. GC B-cells represent 
the stage in B-cell maturation where immunoglobulin chains develop through 
somatic hypermutation and class switch recombination. A recent study used gene 
expression pro fi ling to compare BL tumor cells to normal GC B-cells, memory 
B-cells, and naïve B-cells. The BL gene signature was most closely related to GC 
B-cells further supporting the hypothesis that GC B-cells are the normal counter-
part of BL  [  4  ] .  

   BL Karyotype 

 Nearly all BLs contain a translocation of the  MYC  locus (8q24). The most common 
partner is IgH on chromosome 14q32; however, rearrangements with the  k  (22q11) 
or  l  (2p12) light chains are also seen. There are infrequent cases of BL that lack any 
detectable MYC translocation as determined by cytogenetics or molecular testing 
 [  5  ] . While studies in adults report a simple karyotype with rare additional cytoge-
netic abnormalities  [  6  ] , complex karyotypes are frequently seen in pediatric cases 
 [  7–  10  ] . The most common alterations are gains in 1q, 7q, and 12q and losses in 6q, 
13q, and 17p  [  11  ] . In particular, loss of 13q has been associated with inferior 
 outcome in two retrospective pediatric studies and may have a role in risk 
strati fi cation  [  10,   11  ] .   
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   The Role of Myc in BL 

   Myc Function 

 The  MYC  gene encodes for the transcription factor Myc (c-myc), which was  fi rst dis-
covered as the cellular homologue of a retroviral oncogene encoded by the avian 
myelocytomatosis virus (v-myc)  [  12  ] . It is part of a family that includes N-Myc and 
L-Myc. Myc is a nuclear phosphoprotein with gene activating and repressing capabili-
ties that is involved in many cellular processes including growth (increase in cell size), 
proliferation (DNA replication and cell cycle control), metabolism, and apoptosis. The 
N-terminus contains conserved regions known as Myc Box I, II, and III which play 
important roles in Myc stabilization and interaction with target genes. The C-terminus 
contains a helix-loop-helix domain, which allows Myc to form a heterodimer with the 
constitutively expressed protein MAX  [  13  ] . The MYC-MAX complex binds to 
CACGTG DNA sequences known as E boxes and activates transcription via recruit-
ment of TRRAP-associated histone acetylation complexes and the INI1-associated 
chromatin modulating proteins  [  14  ] . Myc is implicated in the transcription of approxi-
mately 15% of all known genes and is one of the most commonly activated oncogenes 
in human cancers  [  15  ] . It has also been shown to act as a transcription repressor, one 
mechanism involving binding and inhibition of the transcriptional-activating protein 
Miz-1  [  16  ] . A recent study by Rahl et al. also suggested a role for Myc in RNA poly-
merase II pause release (Rahl et al, Cell 141, 432-445 April 30, 2010). Promoter-
proximal pausing is a post-initiation regulatory step that is known to play a crucial role 
in the control of gene expression.  In this study, the authors present evidence that Myc 
may be responsible for the release of paused polymerase in speci fi c genes. Large-scale 
gene expression pro fi ling and chromatim immunoprecipitation studies to search for 
direct Myc targets have shown that thousands of genes are affected by Myc, and these 
genes are involved in a wide range of functions. Many are involved in cell growth, and 
include those in ribosome biogenesis, protein synthesis, and metabolism. 

 The function of Myc in normal cells is complex and nuanced, but it appears to 
play a central orchestrating role in differentiation as well as generation and mainte-
nance of stem cells and their pluripotency  [  17  ] . In fact, MYC is among a handful of 
genes that in combination can induce reversion of differentiated cells into multipo-
tent stem cells  [  18,   19  ] . 

 Myc is activated in response to mitogenic signals and transcribes genes that are 
important in cellular proliferation. In the absence of apoptotic inhibiting signals, 
however, Myc is also responsible for initiating apoptosis. Myc drives cells into the 
cell cycle by inducing transcription of genes that encode for cyclins D and E and by 
downregulating the cyclin inhibitor p27. This drives cells from G0/G1 to the S phase 
of the cell cycle. An additional non-transcriptional role for Myc in DNA replication 
has also been documented, induced by increased replication origin activity with 
resulting DNA damage and checkpoint activation  [  20  ] . In addition, Myc can increase 
reactive oxygen species production and contribute to chromosomal instability. As a 
result of all of these effects, overexpression of Myc will ultimately lead to apoptosis 
in otherwise normal cells. There are multiple pathways by which Myc expression 
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modulates apoptosis. Myc activates the p53 program through the nuclear tumor sup-
pressor  ARF . It also activates the proapoptotic protein Bim and inhibits anti-apoptotic 
proteins such as BCLX1 and BCL2. Myc-induced lymphomagenesis can likely only 
take place in the setting of inhibition of the Myc-induced apoptotic signals. 

 Concordantly with its role in cell growth, a role for Myc in metabolism and ribo-
some biogenesis has recently been appreciated  [  21  ] . In Drosophila, a hypomorphic 
allele of dMYC results in  fl ies with a “Minute” phenotype that resemble those that 
result from loss of function in genes involved in ribosome biogenesis, so it has been 
postulated that this may be the primordial function of Myc  [  21  ] . In addition to 
numerous genes involved in glucose and glutamine metabolism (which are tran-
scribed by RNA polymerase II), Myc stimulates genes transcribed by RNA 
Polymenrase II (E.G. tRNA and 5S rRNA genes)  [  22  ] , and RNA polymerase I, 
which transcribes genes encoding ribosomal RNA  [  23  ] . Myc also is thought to inte-
grate proliferation with glucose metablolism (promoting both oxidative phosphory-
lation and glycolysis) and glutamine catabolism  [  24  ] .  

   Molecular Mechanisms of Myc Deregulation in BL 

 In the case of BL, Myc becomes deregulated as a result of a reciprocal translocation 
between the  MYC  gene and one of the three immunoglobulin chains. The most com-
mon translocation, seen in approximately 80% of BL cases, is between  MYC  
and the IgH gene (t(8;14)) (Fig.  11.1 )  [  25,   26  ] . In the remainder of cases  MYC  is 

  Fig. 11.1    Cytogenetic 
analysis of a case of Burkitt 
lymphoma. ( a ) Metaphase 
spread shows a conventional 
t(8;14)(q24;q32) 
chromosomal translocation. 
( b ) Interphase FISH shows a 
balanced translocation 
involving the MYC and IgH 
loci. The chromosome 8 
centromere is labeled with 
spectrum aqua, MYC probe 
is labeled in spectrum  orange  
and IGH is labeled with 
spectrum  green . Two fusion 
signals are seen, as well as 
one  red  and one  green  
representing the normal 
chromosomes. Images 
courtesy of Susan Mathew       
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translocated to the IgL  k  (t(8;22)) or  l  (t(2;8)) genes. This places  MYC  under the 
control of the immunoglobulin locus resulting in constitutive activation.  

   Activation-Induced Cytidine Deaminase 

  MYC  translocation is mediated by the enzyme activation-induced cytidine deaminase 
(AID). AID is highly expressed in germinal center B-cells and is responsible for 
both class switch recombination (CSR) and somatic hypermutation (SHM)  [  27  ] . 
Expression of AID leads to deamination of cytidine residues on the DNA of Ig vari-
able or switch regions, which results in a U:G mismatch. This mismatch is repaired 
by endonuclease cleavage generating a DNA double strand break. In a transgenic 
murine model AID has been shown to induce Ig-MYC translocations that are similar 
to those seen in BL  [  28,   29  ] . 

 A new method, called translocation-capture sequencing, has been used to search 
the entire genome for genomic rearrangements, and estimate the frequency of  c-myc/
IgH  translocations in primary mouse B-cells expressing AID, which occur in approxi-
mately 1 of 17,000 cells  [  30,   31  ] . This con fi rms that in germinal center B-cells AID-
mediated translocation between Ig and MYC occurs with relative frequency, and, in 
the absence of other genetic events, is of no pathologic consequence.  

   Variations in Myc-IgH Breakpoint 

 Interestingly, the breakpoint in t(8;14) varies by epidemiologic subtype  [  32  ] . In the 
endemic form of disease the Myc breakpoint is >100 kb upstream of the  fi rst coding 
region. The IgH breakpoint occurs more frequently in the joining region as a result 
of aberrant VDJ joining and SHM. In contrast, in the sporadic and HIV-associated 
forms of BL, the  MYC  breakpoint occurs immediately 5 ¢  of  MYC  or within the  fi rst 
exon of  MYC , which is non-coding. In these cases the breakpoint in IgH occurs on 
the switch region and is thought to be a result of aberrant CSR. The consequences 
and signi fi cance of these different breakpoints are not well understood.  

   Mutations in Non-coding Regions of Myc and P1/P2 Utilization 

 In the endemic form of BL, where the Ig regulatory elements are at a great distance, 
mutations in the  fi rst exon of MYC have been found that lead to a release in a block 
of transcriptional regulation, contributing to deregulated expression  [  33  ] . However, 
the regulatory elements of the  MYC  gene are complex, and still incompletely char-
acterized. Two major promoters in the MYC gene have been described: P1 and P2. 
While both are used in normal cells, a shift to the upstream P1 was shown to occur 
in BL  [  34,   35  ] . There seems to be relationship between the block of transcriptional 
elongation and promoter utilization. The P1-initiated c-myc transcripts were not 
found to terminate at discrete sites near the 3 ¢  end of exon 1 where this block is 
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located, whereas P2-initiated transcripts either terminate or read through the 
transcription block signals. This led to the conclusion that over-expression from 
the P1 promoter of MYC may contribute to readthrough transcription in Burkitt 
lymphoma cells and eventually abnormal levels of Myc protein  [  36  ] .  

   Mutations in Myc Coding Regions 

 Point mutations in the coding region of Myc are frequent in many B-cell lymphomas 
including BL  [  37–  40  ] . The conserved Myc box I region has multiple mutational 
hotspots, the most common of which is a missense mutation affecting threonine 58 
(T58). Phosphorylation of T58 by GSK-3 b  targets Myc for degradation by the prote-
osome. Point mutations affecting T58 inhibit Myc degradation resulting in stabiliza-
tion of the protein and enhanced transforming activity  [  41  ] . The second most common 
mutation interferes with Pro57 and likely has the same effect due to the fact that 
Pro57 is required for T58 phosphorylation. These mutations allow Myc, which nor-
mally has a short half-life of <30 min, to escape degradation in BL cells.  

   microRNA Expression in BL Cases Lacking a Myc Translocation 

 A small subset (<10%) of both endemic and sporadic BL lack the Myc transloca-
tion. Examination of these cases demonstrates elevated expression of Myc at levels 
equivalent to that seen in cases of BL with Myc translocation  [  42  ] . There is evi-
dence that micro-RNAs (miRNAs) are responsible for Myc overexpression in 
translocation-negative cases. MiRNAs are small non-coding RNA strands that 
bind to mRNA and regulate gene expression by mRNA cleavage or translational 
inhibition  [  43  ] . 

 Downregulation of hsa-miR-34b and hsa-miR-9 has been implicated as mecha-
nisms of translocation independent upregulation of Myc  [  42,   44  ] . Leucci et al. 
investigated the miRNA expression pattern in BL cases with and without a Myc trans-
location. They found downregulation of hsa-miR-34b, a miRNA predicted to target 
Myc, in translocation-negative cases but not in translocation-positive cases. The role 
of hsa-miR-34b in Myc expression is supported by in vitro studies showing a dose-
dependent inverse relationship between hsa-miR-34b and Myc. Lymphoblastoid cell 
lines (LCLs) transfected with synthetic hsa-miR-34b showed a dose-dependent 
decrease in Myc expression. Conversely, transfection with a hsa-miR-34b-inhibitor 
resulted in increased in Myc expression  [  42  ] . 

 A more recent study evaluating miRNAs in BL found that downregulation of 
hsa-miR-9 may also be responsible for Myc upregulation in BL cases lacking a 
Myc translocation  [  44  ] . Hsa-miR-9 expression was found to be decreased in trans-
location-negative cases when compared with translocation-positive cases. These 
cases were found to have heavy methylation of the hsa-miR-9 gene. Has-miR-9 
modulates E2F1, a transcription factor that upregulates Myc expression. E2F1 was 
found to be upregulated only in BL cases that lacked a Myc translocation. LCLs 
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transfected with a hsa-miR-9-inhibitor showed increased Myc expression, implicating 
the role for hsa-miR-9 in lymphomagenesis in BL cases lacking a Myc transloca-
tion. Data from these two studies imply that two distinct mechanisms may be 
responsible for Myc overexpression in BL: translocation of Myc to an immuno-
globulin locus or downregulation of miRNAs which modulate Myc expression.   

   Consequence of Myc Overexpression in BL 

 The mechanism by which Myc overexpression drives BL tumor development has 
been evaluated using in vitro and in vivo models. Myc overexpression in LCLs results 
in EBV independent cell growth  [  45  ]  and upregulation of germinal center markers 
such as CD10 and CD38 which are hallmarks of BL  [  46,   47  ] . It also results in decreased 
in cellular immunogenicity, which is typical of BL tumor cells. LCLs with Myc 
overexpression have decreased HLA expression and decreased expression of com-
ponents of the antigen-processing pathway  [  48,   49  ] . This implies that Myc overex-
pression may contribute to the ability of BL to evade the host immune response. 

 Murine models have been developed to evaluate the effect of the Myc-
immunoglobulin translocation. Fusion of WT MYC to an IgH enhancer in transgenic 
mice results in tumors, but they are of pre-B-cell origin unlike the GC phenotype 
seen in BL  [  50  ] . In contrast, mice transgenic for a mutated MYC derived from BL 
cells translocated to the IgL locus develop tumors that more closely resemble BL  [  51  ] . 
This implies that mutations seen in Myc may contribute to BL oncogenesis.   

   Additional Pathway Alterations in BL 

 In addition to Myc overexpression, many cases of BL demonstrate alterations in 
p53, RB, and Bim pathways, which likely contribute to lymphomagenesis. 

   p53 Deregulation 

 Approximately 30% of endemic BL and 55% of sporadic BL cases have alterations in 
the p53 pathway, either due to p53 mutation or overexpression of MDM2, a negative 
regulator of p53  [  52–  55  ] . P53 is a known tumor suppressor gene that is altered in 
almost half of all human tumors. Mutations in p53 that are seen in BL cluster around 
the core DNA binding and activation domain and have been shown to functionally 
affect p-53-mediated apoptosis and cell cycle arrest  [  56  ] . Cases with WT p53 have 
been found to have other alterations that affect the p53 pathway including MDM2 
overexpression or less frequently, homozygous deletion in p14ARF, a protein which 
stabilizes p53  [  57  ] . Promoter methylation of INK4a, a component of the RB tumor 
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suppressor pathway, has also been documented in WT p53 BL cases implying that 
alterations in both the p53 and RB pathways exist in BL  [  58  ] . These alterations likely 
complement Myc activation by inhibiting Myc-mediated apoptosis.  

   RBL2 Mutations in Endemic BL 

 RBL2/p130 is one of the three members of the retinoblastoma family of genes along 
with pRb and p107  [  59  ] . The pocket region, which is homologous in all three family 
members, mediates interactions with E2F/DP members and viral oncoproteins. Loss 
of genes in this pathway may confer growth advantage or resistance to apoptosis in 
BL. While the pRB pathway is intact in BL, RBL2/p130 is mutated in most cases of 
endemic BL and some cases of sporadic BL. These mutations interfere with the 
nuclear localization of the protein product  [  60,   61  ] . HIV-associated BL (HIV-BL), 
in contrast, does not harbor mutations in RBL2/p130. Another mechanism of RBL2/
p130 inactivation, speci fi cally in HIV-BL may be via interactions between the 
HIV-1 TAT protein and RBL2/p130  [  62,   63  ] . However, HIV does not directly infect 
BL cells, so this process would have to be a result of entry of Tat protein into BL 
cells at suf fi ciently high concentrations, after release from infected T cells or mac-
rophages, which has not been experimentally documented to occur in vivo. 

 The importance of RBL2/p130 downregulation in complementing Myc has been 
demonstrated in vitro and in vivo  [  4  ] . Introduction of WT RBL2/p130 into BL cell 
lines with RBL2/p130 mutation results in cell cycle arrest via a G0-G1 phase block. 
These cells also have altered expression genes important in apoptosis, B-cell activa-
tion, and cell proliferation  [  64  ] . Overexpression of Myc and silencing of RBL2/
p130 in EBV-positive B-cell lines accelerates cell proliferation and decreases apop-
tosis. This effect is greater than either alterations in Myc or RBL2/p130 alone. In 
vivo xenograft murine models that are transfected to overexpress Myc and silence 
RBL2/p130 demonstrate development of B-cell lymphomas. In conclusion, RBL2/
p130 signaling is deregulated in endemic and some sporadic BL and may cooperate 
with Myc to mediate lymphomagenesis.  

   Role of Bim in Evasion of Apoptosis 

 Another mechanism by which Myc mediates apoptosis is by indirect upregulation 
of the proapoptotic protein Bim, also known as BCL-2-like protein 11. Bim initiates 
apoptosis by inactivating BCL2 and MCL1, both members of the BCL2 family of 
proteins  [  65,   66  ] . Mutant forms of Myc have been described in BL that lose the abil-
ity to stimulate Bim expression. Mutations have been described in the MYC box 1 
region at residues 57 or 58 (P57S or T58A). Evidence from murine models indicates 
that these mutations result in the inability of Myc to stimulate Bim-mediated 
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apoptosis  [  67  ] . Irradiated mice that are immune reconstituted with hematopoietic 
stem cells containing mutated Myc develop tumors at a faster rate than mice recon-
stituted with WT Myc. Tumors as a result of mutated Myc do not have alterations in 
the p53 pathway but demonstrate decreased expression of Bim. These studies are 
validated with work in BL tumor samples that shows that BL cases with WT Myc 
are more likely to have p53 mutations and cases with mutated Myc are more likely 
to have decreased Bim expression  [  67  ] . 

 It is therefore likely that there are multiple mechanisms by which BL cells can 
evade Myc-mediated apoptosis (Fig.  11.2 ). For tumors with WT Myc, apoptosis 
is inhibited via alterations in the AFR/p53 pathway. In cases of Myc mutations, 
the p53 pathway remains intact but apoptosis is inhibited via decreased expres-
sion of Bim.    
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  Fig. 11.2    Mechanisms for escaping c-MYC-induced apoptosis.  Panels     a–c are adapted from 
Dang et al. Cancer Cell 2005; 8:177-178 (a) Acute activation of Myc induces target genes involved 
in proliferation, but the activation of ARF, p53, and Bim (which inhibits Bcl2) leads to apoptosis 
or cell cycle arrest. Activation of both the ARF/p53 and Bim pathways is required for apoptosis 
induction (b) Chronic expression of wild-type Myc induces lymphomagenesis coordinately with 
the inactivation of ARF or p53. (c) Chronic expression of Myc mutants derived from Burkitt lym-
phoma (BL) cells fail to activate Bim and hence promote lymphomagenesis despite the presence 
of wild-type p53 or ARF. (d) In our proposed model, EBV in a Wp-restricted form of latency 
downregulates Bim in BL cells and thus contributes to lymphomagenesis. Adapted from Rickinson, 
PhD; Alfred Reiter, MD; and John T. Sandlund, MD, Hematology 2007       
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   Anti-apoptotic Function of EBV in BL 

 EBV may represent another mechanism by which BL cells are able to avert 
Myc-mediated apoptosis. EBV is present in almost all endemic BL and a subset of 
sporadic and HIV-associated BL. EBV is a  g -herpes virus that can exist in lytic and 
latent states. The majority of adults have been infected with EBV and carry the 
latent virus in 1 of every 10 5  to 10 6  circulating memory B-cells. In EBV-positive 
BL, EBV is found in every tumor cell, implying a role for the virus in generation of 
a malignant clone. While EBV is known to have growth-transforming capacity in 
B-cells this may not be its role in BL as the majority of EBV-transforming proteins 
are not expressed in BL. In the case of BL, EBV exists in a latency I pattern where 
only Epstein Barr nuclear antigen-1 (EBNA1), and non-coding EBV-encoded RNAs 
(EBERs) are expressed. There is mounting evidence that the role of EBV in BL may 
not be to transform B-cells but to counteract Myc-induced apoptosis. Two EBV 
encoded proteins have been suggested to have an anti-apoptotic role. 

   EBNA1 

 EBNA1 is essential for EBV episome replication and is expressed in all EBV-
associated malignancies. Overexpression of a dominant-negative EBNA1 mutant in 
EBV-positive BL cell lines is associated with increased cell death  [  68  ] . Similarly, 
downregulation of EBNA1 in BL cell lines by RNA interference results in moder-
ately decreased cell proliferation  [  69,   70  ] . One proposed mechanism by which 
EBNA1 inhibits apoptosis is by interfering with WT p53  [  68,   71  ] . EBNA1 binds the 
deubiquitinizing enzyme HAUSP/USP7. This enzyme is known to bind to p53 lead-
ing to p53 stabilization. EBNA1 competes with p53 for binding to USP7 and is 
thought to reduce p53 stability. The importance of EBNA1 in evading apoptosis in 
BL, however, has been debated. Studies in LCLs treated with DNA cross linking 
agents have shown that latent EBV does not result in alterations in p53 levels or p53 
phosphorylation  [  72  ] . A recent study suggested that an alternative mechanism of by 
which EBNA1 may counteract apoptosis is via upregulation of survivin, an anti-
apoptotic protein  [  73  ] .  

   BHRF1 

 Expression of BHRF1, a viral homologue of BCL2, has been described in a subset 
of endemic BL and is shown to have a more dramatic anti-apoptoic effect than 
EBNA1 expression alone. BHRF1 is expressed as part of an alternative EBV tran-
scriptional program known as “Wp-restricted latency” which has been described in 
approximately 15% of endemic BL  [  74  ] . Wp-restricted BL cell lines are known to 
be particularly resistant to apoptosis  [  75  ] . In this latency pattern, EBNA transcripts 
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are derived from the Wp promoter; however, a deletion removes EBNA2 resulting 
in transcription of EBNA1, EBNA 3A, 3B, and 3C, and a truncated form of 
EBNA-LP. Deletion of EBNA2 puts BHRF1 in close proximity to the active BamH1 
W promoter resulting in expression of this protein, which is usually only seen in 
lytic replication. BHRF1 is known to protect B-cells from programmed cell death 
including Myc-mediated apoptosis  [  76,   77  ] . BHRF1 expression in latency I BL 
cell lines protects cells from apoptosis  [  78  ] . Additionally, knockdown of BHRF1 
by RNA interference in Wp-restricted BL cells results in increased cell death 
 [  79  ] . These results support the role of EBV in the evasion of Myc-inducted apop-
tosis in BL.   

   mRNA and miRNA Pro fi ling in BL 

 Microarray technology has been used to provide additional insights into the molecular 
pathways relevant in BL. Gene expression data has identi fi ed a genetic signature 
that can distinguish BL from DLBCL. Similar technology has been used to evaluate 
differences between the BL epidemiologic subtypes. 

 It is occasionally dif fi cult to reliably differentiate BL from DLBCL using mor-
phology, immunophenotype, and standard molecular testing, and descriptors such 
as BL-like or atypical BL have been used to describe these cases. The current WHO 
classi fi cation schema now recognizes a separate diagnostic category of B-cell lym-
phoma unclassi fi able with features intermediate between BL and DLBCL (BCL, U) 
 [  80  ] . Differentiating BL from DLBCL is clinically relevant as the optimal therapy 
varies between the two. 

 Gene expression pro fi ling (GEP) has identi fi ed a BL that is unique from DLBCL 
 [  6,   81  ] . These studies, which included cases of sporadic BL, compared BL to DLBCL 
and found the BL signature to be enriched in Myc targets and GC B-cell genes. MHC 
class I and NF- k B target genes were downregulated in BL  [  81  ] . Importantly, tumors 
with the “molecular BL” signature included not only cases that were pathologically 
diagnosed as BL but also cases of BCL, U and some cases of DLCBL. Patients with 
tumors molecularly classi fi ed as BL had a superior outcome when treated with inten-
sive BL-type therapy than those treated as DLCBL  [  81  ] . These studies highlight the 
dif fi culty in diagnosing BL by standard methods and identify a sporadic BL-speci fi c 
signature that can be obtained by molecular pro fi ling. 

 More recently GEP pro fi ling has been performed on all three epidemiologic sub-
types of BL  [  4  ] . Unsupervised clustering shows that the BL subtypes cluster together 
apart from other aggressive lymphomas. While the epidemiologic subtypes were 
relatively homogeneous, some modest differences were reported. Endemic and 
HIV-associated BL cluster together apart from sporadic BL. Differences between 
endemic BL and sporadic BL include genes important in B-cell receptor signaling, 
TNF- a /NF- k B pathways and IL-dependent signaling cascades. It has been postu-
lated that differences may be related to chronic antigenic stimulation in the context 
of endemic BL. 
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 Microarrays evaluating miRNA pro fi les in BL have found similar patterns  [  82, 
  83  ] . The miRNA signature of BL differs from that of DLCBL in Myc-regulated and 
in NF- k B pathway-associated miRNA. Only minimal differences were noted 
between endemic and sporadic BL.  

   Conclusions 

 The hallmark genetic alteration of BL is a translocation that leads to deregulation of 
Myc. While we have known this for over 30 years, Myc is an extremely complex 
protein, in terms of its both regulation and function  [  84  ] . Its expression seems to be 
tightly controlled, and subtle changes in this control, rather than simple upregula-
tion, may be involved in the pathogenesis of BL. Functionally, Myc affects many 
essential cellular functions that include growth, metabolism, and differentiation, 
and is thought to play the role of integrator of these functions. Myc is an obvious 
therapeutic target in BL, but so far, no Myc inhibitors have been developed in spite 
of serious efforts. A variety of approaches have been proposed that target speci fi c 
Myc-mediated effects. A recent example is the discovery of a selectively small mol-
ecule bromodomain inhibitor that suppresses the transcriptional effects of Myc by 
BET bromodomain proteins that serve as transcriptional coactivators  [  85  ] . 
Understanding of the molecular pathogenesis of BL has led to the understanding of 
the complexities of Myc that has been extrapolated to numerous other malignancies 
and is likely to lead to signi fi cant new targeted therapies.      
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         Introduction 

 Epstein Barr virus (EBV) is a common human  g -herpesvirus that infects more than 
90% of the human adult population  [  1  ] . After transmission via saliva exchange, 
EBV primarily infects and establishes persistence in human B cells. Depending on 
the differentiation stage of the infected B cell, EBV infection leads to the expression 
of latency programs, consisting of eight proteins in naïve B cells, three proteins in 
germinal center B cells, and zero or transient single protein expression in memory 
B cells (latencies III, II and I, respectively)  [  2  ] . These latency proteins (six nuclear 
antigens or EBNAs and two membrane proteins or LMPs) are thought to drive 
infected B cells into memory B-cell differentiation for long-term persistence in this 
cellular compartment and reactivation of virus producing, lytic infection after B-cell 
receptor cross-linking on EBV infected memory B cells  [  3,   4  ] . Accordingly, most 
EBV-associated tumors that are thought to emerge from these B cell differentiation 
stages are B cell lymphomas and express different sets of EBV latent proteins. Post-
transplant lymphoproliferative disease carries latency III, Hodgkin’s lymphoma 
latency II, and Burkitt’s lymphoma latency I. In addition, EBV associated T and NK 
cell lymphomas, as well as carcinomas of epithelial cell origin exist, but their etiology 
remains poorly de fi ned  [  5  ] . 

 EBV-associated Burkitt’s lymphoma (BL) develops primarily during coinfection 
with the immunomodulatory pathogens  Plasmodium falciparum  malaria and human 
immunode fi ciency virus  [  6  ] , resulting in endemic BL (95% EBV associated) and 
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HIV-associated BL (40% EBV associated), respectively. These coinfections are 
known to compromise adaptive antiviral and stimulate humoral immune responses 
which could weaken immune control and enhance production of BL cells, respec-
tively. Since EBV latency I tumors like BL are the least immunogenic of all EBV-
associated malignancies, due to the expression of a sole EBV antigen at the protein 
level, even a slight weakening of EBV-associated immune control could lead to BL 
development. Accordingly, we will focus on three aspects of immune responses to 
BL in this chapter. We will discuss innate and adaptive immunity to EBV latency I, 
intrinsic immune escape mechanisms that protect BL cells, and changes that the BL 
predisposing coinfections HIV and malaria cause in the immune system, which 
could explain failing immune control over EBV.  

   Innate Immune Responses to Burkitt’s Lymphoma 

 Since overexpression of the oncogene c-myc, due to either the translocation into the 
immunoglobulin loci or down-regulation of c-myc targeting miRNAs, drives BL 
proliferation  [  7  ] , these tumor cells express only few viral products which are thought 
to block apoptosis of proliferating cells  [  8  ] . In fact most BL tumors express only the 
nuclear antigen 1 of EBV (EBNA1) at the protein level and non-translated EBV-
encoded RNAs (EBERs) from the viral episomes that they harbor. And thus leave 
the immune system few clues by which to detect BL cells. Innate immune activation 
involves lymphocytes and antigen presenting cells, such as dendritic cells (DCs) 
that detect pathogens via germ-line encoded receptors for pathogen-associated 
molecular patterns recognized by toll-like receptors (TLRs), or for stress-induced 
ligands that activate natural killer (NK) cell  [  9,   10  ] . These innate leukocytes then 
interact with each other before priming adaptive lymphocytes  [  11  ] . While the innate 
immune response was originally thought to limit pathogen burden prior to immune 
control by adaptive immunity, it has recently become clear that innate lymphocytes 
also contribute to immune control of persistent infections  [  11  ] . Nevertheless, patho-
gen detection by the innate immune system is required to initiate adaptive immunity 
to EBV. 

 Of the few viral components that are expressed in BL cells, viral DNA has been 
reported to stimulate plasmacytoid DCs  [  12,   13  ] . These type I IFN producing cells 
were able to detect viral episomes via TLR9 (Fig.  12.1 ). This recognition limited 
EBV infection in a human peripheral blood mononuclear cell (PBMC) xenotrans-
plant model of NOD-SCID mice. However, type I IFN only prevented B-cell trans-
formation by EBV within the  fi rst 24 h after infection  [  14  ] . While plasmacytoid 
DCs are, however, innate effector cells in antiviral immune responses, their capacity 
to present antigen for the priming of adaptive immune responses is not their primary 
function  [  15  ] . Thus, activation of conventional DCs should accompany plasmacy-
toid DC stimulation in order to initiate adaptive immune responses. Along these 
lines, EBERs have recently been proposed to stimulate conventional human DCs  [  16  ] . 
It was found that EBERs by intramolecular base pairing from stem-loop structures 
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stimulated the double-stranded (ds) RNA receptor TLR3 and EBER-matured DCs 
were in turn able to stimulate T-cell responses. Thus BL cells could provide EBV 
DNA and RNA for plasmacytoid and conventional DC stimulation in order to acti-
vate innate and prime adaptive lymphocytes in tandem.  

 Although innate NK cells have been suggested to restrict EBV infection, they 
appear dispensable in the mouse  g -herpesvirus 68 model  [  17  ] . For human  g -herpes-
virus EBV, however, NK cell depletion rendered PBMC xenografted mice more 
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  Fig. 12.1    Innate and adaptive immune responses to EBV components in Burkitt’s lymphoma. 
Viral DNA was suggested to stimulate plasmacytoid DCs via TLR9 to produce type I IFN, which 
blocks B-cell transformation by EBV only in the  fi rst 24 h. Viral RNA, especially the small non-
translated RNAs called EBERs, stimulate conventional DCs via TLR3. These antigen presenting 
cells then mature, allowing them to ef fi ciently activate NK cells and prime EBV-speci fi c T cells. 
The activated NK cells can ef fi ciently target infected B cells undergoing lytic replication via cyto-
toxicity, and restrict B-cell transformation by EBV via IFN- g . Among the primed EBV-speci fi c 
T cells, EBNA1-speci fi c CD4 +  T-cell responses can target BL cells. However, cell intrinsic immune 
escape mechanisms and immunosuppressive coinfections like HIV infection and malaria can com-
promise these       
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susceptible to infection  [  18  ] . Moreover, tonsillar NK cells were able to restrict 
B-cell transformation by EBV through their superior capacity to produce IFN- g  
 [  19  ] . Finally, cytolytic NK cells were able to kill lytically EBV replicating 
B-lymphoma lines (Fig.  12.1 )  [  20  ] . Interestingly, in this later study BL cells were 
used, which can be ef fi ciently induced into lytic replication by B-cell receptor 
cross-linking, as well as undergo spontaneous lytic replication at higher frequen-
cies than EBV latency II and III lymphoma cells. Sensitivity to NK cell cytotoxic-
ity of BL cells with lytic EBV replication was due to down-regulation of MHC 
class I molecules, which serve as ligands for inhibitory NK cell receptors, and up-
regulation of two ligands for activating NK cell receptors, namely ULBP-1 for 
NKG2D and CD112 for DNAM-1. MHC class I down-regulation, which sensitizes 
cells for NK cell recognition, was presumably in part due to the immune evasins 
encoded by lytic EBV genes  [  21  ] . While these studies were primarily done with the 
BL cell line Akata and derivatives thereof, NKG2D ligand (ULBP-1) expression 
was also found on the BL cell line Daudi  [  22  ] . Thus, NK cells could theoretically 
restrict elevated EBV titers in BL patients  [  23,   24  ]  by eliminating lytically EBV 
replicating B cells, and targeting BL cells directly via NKG2D and DNAM-1-
mediated recognition. In addition, tonsillar NK cells could limit B-cell transforma-
tion by EBV  [  19  ] . Their superior capacity to produce IFN- g  after activation allows 
delayed establishment of B-cell transforming EBV latency. In contrast to type I 
IFN, this blocking of transformation by IFN- g  is effective during the  fi rst 3 days 
after infection. Therefore, NK cells might limit virus production and B-cell trans-
formation during EBV infection. 

 Altogether, BL contains the essential components to trigger EBV directed innate 
immunity. Viral RNA and DNA are thought to be the main pathogen associated 
molecular patterns that alert the immune system during EBV infection.  

   Adaptive Immune Responses to Burkitt’s Lymphoma 

 In addition to innate immune recognition, EBV is targeted by adaptive T- and B-cell 
responses. While the abundant humoral immune responses against EBNA1 and 
antigens in the viral particle are used to diagnose symptomatic EBV infections, they 
are generally considered non-protective against tumor cells that only harbor latent 
antigens. In contrast, T-cell responses are thought to protect healthy virus carriers 
from EBV-associated malignancies  [  25,   26  ] . Indeed immunosuppressive treatments 
or immune compromising coinfections that inhibit T-cell responses result in 
increased incidence of EBV-associated malignancies, such as post-transplant lym-
phoproliferative disease (PTLD) and HIV-associated lymphomas  [  5  ] . Some of 
these, primarily documented for PTLDs, can be treated by adoptive transfer of EBV 
speci fi c T-cell lines  [  27  ] . These T-cell lines, which are expanded by stimulation with 
EBV transformed lymphoblastoid cell lines (LCLs), and EBV-speci fi c T-cell 
responses of healthy virus carriers are able to recognize EBV gene products following 
a distinct hierarchy  [  25  ] . While cytotoxic CD8 +  T cells mainly recognize EBNA3A, 
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3B and 3C, as well as early lytic antigens (i.e., the immediate early transactivators 
BZLF1 and BRLF1) helper CD4 +  T cells are speci fi c for EBNA1, 2 and 3C, as well 
as late viral antigens. Within this hierarchy in EBV antigen recognition only a 
small proportion of T cells would have the capacity to mediate immune control 
over BL cells. 

 In fact, the majority of BL cells express only EBNA1 as the sole viral antigen, 
and only a subset (around 15%) additionally express EBNA3A, -3B, -3C, -LP, and 
BHRF1  [  8,   28,   29  ] . Both EBNA1 and BHRF1 are targeted by CD4 +  T cells, some 
of which have been shown to recognize BL cells (Fig.  12.1 )  [  30–  32  ] . In contrast, 
EBV-speci fi c CD8 +  T cells are unable to detect viral antigens in BL cells even when 
they are ectopically expressed  [  33–  35  ] . Therefore, CD4 +  T cells exert the majority 
of immune control over BL cells. Indeed, it has been shown that EBNA1 is the most 
consistently recognized CD4 +  T-cell antigen among the latent EBV gene products 
 [  36,   37  ] . Moreover, Th1 polarized EBNA1-speci fi c CD4 +  T cells are cytotoxic for 
EBV transformed B cells  [  38  ] , and EBNA1-speci fi c CD4 +  T cell clones can kill 
transformed B cells of all EBV latencies  [  31  ] , as well as restrict B-cell transforma-
tion by EBV in vitro  [  39  ] . EBNA1 transfected mouse B-cell lymphoma cells with 
c-myc translocations are controlled by EBNA1-speci fi c CD4 +  T cells in vivo  [  40  ] . 
CD4 +  T-cell recognition of EBNA1-positive EBV transformed B-cell lines is in part 
due to antigen processing for MHC class II presentation via macroautophagy, a 
catabolic pathway that delivers cytoplasmic constituents for lysosomal degradation 
 [  41,   42  ] . Although BL cells display lower constitutive macroautophagy levels than 
EBV transformed B cells of other latencies ( [  43  ]  and Münz, unpublished observa-
tions), the very same pathway might sensitize BL cells for killing by CD4 +  T cells. 
Thus, since antigen presentation by MHC class I molecules is blocked in BL cells, 
MHC class II restricted CD4 +  T-cell responses might be the only adaptive immune 
control over BL tumor cells.  

   Immune Escape by Burkitt’s Lymphoma Cells 

 In addition to the limited number of EBV protein antigens that are expressed in BL 
cells and targeted by the adaptive immune system, immune escape mechanisms are 
also employed by this tumor, which affect antigen processing for MHC class I pre-
sentation in general, limit antigen presentation of EBNA1 and condition the tumor 
microenvironment for immune suppression  [  29,   44  ] . Along these lines, c-myc over-
expression, which is caused by translocation of this oncogene into the immuno-
globulin loci in BL cells, has been linked to de fi cient MHC class I antigen 
presentation to CD8 +  T cells  [  45  ] . C-myc down-regulates proteasomal activity, 
which generates most MHC class I ligands, and activates other intracellular prote-
olysis pathways, like the subtilisin-like protease tripeptidylpeptidase II (TPPII), 
which might destroy MHC class I ligands by generating peptides, which are too 
short for MHC class I presentation  [  46  ] . These mechanisms have been suggested to 
be responsible for low MHC class I antigen presentation by BL cells. Indeed, TPPII 
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can compensate for proteasome function to ensure cell survival of proteasome 
inhibitor treated cells  [  47  ] , and might allow survival of BL cells with decreased 
proteasomal activity. In addition to proteasomal inhibition, BL cells also seem to 
have decreased expression of the transporter associated with antigen processing 
(TAP), which imports proteasomal products into the endoplasmic reticulum for 
loading onto MHC class I molecules in this organelle  [  34  ] . Interestingly, while 
c-myc overexpression seems to induce these effects, viral LMP1 is able to restore 
ef fi cient antigen processing for MHC class I presentation. Thus, EBV latency I and 
the c-myc translocation seem to cooperate in reducing immunogenicity of BL cells 
for CD8 +  T-cell recognition. 

 In addition to this reduced antigen processing and presentation function on MHC 
class I molecules of BL cells, the sole EBV antigen that is expressed in most BL 
cells, namely EBNA1, also limits its antigen processing in cis. EBNA1 carries a 
glycine-alanine (GA) repeat domain that inhibits its translation and proteasomal 
degradation. EBNA1 compromises its translation by the high purine content of its 
messenger RNA and inhibition of ribosome assembly by the nascent GA repeat 
 [  48–  50  ] . This reduced translation decreases defective ribosomal product (DRiP) 
formation, which constitutes the major source for EBNA1-derived CD8 +  T-cell 
epitopes  [  51–  53  ] . In addition, the GA repeat also inhibits proteasomal degradation, 
in order to both limit antigen processing for MHC class I presentation from mature 
EBNA1 proteins and ensure that constant levels of this important viral episome 
maintenance protein are sustained in infected cells  [  54,   55  ] . Probably due to this 
evasion from proteasomal degradation, EBNA1 is alternatively turned over by mac-
roautophagy and processed for MHC class II presentation to CD4 +  T cells  [  42  ] . 
However, its nuclear localization also limits macroautophagy of EBNA1 because 
this catabolic pathway degrades only cytoplasmic constituents  [  41  ] . Once nuclear 
import of EBNA1 is compromised, this viral antigen is more ef fi ciently processed 
for MHC class II presentation via macroautophagy. Thus, the only EBV antigen 
expressed in most BL cells actively prevents its own presentation by MHC class I 
and II molecules, and thereby becomes dif fi cult to detect by T cells. 

 Apart from these de fi ciencies in viral antigen presentation on BL cells, the 
tumor microenvironment might further suppress adaptive immune responses at the 
tumor sites. Along these lines, EBNA1 has been described to up-regulate the 
expression of the chemokine CCL20, which attracts regulatory T cells (Tregs)  [  56  ] . 
Indeed, EBNA1-speci fi c Tregs have been isolated from virus carriers  [  57  ] . 
However, the primary leukocyte in fi ltrate of BL are macrophages, which gives the 
tumor a “starry sky” appearance  [  58  ] . These macrophages both nurture the lym-
phoma cells and suppress immune responses via IL-10 production  [  59  ] . One of 
these suppressed responses might be EBNA1-speci fi c T-cell recognition. Indeed, 
decreased T-cell responses against EBNA1 have been found in Kenyan children 
with BL  [  60  ] . Thus, BL seems to utilize both immune suppressive T cells and mac-
rophages to escape immune detection in its tumor microenvironment, and systemic 
defects in EBNA1-speci fi c T-cell immunity may in addition play a role in BL 
ontogeny.  
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   In fl uence of Malaria Coinfection on Immune Responses 
to Burkitt’s Lymphoma 

  Plasmodium falciparum  malaria was geographically associated with BL incidence 
in Africa soon after it was  fi rst described by Denis Burkitt  [  61,   62  ] ; however, the 
precise mechanisms by which malaria coinfections modulate viral persistence and 
EBV-speci fi c T-cell immunity in the etiology of BL have only recently begun to be 
elucidated  [  63,   64  ] . Malaria parasites can stimulate host immune responses as well 
as suppress them exerting their in fl uence on both innate and adaptive immune 
systems with differing effects depending on malaria transmission intensity and age 
of infection  [  65  ] . What is unclear is if malaria coinfections continue to contribute to 
pathogenesis and BL cell tropism after tumorigenesis has been initiated in the B 
cell. B cells with c-myc translocations have been found in peripheral blood of normal 
individuals  [  66  ] , suggesting that successive oncogenic steps are required before a 
malignancy is established. Children in Africa are infected with EBV before the age of 
3 years  [  67  ] , yet BL does not present in children residing in high malaria transmission 
areas until they are on average 5–9 years of age, in contrast to BL patients from low 
malaria transmission areas who do not develop BL until they become adolescents 
 [  68,   69  ] . In addition, younger patients tend to present with tumors of the jaw whereas 
older patients and those with sporadic BL (which is 30–40% associated with EBV) 
tend to have abdominal tumors. Moreover, studies conducted in Kenya over the past 
8 years serendipitously coinciding with malaria control efforts that have signi fi cantly 
decreased parasite transmission intensity with subsequent reductions in malaria-asso-
ciated morbidity and mortality  [  70  ]  allude to an increasing proportion of BL patients 
diagnosed with abdominal tumors and fewer with jaw tumors independent of age 
(Moormann, unpublished observations). It is possible that increased cancer awareness 
and improved diagnosis of abdominal tumors may account for this shift in clinical 
presentation for endemic BL, but it is also possible that lower malaria transmission 
intensity allows the persistence of less severe, chronic malaria infections (as experi-
enced by older children and adults who have developed premonition to malaria) that 
may in fl uence where BL cells migrate in the body. 

 Along these lines host genetic susceptibility to severe malaria infections might 
also in fl uence the risk for BL development. A point mutation in the hemoglobin 
beta gene (AS heterozygosity or sickle cell trait) decreases parasite density and 
malaria disease severity  [  71  ] , thus begging the question, if this mutation also con-
fers a decreased risk for BL. Studies addressing this question are few and have 
yielded inconclusive results due to small sample size and appropriateness of con-
trols selected for allele frequency comparisons  [  72–  74  ] . In our BL study population 
( n  = 608), we found an intermediate frequency of AS heterozygosity compared to 
the general population ( [  75  ]  and Moormann, unpublished observation). This sug-
gests that perhaps the host’s ability to become repeatedly infected with malaria yet 
not succumb to malaria-associated mortality, which is accompanied by an unregu-
lated pro-in fl ammatory response, is a more important risk factor for developing BL 
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than severe malaria, thus emphasizing the need for longitudinal studies to understand 
the role of malaria coinfections in BL pathology. 

 We know that children diagnosed with BL at some point become selectively 
de fi cient in their Th1 polarized (IFN- g  producing) cell immunity to EBNA1  [  60  ] , 
yet we have not determined whether EBNA1-speci fi c T cell immunity is restored 
during remission and is associated with long-term survival, nor if its de fi ciency 
predisposes for BL development. However, it has been proposed that blood stage 
malaria infection is controlled by Th2 polarized immunity  [  76  ] , which could com-
promise the simultaneous priming of protective Th1 immunity against EBV. 
Moreover, the  Plasmodium falciparum  erythrocyte membrane protein (PfEMP1) 
has been shown to inhibit early IFN- g  production  [  77  ] , which could also divert EBV 
speci fi c T-cell immunity from Th1. Finally,  Plasmodium  infected erythrocytes were 
found to inhibit dendritic cell function  [  78  ] , which could compromise priming of 
ef fi cient EBV-speci fi c immune control. Indeed this immune control was found to be 
compromised by malaria infection  [  79  ]  and loss of EBNA1-speci fi c T-cell responses 
was observed in BL patients  [  60  ] . 

 In addition to this immunomodulatory function of malaria, which could impair 
EBV-speci fi c immune control,  Plasmodium  infection might also predispose for BL 
development via B-cell stimulation. Malaria parasite-derived TLR ligands have 
been shown to signal innate immune responses via TLR4  [  80  ]  and TLR9  [  81  ] . Thus, 
it is curious to note that c-myc translocations, the hallmark of BL cells, are created 
by activation-induced cytidine deaminase (AID) during antibody class switching or 
somatic hypermutation  [  82  ]  and that expression of AID may be mediated by TLR9 
in cooperation with IL-10 signaling  [  83  ] . Furthermore,  Plasmodium  antigen driven 
B-cell activation, by the polyclonal B-cell activator PfEMP1  [  84  ] , could also drive 
more EBV-infected B cells into germinal center reactions, which could favor AID 
mediated c-myc translocation. It is speculation at this point if repeated malaria 
infections continue to exacerbate this dynamic and thereby increase the risk of BL 
relapse. Nevertheless, malaria-driven immune modulation and B-cell activation 
could both favor BL development.  

   Immunomodulation by HIV Infection During Burkitt’s 
Lymphoma 

 EBV is found in 40–60% of HIV-associated BL cases  [  85,   86  ]  and often occurs as 
the  fi rst sign of the acquired immunode fi ciency syndrome (AIDS)  [  87  ] . Interestingly, 
an altered viral set-point for EBV infection in HIV carrying individuals does not 
correlate with the development of EBV-associated lymphomas during the progres-
sion to AIDS  [  88  ] , suggesting that selective loss of EBV immune control contributes 
to the development of HIV-associated BL. While other EBV-associated lympho-
mas, like diffuse large B-cell lymphomas (DLBCL) occur later in the progression of 
AIDS and have been found to be responsive to highly active anti-retroviral treatment 
(HAART)  [  89,   90  ] , BL frequencies and outcome have not been signi fi cantly 
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in fl uenced by HAART. This suggests that selective defects in EBV-speci fi c immune 
control, affecting the limited repertoire of immune responses that can target this 
tumor, are not easily reinstated by HAART, while those that target DLBCL might be 
more readily recovered. 

 Along these lines, EBNA1-speci fi c T-cell responses were found selectively 
decreased prior to lymphoma development in HIV-infected individuals with non-
Hodgkin lymphoma  [  91  ] . Not only CD4 +  T-cell responses to EBNA1 were most 
severely affected, but also CD8 +  T-cell responses against this viral protein were 
diminished. In contrast, CD4 +  T-cell responses against the immediate early lytic EBV 
antigen BZLF-1 were preserved in HIV-infected individuals progressing to AIDS 
with the development of EBV-positive lymphomas. Prior to this study the same group 
had suggested a protective effect of CD4 +  T cells in EBV-speci fi c immune control, 
because EBV-speci fi c CD4 + , but not CD8 +  T-cell frequencies were inversely corre-
lated with EBV viral loads in HIV-infected individuals  [  92  ] . Moreover, HAART 
seems to restore EBNA1-speci fi c T-cell responses, but the slow kinetics of this resto-
ration (5 years) might not be able to ef fi ciently counteract HIV-associated BL devel-
opment  [  88  ] . Con fi rming a selective loss of EBV-speci fi c CD4 +  T-cell responses 
during HIV associated lymphoma development, it was found that patients with pri-
mary CNS lymphomas lacked EBV speci fi c CD4 +  T-cell responses, irrespective of 
total CD4 +  T-cell count  [  93  ] . Thus, it is tempting to speculate that CD4 +  T cells, acti-
vated by persistent EBV infection, might be preferentially depleted by HIV infec-
tion. This depletion, followed by functional exhaustion of EBV-speci fi c CD8 +  T-cell 
responses  [  94  ] , could predispose for HIV-associated lymphoma development. Among 
EBV-speci fi c CD4 +  T cells EBNA1-speci fi c responses might become diminished 
 fi rst due to the ubiquitous expression of this antigen in all latency stages, thereby 
compromising BL-speci fi c immune control that can target only EBNA1.  

   Conclusions 

 The restricted EBV gene expression pattern of endemic BL makes these tumors 
dif fi cult to detect for the human immune system. While viral DNA and RNA, 
harbored also in BL cells, can activate plasmacytoid and conventional dendritic cells, 
respectively, only one EBV antigen is expressed at the protein level in most BL cells 
and can be recognized by the adaptive immune system. Besides being the only EBV 
antigen expressed in BL cells, EBNA1 down-modulates its processing onto MHC 
class I for CD8 +  T-cell recognition and the BL-characteristic c-myc overexpression 
by translocation compromises further MHC class I antigen processing. Only EBNA1-
speci fi c CD4 +  T-cell responses show a limited reactivity against BL cells. But the 
CD4 +  T-cell compartment and particularly Th1 polarized CD4 +  T cells, which orches-
trate cell-mediated immunity, are compromised by HIV and  Plasmodium falciparum  
coinfections. Thus, strengthening of this immune response by vaccination during 
antiretroviral therapy and malaria containing treatment should be explored to prevent 
BL development.      
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   Epidemiology of Malaria and eBL 

 Following the  fi rst clinical description by Denis Burkitt of the lymphoma now bearing 
his name  [  1  ] , several epidemiologic studies were done to determine the geographic 
distribution of this cancer. The earliest study was undertaken by Denis Burkitt who 
embarked on a “tumor safari” to map cases of eBL throughout Africa  [  2  ] . He gener-
ated a low-resolution map of eBL that describes a lymphoma belt across equatorial 
Africa. Case identi fi cation was based on response to questionnaires and personal 
reporting. Haddow  [  3  ]  used this data to determine that eBL had a striking geo-
graphical restriction with cases occurring in a band approximately 10° north or 
south of the equator and within that region, not occurring in areas with altitudes 
greater than 1,500 m. Papua New Guinea was the only other region of the world that 
where cases of BL similar to the “African” lymphoma were found  [  4  ] . Based on 
these observations, early investigators hypothesized that an infectious agent, pos-
sibly a vectored virus such as an arbovirus, might be etiologically linked with this 
cancer  [  3,   5  ] . However, it quickly became evident that eBL occurred at a high inci-
dence in regions where malaria transmission of  Plasmodium falciparum  was sus-
tained and intense, i.e. holoendemic  [  6,   7  ] . 

 Because of the limitations of cancer registries in Africa and availability of accu-
rate population data, a direct correlation of eBL incidence rates with  P. falciparum  
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parasite prevalence at a  fi ner geographic level of analysis wasn’t done for almost 
two decades after the original discovery of eBL  [  8  ] . More recently, a study based in 
Kenya reexamined the association between eBL and malaria using new ecological 
models of malaria transmission  [  9  ] . Consistent with the earlier studies, eBL inci-
dence rates were greater in regions with chronic and intense malaria transmission 
intensity than in regions with no or sporadic malaria transmission. 

 The variability in eBL onset age correlates with differences in malaria exposure. 
For example, patients living in holoendemic malaria areas develop eBL younger 
than those living in sporadic or seasonal malaria areas  [  8  ] . A ten-year study in 
Uganda during the 1960s detected a median onset age of 12 years in areas where 
malaria transmission was weak or inconsistent (hypo-endemic), compared to 8 and 
6 years, respectively, in areas with meso- and hyper-endemic transmission  [  10  ] . 
Burkitt and Wright detected an equal susceptibility, but older onset age, among 
persons migrating from low- to high-risk eBL areas, which is ecologically consis-
tent with non-malarious and endemic malaria zones, respectively  [  11  ] . 

 While the above studies  fi rmly established an ecologic link between eBL risk 
and malaria endemicity, two recent case–control studies based in Uganda and 
Malawi have provided more direct evidence of a biologic link between malaria 
exposure and increased risk for eBL  [  12,   13  ] . Malaria-speci fi c antibody titers in 
children with eBL and age-matched hospital-based controls were examined. Risk 
for eBL increased with increasing antibody titers against malaria. Cases were also 
more likely to have elevated antibody titers against both malaria and EBV relative 
to controls suggesting a synergistic linkage between these two pathogens in the 
etiology of eBL. Interestingly, a correlation between age when multiple  P. falci-
parum  genotypes were detected in the population and age of peak onset of eBL was 
found  [  14  ]  suggesting that infection with multiple  P. falciparum  genotypes could be 
linked to onset of eBL. This observation is consistent with an etiologic model pre-
sented below that has the repeated infections associated with holoendemic malaria 
that are driving increased risk. 

 In sum, since eBL was  fi rst described there has been a consistent epidemiologic 
association with high levels of malaria transmission and increased risk for eBL. The 
efforts underway to reduce malaria in sub-Saharan Africa should be monitored 
closely to determine if eBL incidence also decreases.  

    P. falciparum  Malaria Pathogenesis 

 To understand why malaria increases the risk of eBL, there are three features of 
 P. falciparum  pathogenesis that provide clues to this question. First is the varying 
transmission dynamic of  P. falciparum  malaria. As discussed in the  fi rst section, 
eBL is correlated with holoendemic transmission of malaria, not just a single 
 P. falciparum  infection.  P. falciparum  malaria only elicits protective immunity after 
several years of continuous exposure, during which time recurring infections and 
illness occur  [  15  ] . Because of this, children aged 1–5 years living in holoendemic 
malaria regions are at the highest risk of morbidity and mortality associated with 
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 P. falciparum  infections  [  16  ] . Of relevance to the role of malaria in the etiology 
of eBL, the peak in eBL incidence peaks right after this time period  [  9,   17  ] . The 
repeated malaria infections are thought to result in impairment of cellular immunity 
to malaria  [  18–  20  ] , to other pathogens  [  21–  25  ]  and to vaccines  [  26  ] . 

 The second feature is the high antigenic burden imposed by these repeated 
 P. falciparum  infections. During acute clinical malaria, greater than 5,000 parasit-
ized RBC per  m l of whole blood. Even in children with asymptomatic parasitemia, 
there can be high levels of parasitized RBC  [  27  ] . In holoendemic regions, greater 
than 50 % of children are asymptomatic but parasitemic at any given time  [  28  ] . So in 
essence, children living in a malaria endemic region have a high systemic antigen 
load along with continual reinfection. Under these conditions,  Plasmodium  infection 
in children could be considered a chronic infection, and during this period the child’s 
immune system is under constant stress from the repeated infections. As early as 
1970, O’Conor had proposed that chronic antigenic stimulation from malaria infec-
tions might play a role in the emergence of premalignant lesions  [  29  ] . 

 In addition to chronic antigen stimulation of the immune system, recent studies 
have indicated that  P. falciparum  malaria results in alterations in B-cell homeostasis 
 [  30  ]  resulting in expansion of immature transitional (CD19+IgD+CD10+) B cells 
as well as the emergence of atypical memory B cells  [  31  ] .  P. falciparum  can also act 
as a B-cell mitogen  [  32,   33  ]  and induce hyper-gammaglobulinemia  [  34  ] . How these 
features of malaria pathogenesis could potentially intersect with eBL etiology will 
be discussed below. 

   Interaction of Malaria with EBV-Infected B Cells 

 There are two pathogens linked to the etiology of eBL,  P. falciparum  and Epstein–
Barr virus (EBV). For a more extensive discussion of the biology of EBV and its 
link to eBL pathogenesis, see    Chapter   10    . Relevant to the role of malaria, EBV 
exists as a persistent infection in B cells throughout the lifetime of the host and this 
infection is controlled by both CD4 +  and CD8 +  T-cell responses. 

 Several studies have pointed to a profound dysregulation of EBV persistence in 
children due to  P. falciparum  malaria  [  27,   35–  40  ] . For example, increases in EBV-
infected B cells were observed during single episodes of acute  P. falciparum  malaria 
 [  35,   39  ] . There is also evidence that malaria induces reactivation from latently 
infected cells both in vitro  [  41  ]  and in children with acute malaria  [  36,   37  ] . Serologic 
evidence of ongoing EBV reactivation in children living in malaria holoendemic 
region has also been reported  [  40  ] . A higher EBV load set point—indicative of the 
frequency of latently infected cells—occurs in children from malaria endemic 
regions relative to children from malaria sporadic regions  [  27  ]  and the viral load 
observed in these children more closely matches levels seen in patients with acute 
infectious mononucleosis  [  35  ] . 

 Two potential but not exclusive mechanisms for these observations exist: 
reactivation and infection of new B cells or expansion of latently infected B cells. 
Because of the high antigen burden, clearance of the parasite-infected red blood 
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cells (RBC) in the spleen—an organ rich in B cells—there is a strong likelihood that 
infected RBC could directly contact EBV-infected B cells. The  P. falciparum  anti-
gen cysteine-rich interdomain region 1 a  (CIDR a ) expressed on the surface of 
infected red blood cells can directly bind to B cells and induce lytic reactivation of 
EBV  [  32  ] . Reactivation of EBV would result in elevated viral loads through release 
of infectious virus and reinfection of naive B cells. That this pathway is essential for 
maintenance of EBV loads in healthy individuals was recently demonstrated by 
Hoshino et al.  [  42  ]  who found that treatment of healthy EBV-positive individuals 
with valacyclovir, an antiviral drug that blocks lytic infection, resulted in the reduc-
tion in frequency of EBV-infected cells over time. 

 The alternative possibility for elevated viral loads is that the  P. falciparum  is 
driving memory B-cell expansion through interaction with TLR9 on memory B 
cells.  P. falciparum  has a ligand for TLR9  [  43  ] . TLR9 is expressed on B cells and 
TLR9 signaling also essential for B-cell proliferation  [  44  ] . Thus, interaction of a 
latently infected B cell with the  P. falciparum  TLR9 ligand could drive those cells 
to proliferate. 

 A recent study found that infants living in a high malaria transmission region of 
Kenya were infected with EBV signi fi cantly earlier in life (7.3 months of age) com-
pared to infants from a non-malaria endemic region (8.4 months) pointing to an 
additional role of malaria in modulating EBV persistence  [  45  ] . In addition, the ear-
lier age of infection led to more frequent detection of EBV and higher EBV viral 
loads over time. Interestingly, these data support a model  fi rst proposed by de-Thé 
in 1978 who hypothesized that infection of infants with EBV early in life could 
result in an infection that was poorly controlled by the host and thus increased the 
risk for eBL  [  46  ] . What remains to be determined is why are these infants infected 
with EBV so early in life and whether malaria also plays a role in this. 

 What is the relevance of high viral loads to an increased risk for eBL? EBV 
latency membrane protein (LMP)-1 interacts with DNA methyltransferase and 
results in epigenetic modi fi cation and subsequent down-regulation of the pro- 
apoptotic Bim gene  [  47  ] . So latently infected memory B cells would have reduced 
the levels of Bim even though the LMP-1 protein is no longer expressed in these 
cells, i.e. this would be a consequence of them being “marked” by their primary 
infection with EBV when all the EBV latent proteins are expressed  [  48  ] . Thus, 
higher viral loads in children from malaria endemic regions would result in a greater 
number of circulating B cells that were resistant to apoptotic stimuli. 

 Interestingly, signaling through TLR was shown to induce the enzyme activa-
tion-induced cytidine deaminase (AID) in human B cells  [  49,   50  ] . AID over-expres-
sion induces IgH-c-myc translocations  [  51  ]  characteristic of BL. Thus, elevated and 
unregulated AID expression in B cells triggered by  P. falciparum  could increase the 
risk for a c-myc translocation. If over-expression of c-myc occurred following an 
AID-mediated translocation, normal B cells would die by apoptosis. However, 
because of the down-regulation of Bim, the memory B cells would be resistant to 
apoptosis and would tolerate the c-myc translocation. Cells that escaped apoptosis 
and carrying the c-myc translocation would ultimately lead to the emergence of a 
malignant clone  [  52  ] . Escape from T-cell surveillance would also be critical and 
how malaria plays a role in this will be discussed next.  
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   Interaction of Malaria with EBV-Speci fi c T Cell Immunity 

 Three early studies suggested that P. falciparum malaria could interfere with EBV-
speci fi c cellular immune responses. Whittle et al.  [  24  ]  demonstrated that peripheral 
blood lymphocytes isolated from adult patients with acute malaria were unable to 
control outgrowth of EBV-transformed cells in a standard regression assay to 
assess EBV-speci fi c T-cell function. Moss et al.  [  53  ] , with a similar assay, demon-
strated that healthy adults living in malaria holoendemic regions of Papua New 
Guinea had impaired EBV-speci fi c T-cell responses. In children experiencing an 
episode of acute malaria, spontaneous outgrowth of EBV-transformed B cells ex 
vivo occurred at even greater frequency compared to the same children following 
recovery from malaria  [  54  ] . Subsequent to these studies, Moormann et al.  [  55  ]  
found that Kenyan children from a malaria holoendemic area had signi fi cantly 
fewer EBV-speci fi c IFN- g  responses compared to children from a highland area 
with infrequent malaria exposure. This effect was most pronounced in children 
5–9 years old, coinciding with the peak incident age of eBL. Njie et al.  [  35  ]  found 
that during an episode of acute malaria in children from the Gambia there was a 
transient decrease in EBV-speci fi c CD8 T-cell immunity. In a longitudinal cohort 
in Kenya, following infants EBV-speci fi c T-cell responses after prospective cohort 
 [  45  ] , there was a signi fi cant difference in the capacity of children living in a malaria 
holoendemic region compared to malaria sporadic region to maintain a T-cell 
response to EBV lytic antigens (Asito, Piriou, Moormann, and Rochford, unpub-
lished observation). This suggests that  P. falciparum  malaria contributes to loss of 
EBV-speci fi c immunity by inducing the collapse of an antiviral IFN- g -mediated 
CD8+ T-cell response. More detailed discussion of the effects of malaria on EBV 
T cell immunity is found in Chap.   12    .    

 Interestingly, a potential role is also indicated for  g  d  T cells in the etiology of 
eBL.  P. falciparum  infection is associated with expansion of V d 1 +  T cells in periph-
eral blood  [  56,   57  ] . This suggests that chronic exposure to  P. falciparum  in children 
would affect normal  g  d  T-cell immunity and expand V d 1 +  T cells. Of interest rela-
tive to the link between  P. falciparum  and EBV in eBL etiology is the studies that 
show increased EBV viral load as described above and increased B-cell activation 
in children living in malaria holoendemic regions. One possible outcome of elevated 
EBV viral load and activated B cells would be an expansion of the V d 1 +  T cells in 
these children living in a region where the malaria is holoendemic and the risk for 
eBL is high. Interestingly, alterations in V d 1 +  T-cell activation and frequencies in 
children with eBL are comparable to children with acute  P. falciparum  malaria  [  58  ] . 
Moreover, recent studies have found that tumor derived V d 1 +  cells isolated from 
breast cancer patients can negatively down-modulate  a  b  T-cell responses and inhibit 
the capacity of CD8 +  T cells to kill tumor cells in an in vivo model  [  59  ]  suggesting that 
expansion of V d 1 +  T cells during  P. falciparum  infection could have the unintended 
consequence of losing antitumor immunity and allowing the emergence of a malig-
nant B-cell clone. Further studies to evaluate a potential role for  g  d  T cells in EBV 
immunity and risk for eBL are needed.   
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   A Model for the Role of Malaria in the Etiology of Endemic BL 

 Early reviews postulating on the mechanism by which malaria increases the risk for 
eBL postulated either a role for inducing B-cell activation or causing T-cell suppression. 
However, given the chronic nature of  P. falciparum  infections, the high antigen 
burden, and the overall impact the holoendemic malaria has on a population, malaria 
likely serves many nonexclusive roles in increasing the risk for eBL. As shown    in 
Fig.  13.1 , malaria plays a role by  fi rst increasing the number of latently infected B 
cells via a number of potential mechanisms; second, through loss of immune control 

  Fig. 13.1    Model for the different roles of malaria in increasing risk for eBL. In stage 1, infants are 
infected at less than 6 months of age, increasing the numbers of latently infected B cells. While this 
phenomenon is age dependent, living a malaria endemic region increases the frequency of early 
age of EBV infection   [  45  ] . In stage 2, repeated malaria infections during infancy and early child-
hood expand the numbers of latently infected B cells  [  27,   35–  40  ] . The higher EBV load also results 
in loss of EBV-speci fi c CD8+ T cell immunity   [  55  ]  further amplifying this effect. In stage 3, the 
higher viral load equates to greater numbers of latently infected B cells resulting in a greater sto-
chastic chance for a direct interaction of a TLR9 ligand derived from P. falciparum  [  43  ]  to bind to 
TLR9 on memory B cells. This could result in activation of the enzyme AID  [  49,   50  ] . AID is 
required for c-myc translocations in mouse models  [  51  ] , and it is postulated that aberrant AID 
activation results in the c-myc translocation characteristic of BL. If over-expression of c-myc 
occurred in a normal B cell at the wrong stage of B-cell development, regulatory mechanisms 
resulting in apoptotic death of the B cell would occur. However, if the B cell had been epigeneti-
cally marked by EBV, loss of expression of the pro-apoptotic protein Bim could result in a cell that 
could tolerate c-myc over-expression and ultimately lead to emergence of malignant clone       

 



24713 The Many Roles of Malaria in the Etiology...

of latently infected B cells and  fi nally, by inducing c-myc translocation through an 
AID-mediated mechanism. The combined effects of malaria infections result in 
increasing risk for the emergence of a malignant clone and the likelihood of a child 
presenting with Burkitt lymphoma.       
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   History 

 The treatment of Burkitt lymphoma has evolved over the last 50 years, and that 
 progression has been contingent upon understanding the biological characteristics of 
the disease, such as the rapid doubling time of the tumor, the propensity for extra-
nodal sites, high chemosensitivity, and the potential for CNS relapses  [  1  ] . The com-
bined efforts of multiple consortiums, including the BFM, SFOP, CCG, and UKCCG, 
have advanced treatment since Dr. Denis Burkitt’s  fi rst description of events in Uganda 
in 1958  [  2  ] . Although Dr. Burkitt lost his right eye at age 11, the result of a thrown 
stone during a school-yard  fi ght, his keen observation skills remained unaffected  [  3  ] .

  Let me take you back 30 years to a morning that I was surgeon on duty at the teaching 
hospital in Uganda. I was called in consultation by the physician on duty, Dr. Hugh Trowell, 
to see a patient who had some sort of lesion involving all four quadrants of the jaws. I could 
not make out what it was. It did not  fi t in with a tumor…it did not  fi t in with sepsis…it did 
not  fi t in with anything. I documented it in my mind, believing it to be an oddity you might 
see once in a lifetime, and did not give it any more thought. 

 About two weeks later, while on ward rounds in another hospital 30 miles away, I looked 
out the window and saw another child with a swollen face. Giving up my ward round, I went 
out to  fi nd this child with tumors of some kind in all four quadrants of the jaws. I put the 
child and his mother in my car, drove them back to the hospital, and began to investigate 
these jaw tumors  [  4  ] .   

 Although  fi rst described as a “round cell sarcoma,” Burkitt and O’Connor de fi ned 
the disease as a malignant lymphoma in 1961, including the pathological terminology 
of a “starry sky” background still used today  [  5  ] .  
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   Pediatric Treatment History 

 The speci fi c biology of Burkitt lymphoma drove early attempts at therapy. Surgery 
was an early accepted treatment modality until the multifocal nature of the disease 
was understood, making radical surgery pointless  [  6  ] . 

 Given the rapid rate of tumor growth, the plausibility of radiotherapy as a treatment 
modality was evaluated. Irradiation induced rapid regression of tumors; however, 
as in the case of surgical resection, patients eventually succumbed to growth of 
multifocal untreated masses  [  6  ] . 

 The multifocal nature of the disease made systemic chemotherapy the early treat-
ment of choice. The earliest described monotherapy involved nitrogen mustard, 
either injected intravenously or intra-arterially at doses ranging from 0.2 to 2.5 mg/kg, 
which produced rapid improvement that often times only lasted a few weeks  [  5,   7  ] . 

 Other early monotherapy included cyclophosphamide, either orally or intrave-
nously, and methotrexate either infused through the external carotid artery or admin-
istered orally. The results again showed only temporary regression of the tumors. 

 Through the 1960s, monotherapy with many of the drugs available at the time 
con fi rmed the high degree of chemosensitivity of Burkitt lymphoma. Dr. Burkitt origi-
nally documented rapid response and sometimes durable remission to cyclophosph-
amide given as a one-time dose of 40 mg/kg IV  [  8  ] . This dosing regimen was chosen 
based on necessity, given the short hospitalization stays of African children in Uganda 
 [  9  ] . Agents such as cyclophosphamide, methotrexate, or vincristine usually induced 
rapid regression of tumor bulk, but most patients who maintained their original good 
response had limited disease  [  10–  13  ] . The majority of patients treated in the early 
1960s had long-term survival rates approaching 20%  [  14  ] . A summary of agents given 
as monotherapy and the resulting response rates is outlined in Table  14.1   [  15  ] .  

   Table 14.1    Previous monotherapy used in the treatment of Burkitt lymphoma  [  15  ]    
 Drug  No. of patients  CR  CR + PR  OR (%) 

 Cyclophosphamide  163  43  132  81 
 Orthomerphalan  14  ?     14  100 
 Chlorambucil  12  3  10  83 
 Nitrogen mustard  61  10  44  72 
 Melphalan  26  8  16  61 
 Procarbazine  6  0  0  0 
 BCNU  5  0  4  80 
 Vincristine  21  10  17  81 
 Vinblastine  2  0  0  0 
 Methotrexate  45  11  26  58 
 6-Mercaptopurine  3  0  0  0 
 Cystosine arabinoside  3  2  2  2 
 Epipodophyllotoxin  2  2  2  2 
 Actinomycin D  4  1  4  4 

  Variety of doses and schedules were used, even for the same drug 
  CR  complete response 
  OR  overall response 
  PR  partial response  
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 Further chemotherapeutic advances occurred in 1967, when the Uganda Cancer 
Institute (UCI) of Makerere University in Kampala, Uganda and the United States 
National Cancer Institute (NCI) began collaborating. From July 1967 to August 
1969 (Trial I), 57 patients were admitted to the Lymphoma Treatment Center in 
Kampala and received a single dose of cyclophosphamide at a dose of 40 mg/kg IV. 
Patients who achieved a complete remission to single-dose therapy were then ran-
domized to  fi ve more doses of cyclophosphamide at 2- to 3-week intervals or no 
further therapy. All partial remissions following single-dose therapy were not ran-
domized and received  fi ve more doses of cyclophosphamide at 2- to 3-week inter-
vals. Relapses were treated with combination therapy including vincristine 1.4 mg/
m2 IV on day 1, methotrexate 15 mg/m2 PO on days 1–4, and 10–14 days later cytar-
abine 250 mg/m2 daily for 3 days (BIKE). This combination therapy regimen was 
repeated for two cycles  [  16  ] . 

 Of the 57 patients enrolled in the study, 42 had a complete response to mono-
therapy with cyclophosphamide. Ten patients died from advanced disease in the  fi rst 
week of treatment, three had partial responses, and two had no response to cyclo-
phosphamide monotherapy  [  16  ] . 

 Patients randomized to multiple doses of cyclophosphamide had longer remis-
sions and fewer relapses than patients who received only a single dose. Seven 
patients who received single-dose cyclophosphamide relapsed and were able to 
achieve complete responses after multiple doses of cyclophosphamide. Ten patients 
relapsed after multiple doses of cyclophosphamide, and BIKE chemotherapy 
induced complete response in 9 patients with 8 patients remaining disease-free for 
up to 14 months  [  15  ] . 

 The second trial using combination chemotherapy occurred from August 1969 
to June 1971 (Trial II). Higher stage patients were randomized to receive cyclo-
phosphamide 40 mg/kg IV in repeated doses at 2- to 3-week intervals versus 
cyclophosphamide 40 mg/kg IV followed by vincristine 1.4 mg/m2 IV on day 1, 
methotrexate 15 mg/m2 PO on days 1–4, and then 10–14 days later cytarabine 
250 mg/m2 daily for 3 days (TRIKE)  [  17  ] . Initial results in the higher risk patients 
revealed a survival trend in favor of TRIKE therapy, although this  fi nding was not 
con fi rmed until 1980  [  18  ] . 

 Given the results of Trial II indicating that upfront combination chemotherapy 
may be advantageous, a randomized trial comparing cyclophosphamide alone 
versus cyclophosphamide, vincristine and methotrexate (COM) was initiated  [  19  ] . 
The proportion of relapses treated with cyclophosphamide alone or with COM was 
similar, but the location of relapse was different. In patients treated with mono-
therapy, relapse was identi fi ed systemically and in the CNS, in contrast to patients 
treated with COM who had relapse in the CNS alone. Later follow-up identi fi ed a 
survival advantage for patients treated initially with COM, and this regimen was 
adopted by the US NCI as the backbone for subsequent therapy  [  15  ] . 

 During these early years of treatment, the central nervous system presented a 
problem to investigators, both as a primary site of disease and as a location of 
relapse. Early investigations into craniospinal irradiation    yielded poor results, both 
as a factor of the limited availability of the technology in equatorial Africa and the 
poor outcomes for patients  [  20  ] . In an effort to evaluate intrathecal chemotherapy 
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for the almost 50% of patients who presented with CNS positive disease, treatment 
was given with either intrathecal methotrexate or cytarabine with comparative 
outcomes  [  21  ] . 

 Thus, the stage was set for the incorporation of intrathecal chemotherapy into 
trials using multiagent therapy, both elements of treatment plans used today. During 
the 1970s, treatment studies for Burkitt lymphoma focused on combination chemo-
therapy, central nervous system prophylaxis, and salvage therapy for patients who 
experienced relapse  [  9  ] . This work resulted in an increase in overall survival from 
20% to 50%. In 1977, a landmark study (CCG-551) comparing 18 months of therapy 
with cyclophosphamide, vincristine, methotrexate, and prednisone (COMP) to the 
ten-drug LSA2L2 regimen (cyclophosphamide, vincristine, prednisone, daunomycin, 
methotrexate, cytarabine, thioguanine, L-asparaginase, carmustine, and hydroxyurea) 
revealed that patients with Burkitt lymphoma fared better with four-drug therapy 
(57% versus 28% 2-year disease-free survival), and that patients with bone marrow 
or central nervous system involvement had the worst outcome (30%)  [  22  ] . These 
results were later veri fi ed to be stable at 5 years (50% versus 29%)  [  23  ] . 

 The French Society of Pediatric Oncology (SFOP) completed a series of four 
successive Lymphome malin B (LMB) trials, which continued to increase the event-
free survival for patients with Burkitt lymphoma. The LMB 0181 Pilot Study was 
conducted between February and October 1981, accruing 32 patients  [  24  ] . The pro-
tocol was designed to increase survival by employing treatment with chemotherapy 
alone (no irradiation or surgical debulking), intensifying therapy in the third and 
fourth months of treatment to decrease relapses, and to improve central nervous 
system prophylaxis without using cranial irradiation. Although the treatment proved 
ef fi cacious, a high amount of toxicity was identi fi ed, requiring modi fi cation of the 
protocol. Subsequently, the LMB 0281 study ran from November 1981 to March 
1984. Therapy included vincristine, prednisone, doxorubicin, cyclophosphamide, 
and methotrexate with therapeutic reinforcement using two courses based on con-
tinuous infusion of cytarabine. Maintenance therapy lasted 8 months and CNS 
prophylaxis included high-dose methotrexate, intrathecal methotrexate and cytara-
bine, continuous infusion cytarabine, and lomustine. The results showed increased 
survival for high-stage patients without CNS disease (75%), but an unacceptable 
toxic death rate (10%)  [  24  ] . The CNS relapse rate was only 1%. 

 A pervasive focus of subsequent therapy became decreasing treatment toxicity 
while keeping survival stable. From July 1984 to September 1987, the LMB 84 
study compared 7-month therapy versus 4-month therapy in 216 patients without 
CNS disease. Therapy included an initial reductive phase of cyclophosphamide, 
vincristine, and prednisone (COP) with intrathecal methotrexate and hydrocorti-
sone. The purpose of the cytoreductive phase was to solve metabolic problems, 
most due to acute tumor lysis, without being forced to manage the complications of 
intensive therapy such as aplasia and mucositis  [  25  ] . The results revealed an equiva-
lent cure rate (78%), with a decrease in the toxic death rate (6%)  [  26  ] . 

 Other information gleaned from these early trials included the emergence of risk 
factors, such as CNS involvement, no response to a cytoreductive phase, and no 
complete response after the third or fourth cycles  [  27  ] . In July 1989, the LMB 89 
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study sorted patients into one of the three therapeutic groups (A, B, or C) dependent 
upon their disease stage and prognostic factors. Group A patients had achieved com-
plete resection of Stage I and abdominal Stage II tumors. Group C patients had CNS 
involvement or Burkitt leukemia with at least 70% blasts in the bone marrow. All 
remaining patients were strati fi ed to group B. The results revealed that 90% survival 
could be obtained when treatment is modi fi ed for the risk factors of the patient  [  25  ] . 

 These results lead to the FAB LMB 96 trial completed by the Societe Francaise 
d’Oncologie Pediatrique (SFOP), Children’s Cancer Group (CCG), and the United 
Kingdom Children’s Cancer Study Group (UKCCG). This international trial showed 
that treatment reduction in both cyclophosphamide and doxorubicin for early 
responding patients was possible  [  28  ] . Response to therapy was identi fi ed as the 
most signi fi cant prognostic factor, with patients showing <20% reduction of disease 
after prophase reduction having an event-free survival of 30%  [  29  ] . Finally, the results 
showed that patients presenting with CNS-positive disease received no survival 
bene fi t from craniospinal irradiation  [  28  ] .  

   Adult Treatment History 

 Treatment for adults has been based on the success achieved in pediatric patients. 
In 1995 the results of a retrospective review of 65 adult patients treated according 
to the pediatric LMB 81, 84, 86, and 89 regimens revealed an 89% complete 
response rate with a three-year overall survival of 74%  [  30  ] . In 1996, these results 
were con fi rmed by a prospective study evaluating 72 adult patients treated accord-
ing to the LMB protocol (CR rate 83%, 2 year OS 66%)  [  31  ] . 

 A more recent prospective study of 72 adult patients treated with LMB 89 therapy 
revealed a 72% complete response rate with a 2-year overall survival rate of 70%. 
Patients with higher lactate dehydrogenase levels and advanced age tended to do 
worse (2-year OS rate of 84% in patients aged <33 years compared to 60% in 
patients aged >33 years)  [  31  ] . 

 Other therapies used in children and adults include CODOX-M and IVAC, pio-
neered by Magrath  [  32  ] . This regimen utilizes three cycles of CODOX-M for patients 
with low-risk disease, and four cycles of alternating CODOX-M and IVAC for 
patients with high-risk disease. In 1996, Magrath et al. reported a 2-year event-free 
survival of 85% in children, and 100% in adults with a mean age of 25 years  [  32  ] . 
Two years later, an updated report revealed complete responses in 24 of 26 adult 
patients studied, with 22 patients alive and disease-free (follow-up 12–91 months) 
 [  33  ] . In Europe, attempts to use CODOX-M/IVAC have not produced similar results, 
although mean patient age may be a factor. The United Kingdom Lymphoma Group 
reported a 2-year event-free survival of 64.6% in a group of patients with a mean age 
of 35 years, with side effects of myelosuppression and mucositis  [  34  ] . 

 HyperCVAD has been used exclusively in adults, and investigators at The 
University of Texas M.D. Anderson Cancer Center showed a complete response rate 
of 81% in 26 adult patients with a median age of 58  [  35  ] . The addition of a monoclonal 
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antibody against CD20 (rituximab) has improved the results of HyperCVAD with a 
3-year overall survival of 89% in patients less than 60 years of age  [  36  ] . 

 Rituximab is currently being investigated in pediatric patients when combined 
with intensive chemotherapy based on the French LMB–89 protocol. Results of the 
study are currently pending. 

 In the past, patients with HIV-associated Burkitt lymphoma had greater treat-
ment-related mortality than patients with endemic or sporadic disease  [  37  ] . Early 
studies in the era of combination antiretroviral therapy have improved the survival 
for these patients, although changes are being tested to reduce the morbidity for 
patients  [  38  ] . 

 After showing ef fi cacy in untreated patients with diffuse large B-cell lymphoma 
 [  39  ] , dose-adjusted etoposide, prednisone, vincristine, cyclophosphamide, and dox-
orubicin with rituximab (DA-EPOCH-R) has been evaluated in patients with Burkitt 
lymphoma. Twenty-nine adult patients, including 17 with Stage III/IV disease and 
10 with HIV were treated with DA-EPOCH-R with event-free and overall survival 
of 97% and 100%, respectively, at a median follow-up of 57 months. Treatment was 
well tolerated, with notable toxicities including tumor lysis syndrome in one patient 
and febrile neutropenia in 16% of cycles  [  39  ] .  

   Pediatric Treatment Recommendations 

 Patients with Burkitt lymphoma require intensive multi-agent therapy with CNS 
prophylaxis. Given the extremely rapid growth rate of Burkitt lymphoma, it is 
imperative that the time course from diagnosis and staging to initial treatment be as 
short as possible. The current treatment recommendations for newly diagnosed 
pediatric patients with Burkitt lymphoma are listed in Table  14.2  with agents listed 
in Table  14.3 . Prior to initiating chemotherapy it is recommended that all patients be 
placed on cooperative study protocols if available.    

   Adult Treatment Recommendations 

 As in pediatric patients, delays in instituting therapy in adult patients can be detri-
mental, and all efforts should be made to have patients diagnosed and staged as 
rapidly as possible. Treatment options for adult patients are outlined in the most 
recent National Comprehensive Cancer Network practice guidelines (version 
3.2012)  [  40  ] . Recommendations are made for low-risk patients (normal LDH, com-
pletely resected abdominal lesion or single extra-abdominal mass measuring 
<10 cm) or high-risk patients. DA-EPOCH-R and other treatment options for low-risk 
patients are outlined in Table  14.4 . CODOX-M/IVAC with or without rituximab or 
HyperCVAD alternating with methotrexate plus cytarabine with or without rituximab 
are suggested for the high-risk patients  [  40  ] . Further suggestions for the care of 
high-risk patients are outlined in Table  14.5 .    
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   Table 14.2    Treatment recommendations for pediatric patients with newly diagnosed Burkitt 
lymphoma. Modi fi ed from the Physicians Data Query  [  68  ]    

 Stratum  Disease manifestations  Treatment 

 FAB/LMB – 96 
(COG-5961) 

 A  Completely resected  Two cycles of COPAD 
chemotherapy 

 B  Multiple extra-abdominal sites  Prephase (COP) + four cycles 
of chemotherapy (reduced 
intensity arm) 

 Non-resected Stage 
 I, II, III, IV 
 Marrow < 25% 
 Blasts 
 No CNS disease 

 C  Mature B- Cell ALL (> 25% 
Blasts in Marrow) and/or CNS 
Disease 

 Prephase (COP) + eight cycles 
of chemotherapy (full 
intensity arm) 

 BFM Group  R1  Completely resected  Two cycles of chemotherapy 
 R2  Non-resected Stage I/II and Stage 

III with LDH < 500 IU/L 
 Prephase (COP) + four cycles 

of chemotherapy 
(4 h methotrexate infusion) 

 R3  Stage III with LDH 500–999 IU/L  Prephase (COP) +  fi ve cycles 
of chemotherapy (24 h 
methotrexate infusion) 

 Stage IV, B Cell ALL (> 25% 
Blasts) and LDH < 1,000 IU/L 

 No CNS Disease 
 R4  Stage III, IV, B-Cell ALL with 

LDH > 1,000 IU/L 
 Prephase (COP) + six cycles 

of chemotherapy (24 h 
methotrexate infusion)  Any CNS Disease 

   Table 14.3    Chemotherapeutic agents used for pediatric patients with newly diagnosed Burkitt 
lymphoma. Modi fi ed from the Physicians Data Query  [  68  ]    

 Phase  Agents 

 COPAD  Vincristine 
 Prednisone 
 Cyclophosphamide 
 Doxorubicin 

 COP  Cyclophosphamide 
 Vincristine 
 Prednisone 
 Intrathecal methotrexate and hydrocortisone 

 COPADM1  Vincristine 
 Prednisone 
 Methotrexate 
 Folinic acid 
 Cyclophosphamide 
 Doxorubicin 
 Intrathecal methotrexate and hydrocortisone 

 COPADM2  Vincristine 
 Prednisone 
 Methotrexate 
 Folinic acid 
 Cyclophosphamide 
 Doxorubicin 
 Intrathecal methotrexate and hydrocortisone 

(continued)
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   Table 14.4    Adult low- risk regimens. Modi fi ed from NCCN  [  69  ]    
 Regimen  Agents 

 CALGB 9251  Cyclophosphamide 
 Prednisone 
 Ifosfamide 
 Methotrexate 
 Leucovorin 
 Vincristine 
 Dexamethasone 
 Doxorubicin or etoposide or cytarabine 
 Methotrexate IT 
 Cytarabine IT 
 Hydrocortisone IT 

 CODOX-M  Cyclophosphamide 
 Doxorubicin 
 Vincristine 
 Methotrexate IT 
 Cytarabine IT 
 Methotrexate 
 ± Rituximab 

 Dose adjusted EPOCH - R 
 (Minimum three cycles with one additional cycle 

beyond CR) 

 Etoposide 
 Prednisone 
 Vincristine 
 Cyclophosphamide 
 Doxorubicin 
 Methotrexate IT 
 Rituximab 

 HyperCVAD  Cyclophosphamide 
 Vincristine 
 Doxorubicin 
 Dexamethasone 
 Methotrexate 
 Cytarabine 
 Rituximab 

 Phase  Agents 

 CYM  Methotrexate 
 Folinic acid 
 Cytarabine 
 Intrathecal methotrexate, and hydrocortisone 

 Maintenance  Vincristine 
 Prednisone 
 Cyclophosphamide 
 Methotrexate 
 Folinic acid 
 Doxorubicin 
 Intrathecal methotrexate, cytarabine and 
 Hydrocortisone 

Table 14.3 (continued)
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   Follow-up 

 The majority of patients who remain in remission for over 1 year can be classi fi ed 
as cured of their disease. For patients enrolled on clinical trials, follow-up will be 
determined by the recommendations of the protocol. To evaluate other patients, 
de fi nitions of response have been developed by the International Working Group 
(IWG) and are outlined in Table  14.6   [  41  ] . Although the recommendations list 
18-Fluoro-deoxyglucose positron emission tomography (FDG-PET) as an evalua-
tion tool, this modality has not been proven to add bene fi t to the workup of Burkitt 

   Table 14.5    Adult high-risk regimens. Modi fi ed from NCCN  [  69  ]    

 Regimen  Agents 

 CALGB9251 
 (with prophylactic CNS 
 irradiation in certain 
 patients) 

 Cyclophosphamide 
 Prednisone 
 Ifosfamide 
 Methotrexate 
 Leucovorin 
 Vincristine 
 Dexamethasone 
 Doxorubicin or etoposide or cytarabine 
 Methotrexate IT 
 Cytarabine IT 
 Hydrocortisone IT 

 CODOX-M alternating with 
 IVAC 

 Cyclophosphamide 
 Doxorubicin 
 Vincristine 
 Methotrexate IT 
 Cytarabine IT 
 Methotrexate 
 Ifosfamide 
 Cytarabine 
 Etoposide 
 Methotrexate IT 
 ± Rituximab 

 Dose adjusted EPOCH - R  Etoposide 
 Prednisone 
 Vincristine 
 Cyclophosphamide 
 Doxorubicin 
 Methotrexate IT 
 Rituximab 

 HyperCVAD  Cyclophosphamide 
 Vincristine 
 Doxorubicin 
 Dexamethasone 
 Methotrexate 
 Cytarabine 
 Rituximab 
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lymphoma patients and is not routinely completed  [  42  ] . Recommendations regarding 
the frequency of surveillance evaluations will be dependent upon clinical judgment, 
but a general guideline usually includes visits at lengthening intervals for the  fi rst 
5 years with yearly visits thereafter  [  43  ] . Complete history and physical exam with 
emphasis on previous disease sites is important. Routine labs including CBC, 
electrolytes, liver function tests, and LDH are also important. CT scans are also 
used for follow-up, but have no proven impact on outcome and should not be used 
super fl uously given the high dose of radiation as a possible cancer risk  [  44–  46  ] .  

 There is no de fi ned standard treatment for patients with recurrent disease, and 
these patients should be encouraged to participate in clinical trials. Both pediatric 
and adult patients usually do not bene fi t from autologous hematopoietic cell trans-
plantation  [  47,   48  ] .  

   Complications 

 The introduction of high intensity short duration chemotherapy regimens has 
signi fi cantly improved the outcome for patients with Burkitt lymphoma. Patients 
still face the toxic consequences of the disease, both before and after the treatment 
is initiated. Tumor lysis syndrome occurs frequently in Burkitt lymphoma, probably 
related to the extraordinary doubling time and chemosensitivity of the tumor  [  49  ] . 
The  fi nding that uric acid levels were often raised in Burkitt lymphoma patients 
prior to receiving chemotherapy was reported in 1972, with a description of a patient 
who had a serum uric acid level of 54 mg per 100 ml on the day of death  [  50  ] . 

 The syndrome is characterized by hyperuricemia, hyperkalemia, hyperphos-
phatemia, and hypocalcemia  [  51  ] . In 2004, a proposal was made to de fi ne tumor 
lysis syndrome by both laboratory (LTLS) and clinical (CTLS) criteria and use these 
criteria to develop a grading system  [  52  ] . More recently, some authors have suggested 
changes to the LTLS and CTLS de fi nitions, speci fi cally that two or more metabolic 
abnormalities be present simultaneously to denote LTLS, and a 25% change from 
baseline should not be considered a criterion for CTLS  [  53  ] . 

 In 1980, Cohen et al. reported 37 patients with Burkitt lymphoma and acute 
tumor lysis syndrome and made recommendations for treatment including the use 
of hydration, allopurinol, and close monitoring of electrolytes  [  49  ] . Over the last 
30 years, little has changed in the management of these patients, with the exception 
of urinary alkalinization, which is no longer recommended, and the availability of 
urate oxidase (rasburicase)  [  54  ] . A multicenter trial involving patients with advanced 
stage Burkitt lymphoma in France and the USA compared the use of rasburicase 
versus allopurinol for acute tumor lysis syndrome prevention. All patients received 
the same chemotherapy and aggressive hydration, with the French participants 
receiving rasburicase rather than allopurinol given that rasburicase was not yet 
approved for use in the USA. The results showed that 9% of French children devel-
oped tumor lysis syndrome versus 26% of children treated in the USA  [  29  ] . All 
newly diagnosed Burkitt lymphoma patients should start allopurinol immediately. 



262 J. Armitage and D.W. Coulter

Thereafter, the need for rasburicase administration can be evaluated. Whether to 
continue allopurinol in patients treated with rasburicase has not been de fi nitively 
studied. The agents have different mechanisms for reducing uric acid load. 
Allopurinol prevents formation and rasburicase metabolizes already formed uric 
acid. Many clinicians will stop allopurinol when administering rasburicase and 
restart 24 h later for ongoing TLS while others continue allopurinol  [  54  ] . A recent 
review article by Howard et al. provides an excellent treatment algorithm to guide 
care at the time of presentation, shown in Fig.  14.1      [  53  ] .  

  Fig. 14.1    Treatment algorithm for patients presenting with acute tumor lysis syndrome       
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 Other toxicity experienced by patients include mucositis, cerebellar toxicity, and 
thrombocytopenia-related hemorrhage  [  55  ] . Over the years, reduction of doses of 
methotrexate and intrathecal cytarabine and altered fractionated schedule of cyclo-
phosphamide have helped to alleviate some of these issues for contemporary patients 
 [  56  ] . To further minimize toxicities, many treatment regimens incorporate fungal, 
bacterial, and viral prophylaxis, although the value of adding such agents has never 
been validated by controlled studies  [  55  ] . Although no de fi nitive data exists for the 
use of G-CSF in adult patients with Burkitt lymphoma, it has been shown to reduce 
the average time to neutrophil recovery  [  35  ] .  

   New Directions 

 Despite the vast improvement noted in outcomes from Dr. Burkitt’s  fi rst description 
in 1958 to the present day, further understanding regarding mechanisms of treat-
ment failures and novel therapeutics are required. It has long been noted that patients 
with elevated levels of lactate dehydrogenase, extent of disease, central nervous 
system (CNS) disease at presentation, suboptimal response to a cytoreductive pro-
phase, and advanced age represent a cohort with a worse prognosis  [  28,   29,   57  ] . 
Recent investigations regarding the biology of Burkitt lymphoma have identi fi ed 
other markers of poor prognosis. Deletions of 13q and gain of 7q  [  58  ] , cellular 
FLICE (FADD-like IL-1beta-converting enzyme)-inhibitory protein (c-FLIP) levels 
 [  59  ]  and minimal residual disease (MRD) detection by long-distance polymerase 
chain reaction assay detecting the (8;14)(q24;q32) translocation and  [  60  ]  have all 
recently been identi fi ed as indicators of inferior outcome, possibly identifying sub-
groups of patients that may bene fi t from intensi fi cation of therapy  [  61  ] . 

 Monoclonal antibodies and other biologic reagents continue to provide promise 
as novel addition therapy for patients with Burkitt lymphoma. The addition of 
the anti-CD20 monoclonal antibody rituximab to existing treatment regimens such 
as HyperCVAD has been found to be especially bene fi cial in older patients  [  62  ] . 
As discussed previously dose-adjusted EPOCH plus rituximab (DA-EPOCH-R) 
has produced durable remissions with minimal toxicity in a number of adult patients, 
and a con fi rmatory multicenter study is currently underway  [  39  ] . 

 The anti-CD22 monoclonal antibody epratuzumab is also being studied as adjuvant 
therapy. Studies of its use in several Burkitt lymphoma cell cultures have revealed 
cytotoxicity  [  63  ] . Investigations into using epratuzumab concomitantly with rituximab 
in Burkitt lymphoma cell lines have revealed possible synergy, but clinical trials are 
still evolving  [  64  ] . 

 Transcriptional regulation via epigenetic mechanism is yet another possible target 
of future therapeutics. Histone deacetylase inhibitors such as depsipeptide have 
recently been shown to have additive cytotoxicity when combined with standard 
therapy in Burkitt lymphoma cell lines  [  65  ] .  
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   Conclusion 

 The treatment of Burkitt lymphoma has evolved over the last 50 years as further 
understanding of the biological characteristics of the tumor has been obtained. 
High intensity, short duration chemotherapy with CNS prophylaxis is now the stan-
dard of care, with special consideration of treatment toxicities such as acute tumor 
lysis syndrome. Continued investigations regarding the biology of the tumor cells, 
and attempts to reduce the intensity of chemotherapy while maintaining excellent 
disease-free survival should continue the gains  fi rst obtained by Dr. Denis Burkitt 
in the 1950s.          

   Denis Parsons Burkitt (1911–1993)

         

 Born in Enniskillen, in what is now Northern Ireland, Burkitt entered university to 
study engineering. A tutor wrote a letter to his father in which he expressed grave 
doubts as to whether Burkitt would ever be able to obtain a degree  [  66  ] . His deep 
Christian faith drove him to serve his fellow man by becoming a physician. After 
completing his training in surgery, he volunteered for the Colonial Medical Service 
in West Africa early in 1941. He mentioned a sense of vocation in his application 
but this did not evoke the response he expected “this surprisingly seemed to scare 
them, using the pretext that I had lost an eye in an accident as a child they rejected 
my offer without even an interview. This was a profound disappointment, but when 
I eventually reached Africa, God, in his mercy enabled me with my one eye to see 
things which my predecessors had missed with two”  [  67  ] .

  I put in for two research grants, which together amounted to $75.00. That was all we had 
for the  fi rst 18 months of our study—a study which formed the basis from which hundreds, 
if not thousands, of scienti fi c papers have subsequently been published. We used most of 
the funds for postage stamps, and for lea fl ets that were sent all over Africa. 

 After requesting grants from several of the large research facilities, we were able to 
amass about $1500 with which we bought an old Ford station wagon. With the remainder 
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for pocket money, three of us set off to cover about 10,000 miles, visiting 57 hospitals in 10 
countries of east, central and south Africa. I had two missionary doctors traveling with me, 
Ted Williams and Cliff Nelson, chosen for their good company as well as their professional/
mechanical and other knowledge. This was, after all, my summer holiday  [  4  ] .   

 The trip was done on a shoestring budget, which Denis made light of daily. 
Indeed, the research grant for the project was a mere £25. “Of course, we’ll have the 
hotel room without the bath. For a quid or two it’s a cinch to walk down the hall.” 
Or, “Is a box of biscuits and a cup of tea in the car while we’re travelling okay with 
you two again today instead of a fancy, expensive lunch?” His humour kept our 
spirits buoyed up as well. We’ll never forget statements such as, “This must be the 
safest ever safari in Africa. Here we are three doctors, each with our private stock of 
medicines making a beeline from one hospital to the next”. Ted, after looking over 
countless giant anthills, asked, “I wonder how many anthills there are in Africa?” 
“Easy,” shot back Denis, “count the ants and divide by 50,000”  [  66  ] .   
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   Introduction 

 Burkitt’s lymphoma (BL) is a high-grade B-cell malignancy occurring most 
frequently in children in areas with holoendemic and hyperendemic malaria (about 
5–10 cases per 100,000 children), and with lesser frequency in all other parts of the 
world. BL is classi fi ed as an aggressive non-Hodgkin’s lymphoma (NHL) derived 
from germinal center B-cells, based on cellular morphology, the expression of 
BCL-6 and CD10, and the hallmark MYC translocation. BL can be subdivided into 
three different clinical variants based on epidemiological observations: endemic BL 
(eBL), sporadic BL (sBL), and immunode fi ciency-associated BL (iBL). Although 
there is considerable overlap, unique clinical features have been described in each 
of these variants. While eBL primarily affects children between the ages of 4 and 
7 years, sBL is seen in both children and young adults with a median age of 30 years 
 [  1–  3  ] . For all three types of BL, males are more commonly affected than females 
with an approximate ratio of 2 to 1. eBL is most commonly observed in Equatorial 
Africa and Papua New Guinea, with frequent involvement of the jaw, facial bones, 
and kidneys, although ileal, cecal, ovarian, and breast involvement has also been 
reported  [  1–  4  ] . The particularly high incidence of BL in Equatorial Africa (50-fold 
higher than in the USA) and the geographic distribution of this tumor, correspond-
ing to the distribution of endemic malaria, have led to its designation as eBL. In 
contrast, in other geographic areas, most patients present with abdominal and nodal 
involvement with no speci fi c geographic distribution  [  1–  8  ] . This clinical variant, 
designated sBL, accounts for 1–2% of all adult lymphomas, and 30–50% of pediatric 
lymphomas in Western Europe and the USA. Five-year mortality of sBL in the USA 
showed demonstrates a positive correlation with age, with pediatric cases having an 
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approximately 25% mortality rate, adult cases 50%, and geriatric cases 70%  [  6  ] . 
iBL typically involves the lymph nodes and bone marrow  [  9  ] . This subtype is fre-
quently observed in the setting of HIV infection and, unlike other HIV-related lym-
phomas, it is frequently observed in patients with CD4 counts over 200 cells/ m L. 

 The three forms of BL are characterized from other NHL by histological analysis. 
Features characteristic to BL include medium-sized cells with abundant, basophilic 
cytoplasm, often containing lipid vacuoles; round nuclei with clumped chromatin 
and multiple nucleoli, and a diffuse, monotonous pattern of in fi ltration. A “starry 
sky” appearance has been described in BL because of a high proliferation rate of 
tumor cells, frequent apoptosis, and numerous macrophages containing ingested 
apoptotic debris from tumor cells. BL cells express surface IgM, BCL-6, CD19, 
CD20, CD22, CD10, and CD79a and are negative for CD5, CD23, and TdT  [  10  ] . 

 The molecular hallmark of BL is the ectopic expression of the  MYC  oncogene 
due to reciprocal chromosomal translocations  [  11–  14  ] . Eighty percent of BL cases 
harbor t(8;14)(q24;q32) translocations, resulting in the juxtaposition of the  MYC  
gene on chromosome 8 with immunoglobulin heavy chain ( IgH)  enhancer elements 
on chromosome 14, which drive c-Myc mRNA and protein production. In the 
remaining 20% of BL cases, translocations occurring between chromosomes 2 and 
8, t(2;8)(p12;q24), or chromosomes 8 and 22, t(8;22)(q24;q11), place  MYC  adjacent 
to either  k  or  l  light chain ( IgL ) loci and enhancer elements, respectively. As heavy 
chain and light chain loci are speci fi cally active in mature B cells,  MYC  transcrip-
tion is favored in B cells harboring the translocation.  MYC  encodes the c-Myc tran-
scription factor, which was  fi rst discovered nearly 30 years ago as a cellular 
homologue of the avian retroviral oncogene v-Myc  [  15  ] . Since then, c-Myc has 
been recognized as one of the most commonly activated oncoproteins in human 
cancers. Functions of genes in the c-Myc target gene network include the regulation 
of cell cycle progression, proliferation, differentiation, and apoptosis  [  16–  18  ] . 
Under normal conditions, c-Myc is activated in response to mitogenic factors and is 
repressed upon exposure to anti-proliferative signals. Overexpression of c-Myc 
contributes to proliferation by inducing the activity of cyclins, while at the same 
time repressing the activity of the cyclin inhibitor p27  [  19  ] . 

Even though translocation of  MYC  is generally considered a hallmark for BL, 
other genetic alterations contribute to lymphomagenesis. Overexpression of c-Myc 
not only drives cells into the cell cycle, but also leads to apoptosis by activation of 
the pro-death p53 pathway. Like other tumors, development of BL often occurs 
upon disruption of one of the tumor suppressor pathways that normally induce 
apoptosis in response to oncogenic stimuli. Indeed, mutation of the sequence encod-
ing the master tumor suppressor, p53, is frequently found in BL biopsies and cell 
lines  [  20–  22  ] . One study found that 41% of BL biopsies contained a P53  mutation 
 [  23  ] . In addition, pro-survival signals can also be provided by other aberrantly acti-
vated oncogenes, such as RAS or BCL-2. 

It should be noted that some studies have identi fi ed a very small number of BL 
cases ( < 10% of sBL) that do not show any  MYC  translocation, yet still overex-
press c-Myc. This phenomenon has been linked to downregulation of miRNAs 
that negatively regulate c-Myc mRNA translation  [  24,   25  ] . In contrast, cases of 
BL with  MYC  translocations also show higher expression levels of these miRNAs. 
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This gives two distinct mechanisms by which BL cells may come to overexpress 
c-Myc: (1) the translocation of  MYC  to an Ig locus, and (2) downregulation of 
miRNAs which regulate translation of c-Myc mRNA.  

   EBV and Burkitt’s Lymphoma 

 EBV is a member of the gammaherpes family of double-stranded DNA viruses. 
Worldwide, more than 90% of individuals become infected with EBV at some point 
during their lifetime. Though most infected individuals remain healthy, infection 
with EBV may promote the development of a number of human pathologies and 
malignancies. EBV transforms normal primary human B lymphocytes into continu-
ously growing immortalized cells, lymphoblastoid cell lines (LCLs)  [  26  ] . In addi-
tion, though all BL variants have similar phenotypes, it has been suggested that the 
three subtypes may have different pathogenetic mechanisms due to the degree of 
association with EBV. About 95% of eBL cases are associated with EBV  [  2  ] . In 
contrast, only 5–15% of sBL and 30–40% of HIV-associated BL are EBV positive 
 [  27  ] . The differential association patterns and the detection of clonal EBV genomes 
and latency proteins in BL suggest that EBV may have a mechanistic role in patho-
genesis of some forms of BL  [  28  ] . A number of latency proteins with growth- 
promoting or survival functions are detected in EBV-associated BL, including 
Epstein–Barr nuclear antigen 1 (EBNA1), latent membrane protein 2A (LMP2A), 
or the EBV-encoded RNAs  [  29–  32  ] . Thus, EBV may promote BL development by 
protecting pre-tumor B cells with an MYC translocation from apoptosis.  

   Animal Models 

 Animal models are powerful tools for studying the contribution of known or candi-
date oncogenes to human diseases ,  and for studying the effectiveness of potential 
therapeutics in a model system. Nonhuman primate models have been used to 
understand the biology of EBV infection and lymphomagenesis and, more 
speci fi cally, to develop therapeutic strategies for use in humans. To model BL in the 
mouse, several lineages of Myc transgenic mice have been generated, where c-Myc 
expression can be restricted to the B-cell lineage using a B-cell-speci fi c promoter 
and enhancer. Transgenic animals have also been critical for studying the role of 
EBV latent gene products in BL, as there is strong evidence for a causative or per-
haps cooperative viral role in the development of BL. Since EBV is a strict human 
pathogen, its study is limited in vivo by the inability of mice to be infected with 
EBV, and the lack of homology between EBV latent proteins and those of a related 
herpes virus,  Murid herpesvirus 68  (MHV68). To overcome these restrictions, trans-
genic mice expressing EBV latent proteins have been crossed with Myc transgenic 
mice to generate models of EBV-associated BL, so that the relative contribution of 
viral proteins to development and progression of BL-like can be assessed. 
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Additionally, Myc and EBV-Myc mouse models have been used to test speci fi c 
inhibitors of the pathways deregulated in murine BL with the hope of future use in 
humans. In addition, the recent generation of humanized mice, de fi ned as 
immunode fi cient mouse strains reconstituted with human hematopoietic cells, has 
provided a convenient model to recapitulate EBV infection in mice. 

   Nonhuman Primate Models of EBV-Associated 
Lymphoproliferation 

 The recognition of viral-induced spontaneous lymphomas in nonhuman Old World 
primates came in 1973 at the USSR Academy of Medical Sciences at Sukhumi, 
USSR, in a group of experimental baboons  [  33  ] . The etiologic agent was baboon 
lymphocryptovirus (LCV), a virus in the same  Lymphocryptovirus  genus as EBV. 
LCV infection is ubiquitous in adult Old World nonhuman primates where it is 
associated with spontaneous lymphomas in the host and can immortalize B cells in 
culture. To use LCV as a model for EBV, Moghaddam et al.  [  34  ]  infected Old World 
rhesus macaques with rhesus LCV and demonstrated that many features of rhesus 
LCV infection were similar to EBV infection of humans; acute and persistent infec-
tions were initiated, lifelong antibody responses were maintained, LCV could be 
isolated from peripheral blood leukocytes of healthy animals, and LCV was shed 
from the oropharynx  [  35  ] . More recently, the  fi rst EBV-related LCV naturally 
infecting a New World primate, the common marmoset ( Callithrix jacchus ), has 
been described  [  36  ] . The inability of LCV to model a Burkitt’s-like lymphoma led 
researchers to assess the outcome of infecting nonhuman primates with EBV. 
However, the development of lymphomas in EBV-infected nonhuman primates has 
been largely variable and is dependent on the EBV strain, the type of primate, and 
the route of infection. Many examples exist of certain primates refractive to EBV 
infection, or once infected, unable to develop tumors. In one study, no tumors were 
observed in 42 rhesus macaques, 4 chimpanzees, and one cynomolgus macaque 
infected with EBV and followed for 8 years, despite serological testing indicating 
that 14 of 47 animals had been successfully infected with EBV  [  37  ] . 

 More success has been achieved with EBV infection of callitrichids, including 
cottontop tamarins ( Saguinus oedipus ) and common marmosets ( Callithrix jac-
chus ). Marmosets and tamarins are susceptible to persistent and acute infection with 
EBV, and replicate many of the characteristics of human EBV infection and develop 
EBV lymphoproliferative disorders  [  38–  40  ] . The ability of marmosets to be infected 
with EBV has permitted testing of a vaccine against the EBV envelope glycoprotein 
gp350 in infected animals, which decreased viral load in saliva and blood  [  41,   42  ] . 
In terms of EBV-induced lymphomas, tamarins are currently the most tractable pri-
mate model available. Early studies indicated lymphoma development in some, but 
not all, cottontop tamarins infected with cell-free EBV, with tumors presenting in 
the lymph nodes near the site of inoculation by 46 days  [  43–  45  ] . Later experiments 
infecting animals with higher EBV titers resulted in lymphoma generation in 100% 
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of infected tamarins  [  46  ] . Histological analysis found that these lymphomas were of 
B cell origin of immunoblastic and follicular center cell types, demonstrating mono- 
and oligoclonality. The EBV latency proteins LMP1, EBNA1, and EBNA2 were 
detected, reiterating the similarity between EBV-associated lymphoproliferations 
arising in humans and classifying these tumors as being more similar to post- transplant 
lymphoproliferative disorder (PTLD) than a Burkitt’s-like lymphoma  [  47  ] . 

 Based on the ability of EBV to induce lymphomas in cottontop tamarins, these 
animals have been used to test the effectiveness of the EBV envelope glycoprotein 
gp350/220 as a candidate vaccine to prevent EBV-associated lymphomas  [  47–  51  ] . 
The candidate vaccine was suf fi cient to prevent lymphoma development, but not 
EBV infection, as EBV gene products were detected at low levels in healthy lym-
phoid tissue of immunized animals, and antibodies to gp350/220 were raised, but 
did not neutralize EBV .  

 The use of nonhuman primates to study EBV infection and associated lympho-
mas is feasible. However, there are a number of reasons why primates as models for 
lymphoma have fallen out of favor since the 1980s. As discussed previously, not all 
cottontop tamarins develop lymphoma unless inoculated with a high titer of virus, 
and the kinetics of lymphoma development are not consistent. In addition, handling 
and care of nonhuman primates can be cost prohibitive. Furthermore, cottontop 
tamarins are a highly endangered species with a narrow natural habitat in northwest 
Colombia  [  52  ] . These considerations and the evolution of molecular biology tech-
niques in the late 1980s led many researchers to use transgenic mice to investigate 
the involvement of the  MYC  translocation and EBV gene products in the genesis of 
BL. Currently, primates are still occasionally used to model the humoral response to 
EBV infection and to EBV vaccine candidates  [  53  ] .  

   MYC Transgenic Mouse Models 

 The discovery of the canonical  MYC  translocation to one of the immunoglobulin 
gene loci indicated the importance of c-Myc upregulation in the initiation or mainte-
nance of BL  [  11,   14,   54  ] . Successive research aiming to study the role of c-Myc in 
lymphomagenesis led to the generation of a Myc transgenic mouse strain as a BL 
model  [  55  ] . Several Myc-expressing transgenic mouse lines have been developed, 
where transgene expression is driven by a B-cell-speci fi c promoter to ensure expres-
sion of c-Myc is limited to the B-cell compartment. These models have helped de fi ne 
the role of c-Myc and the immunoglobulin enhancer region in the development of 
lymphomas, as well as in normal cellular function, and will be discussed here. 

   E  m  - myc  Mice 

 The  fi rst Myc transgenic mouse models were reported in 1985  [  55,   56  ] . To mimic 
the t(8:14) chromosomal translocation of  MYC  to the  IgH  locus detected in 80% of 
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BL cases, the murine form of  MYC  was expressed as a minigene construct under the 
control of the intronic enhancer region (E  m  ) of the immunoglobulin heavy chain 
( IgH ) gene (E  m  - myc ), or under the control of the SV40 promoter and the  k  light 
chain enhancer region (E  k  -SV- myc ). The bone marrow of young (4–7 week) E  m  - myc  
mice was dominated by large pre-B cells, and most abnormally, pre-B cells com-
posed almost 25% of splenic B cells, indicating a brief proliferative phase during 
which time B-cell expansion was controlled by apoptosis  [  57  ] . E  m  - myc  mice devel-
oped spontaneous aggressive tumors, with a median onset at 9 weeks and an aver-
age morbidity or mortality by 12 weeks with an overall tumor incidence of 86% 
 [  58  ] . In the same study, the average morbidity or mortality of the E  k  -SV- myc  lin-
eage was 23 weeks, with tumor development in 35%. Massive lymph node enlarge-
ment and moderate enlargement of the spleen and thymus was observed, with 
variable invasion of other tissues, such as the liver and large intestine. Although 
heterogeneity in tumors was observed, most tumor cells were sIg −  with  IgL  in the 
germline conformation, although a small proportion (20%) were sIg +  and had rear-
ranged  IgL  genes  [  59  ] . Most tumor cells were monoclonal, suggesting a single cell 
of origin for each tumor. These features lead to the classi fi cation of tumors arising 
in E  m  - myc  mice as lymphoblastic lymphoma with a leukemic component, based on 
the composition of pre-B lymphocytes or a mix of pre-B/B lymphocytes, unlike the 
more mature B-cell phenotype observed in human BL. 

 The short latent period for E m - myc  tumors indicates that other mutations contribute 
to tumorigenesis in this murine model of BL, in a similar fashion to human BL 
where lesions in apoptotic pathways are critical for aiding Myc-induced lymphom-
agenesis. Disruption of the p53-ARF-MDM2 pathway occurs in approximately 
80% of E  m -myc  tumors, similar to that observed in human BL  [  20,   60  ] . In addition, 
the BCL-2 pro-survival family of proteins have been implicated in Myc-driven lym-
phomagenesis; E  m -myc  mice crossed with  bcl-2  transgenic mice give rise to rapidly 
developing tumors  [  61  ] . 

 E  m -myc  mice have been used extensively as a model of BL-like tumor develop-
ment and therapeutics. The demonstration that Myc suppression can cause tumor 
regression  [  62  ]  has supported the development of therapeutic strategies targeting 
Myc. However, the presence of leukemias and pre-/pro-B-cell origin indicates that 
these tumors could present a murine analogue of acute lymphoblastic leukemia 
rather than a BL analogue. Immature tumors may be a function of copy number, 
with higher levels of Myc expression favoring immature tumors, and single copies 
of Myc (such as those used in the Myc-YAC mice, discussed later) developing more 
mature IgM +  tumors  [  63  ] .  

   Ig l -MYC Mice 

 To re fl ect BL chromosomal breakpoints seen in 20% of BL which result in fusion to 
the  IgL  locus, Kovalchuk et al.  [  64  ]  constructed a  MYC  transgene isolated from the 
human BL line IARC-BL60, under the control of a 12 kb genomic portion of  IgL  
including the enhancer. All Ig l -MYC mice developed lymphoma with a variable 



27515 Animal Models of Burkitt’s Lymphoma

onset between 1 and 7 months, succumbing to mostly cervical lymph node tumors 
at 17 weeks of age, on average  [  64–  66  ] . Histologic analysis of Ig l -MYC mice pre-
senting with lymphadenopathy showed the loss of normal architecture with a dense 
in fi ltrate of monomorphic lymphocytes with many mitotic  fi gures. Large numbers 
of metallophilic macrophages imparted a “starry sky” appearance to tumor tissues 
composed of nearly 100% B cells, similar to human BL. The tumor immunopheno-
type was also similar to human BL in that tumor cells expressed IgM, B220, CD19, 
and CD43, and were negative for CD5, CD23, CD38, and T cell markers. Tumor 
cells had rearranged  IgL  genes and were monoclonal, having developed from an 
initial polyclonal population of B cells. Tumor cells were immature and had not 
been selected by antigen, as identi fi ed by non-mutated V regions. Later studies indi-
cated a variable expression of sIgM on tumor cells of Ig l -MYC mice, with ~60% 
sIgM +   [  67  ] , indicating that lymphomagenesis in Ig l -MYC mice requires coopera-
tion from other genetic lesions rather than altered BCR signaling (as discussed later 
in the MYC-BCR model). In a similar manner to E  m  - myc  tumors, 60% of Ig l -MYC 
tumors were found to contain p53 mutations  [  65  ] . 

 The Ig l -MYC model was the  fi rst murine model to demonstrate “starry sky” 
tumor histology, similar to that seen in human BL (Fig.  15.1 ). One consideration 
with the Ig l -MYC model and the E m -Myc model is the multiplicity of transgene 
copies per cell, as it is well known that increasing the gene dosage of oncogenes can 
ameliorate and accelerate tumor development in a linear fashion. A second consid-
eration is that these translocations reproduce only one element of BL; either the  IgH  
E m  translocation or the more rare  IgL  translocation.   

  Fig. 15.1    Hematoxylin and eosin (H&E) stained section of tumoral lymph node of a  l -MYC 
transgenic mouse. A monotonous population of medium-sized tumoral lymphoid cells with high 
proliferative activity and apoptotic activity is observed. The tumor cells are monomorphic with 
round nuclei, multiple nucleoli, and basophilic cytoplasm. The “starry sky” appearance seen under 
low power is due to scattered tingible body-laden macrophages ingesting debris of apoptotic tumor 
cells ( white arrow )       
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   Myc-YAC Mice 

 A concern arising with the use of transgenic mice relying on heterologous enhancer 
regions is that translocations of Myc into the region of a known Ig enhancer have 
seldom been reported, and the position of the breakpoint in the predominant t(8;14) 
translocation can vary. In addition, the types of BL generated in transgenic models 
can vary phenotypically, which may be a function of the mouse strain or the trans-
gene construct. This variance of immature and mature B-cell tumors can, however, 
be relevant in BL, as sporadic BL demonstrates a more mature follicular B-cell 
phenotype, whereas endemic BL demonstrates an immature center cell phenotype. 
To identify possible oncogene activation signals driving Myc expression in BL, a 
220 kb region of the human  IgH  locus containing V, D, J, and C ( m  and  d ) was 
cloned head to tail with a human  MYC  fragment isolated from the BL cell line Raji 
into a yeast arti fi cial chromosome (YAC). To overcome the issues with transgene 
dosage, single copy clones were injected into BALB/c blastocysts to generate 
chimeric mice, termed Myc-YAC mice. Tumor incidence was 100% in Myc-YAC 
mice, with an onset at 6 weeks of age  [  63  ] . Splenomegaly was observed, although 
tumor masses were generally detected in non-lymphoid regions, such as the skull, 
the abdomen, and the chest. The location of tumors in the Myc-YAC model is remi-
niscent of BL detection at extranodal sites in humans, including the jaw, abdomen, 
or central nervous system  [  2  ] . Tumor cells were generally pre-B-cell lymphomas 
with a phenotype of B220 + CD19 + IgM + IgD + CD43 +/−   [  68  ] . Tumor cells were clonal 
and had rearranged V 

H
 (D)J 

H
 , but had not hypermutated V 

H
 , suggesting an early 

origin of the malignant cells. Tumors in this model therefore may represent BL in 
the leukemic phase of the disease. The Myc-YAC model was the  fi rst to give insight 
that the regulation of translocated oncogenes may occur through Ig-speci fi c enhanc-
ers located in the core region of the  IgH  locus. Concerns with the Myc-YAC 
approach include the absence of the E a  enhancer, the unusual location of  MYC  in 
the  IgH  locus, and the head-to-tail orientation of  MYC  to  IgH , which is not observed 
in human BL or mouse plasmacytomas.  

   iMyc E m   Mice 

 In attempting to reproduce the t(8:14) translocation in human BL and the t(12;15) 
translocation in mouse plasmacytoma in vivo while using the minimum 3 ¢  enhancer 
region, Park et al.  [  69  ]  constructed an intronless murine  MYC  cDNA containing the 
orientation of  MYC  and  IgH  observed in these two malignancies, which was inserted 
downstream of J 

H
 . An advantage in using the endogenous  MYC  gene is the ability to 

study promoter shift and cytogenetic alterations involved in tumorigenesis. iMyc E m   
mice developed IgM +  BL-like lymphoblastic B-cell lymphomas, BCL-6 +  diffuse 
large B-cell lymphomas (DLBCLs), and CD138 +  plasmacytomas with onset at 
6 months of age and an overall incidence of 68% by 21 months. The BL-like tumor 
demonstrated “starry sky” histology with a phenotype of IgM + IgD + B220 + CD19 + CD5 − . 
The tumor cells were clonal, but did not demonstrate signi fi cant levels of mutated V 

H
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sequences, suggesting an immature cell of origin. Interestingly, the Myc transcript 
exhibited the P2 to P1 promoter shift exhibited in human BL. The point mutations in 
the  MYC  transactivation domain that are observed in 60% of human BL  [  70  ]  were 
not identi fi ed in this model. Similar to other Myc mouse models, alterations in the 
p53-ARF-MDM2 axis were observed in ~50% of the BL-like tumors arising in this 
model. Genomic instability was present in all BL-like tumors analyzed, with translo-
cations, deletions, and tetraploidization seen. A consideration with the iMyc E m   model 
is the long latency period observed in tumor development, which may be a result of 
the knocked-in allele inhibiting J 

H
  rearrangements. As a result, a concern with this 

model is that the transgene may have been inserted into heterochromatin, possibly 
explaining the transgene expression at a lower level than other Myc models.  

   IgH-3 ¢ E-myc Mice 

 The recognition that the 3 ¢  locus control region (LCR) downstream of the  IgH  locus 
is active in human BL cells provided a rationale for developing a mouse model 
expressing Myc under the control of the 3 ¢  LCR. The 3 ¢  LCR contains four B-cell-
speci fi c transcriptional enhancers that are active over a long range during class-
switch recombination and terminal B-cell differentiation  [  71,   72  ] . To test whether 
the 3 ¢  LCR played a role in BL, Wang and Boxer designed a truncated 3 ¢  enhancer 
cassette by insertional targeting into the 5 ¢  region of the murine c- MYC  locus  [  73  ] . 
Healthy IgH-3 ¢ E-myc mice had a higher frequency of B220 + CD19 +  B cells in the 
spleen, and an increase in a B220 + IgM + IgD low  population. However, the frequency 
of pro-B cells was not perturbed as in other Myc models. Premalignant B cells of 
IgH-3 ¢ E-myc demonstrated a growth advantage in vitro as shown by enhanced pro-
liferation, cell cycle progression, and apoptosis. Lymphadenopathy and splenom-
egaly were observed in mice from 10 to 12 months of age, and mean age at death 
was 379 days for heterozygotes and 314 days for homozygotes. Tumor histology in 
IgH-3 ¢ E-myc demonstrated a “starry sky” appearance with medium-sized cells 
with basophilic cytoplasm and round nuclei, and in fi ltration in lung, kidney, and 
intestine was also observed. Most tumor cells displayed a mature B-cell phenotype 
of IgM + CD19 + B220 + CD23 − CD34 − . Alterations in apoptotic pathways were also 
observed in tumors from IgH-3 ¢ E-myc mice, with an increase in BCL-X 

L
 , BCL-2, 

and MDM2 protein, or stabilization of p53. In addition, the P2 to P1 Myc promoter 
shift was observed in tumor cells. The long latent period for lymphoma onset may 
be indicative of poor Myc expression due to the knock-in disrupting upstream or 
downstream regulatory elements of Myc  [  74,   75  ] . However, the IgH-3 ¢ E-myc model 
was instrumental in indicating the importance of the 3 ¢  LCR of the  IgH  locus in the 
modulation of Myc expression in BL.  

   c- myc -3 ¢  LCR Mice 

 The previous Myc models of BL discussed herein describe the use of different 
schemes to mimic BL in the mouse, which resulted in the identi fi cation of the 
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minimal  IgH  locus elements necessary to elicit Myc overexpression. In fact, this 
region has been identi fi ed as being active in human BL and is always conserved on 
the c- MYC -translocated chromosome in all forms of BL, unlike other  IgH -derived 
regions previously used as transgenes  [  72  ] . To avoid the long latencies observed 
with IgH-3 ¢ E-myc mice, Truf fi net et al.  [  76  ]  generated mice harboring a single copy 
of a c- myc -3 ¢  IgH LCR transgene. In young transgenic mice, B-cell maturation was 
normal, although immunoglobulin production was impaired. Disease onset mani-
festing as lymphadenopathy occurred at 12 weeks, and overall tumor incidence was 
80% at 34 weeks of age, with a mean mortality at 23 weeks of age. The majority of 
tumors developing in c-myc-3 ¢  mice were aggressive Burkitt’s-like lymphoblastic 
B-cell lymphomas, although diffuse anaplastic plasmacytomas (B220 − IgM low CD138 − ) 
were observed with longer latency periods. Histology of the Burkitt’s-like tumor 
demonstrated a “starry sky” appearance, and tumor cells displayed a mature B-cell 
phenotype of B220 + IgM + IgD + CD43 − CD138 − . Tumor cells were clonal in origin, and 
V 

H
  sequencing indicated that no hypermutation had occurred, but by contrast, AID 

was expressed and had promoted hypermutation of sequences upstream of c-Myc 
due to inclusion of the 3 ¢   IgH  region. These mutations may have had a deleterious 
effect on the ability of negative regulators of c-Myc to bind, resulting in the higher 
protein levels of c-Myc detectable in the tumor cells  [  77  ] . 

 Currently, these c-myc-3 ¢  “minilocus” mice are the closest reproduction to BL in 
the mouse, as they contain the key features of human BL; tumors displaying a 
mature phenotype driven by B-cell lineage-speci fi c Myc deregulation promoted by 
the 3 ¢  LCR of  IgH . In addition, the generation of mature B-cell lymphomas in these 
mice compared to previous models may be explained by the recent  fi nding that the 
3 ¢   IgH  regulatory region is required for peripheral B-cell lymphomas, such as BL, 
with translocations associated with class-switch recombination, such as the  MYC  
translocation  [  78  ] . The importance of the  IgH  regulatory region has been tested as a 
therapeutic strategy in Myc-overexpressing tumors in vivo ,  and is discussed later.  

   MYC-BCR HEL  Transgenic Mice 

 Many B-cell lymphomas (BCLs), including BL, express a BCR such as IgM on the 
cell surface. Forty years ago, it was proposed that antigen stimulation may contrib-
ute to the generation of B-cell lymphomas, and since then, several lines of evidence 
have supported this hypothesis  [  79–  81  ] . In some BCLs, the BCR has been selected 
by antigen, or may bind a known pathogen, such as a viral antigen, or an autoantigen 
in the context of autoimmunity  [  82,   83  ] . To explore whether constitutive or antigen-
activated BCR stimulation cooperated with  MYC  in the genesis of BL, Refaeli et al. 
 [  84  ]  used E  m  - myc  mice and MMTV-rtTA/TRE- MYC  mice. In the latter, the  MYC  
transgene is expressed in the B-cell lineage and is controlled by a tetracycline 
responsive element, such that expression can be repressed by administration of 
tetracycline or doxycycline  [  62  ] . These Myc transgenic mice were crossed to mice 
expressing a transgenic mature BCR speci fi c for the model antigen hen egg lysozyme 
(HEL), and crossed to mice that expressed soluble HEL (sHEL) to provide an anti-
genic stimulus. 
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 Tumors composed of mature, naïve B cells generated from a limited number of 
clones arose in E m - MYC /BCR HEL  and MMTV-rtTA/TRE- MYC /BCR HEL  mice around 
18 weeks of age. The acceleration in latency from E  m  - myc  tumors in the absence of 
soluble HEL, with onset at 22 weeks, was attributed to the transgenic mature BCR 
being expressed from an early age, as has been observed in other ligand-independent 
BCR models  [  85  ] . E  m  - myc /BCR HEL  tumors were similar to human B-cell chronic lym-
phocytic leukemia (B-CLL) in that tumor histology showed an absence of “starry 
sky” morphology with a surface phenotype of B220 + CD19 + IgM + CD21 + PNA − CD5 − . 

 The greatest acceleration of tumorigenesis was observed when the BCR was 
constitutively stimulated by antigen in the context of overexpressed MYC .  All 
E  m  - myc /BCR HEL /sHEL and MMTV-rtTA/TRE- myc /BCR HEL /sHEL mice developed 
aggressive tumors with a “starry sky” appearance, with large, activated 
B220 + CD19 + IgM + CD21 + PNA + CD5 −  lymphocytes with clumped chromatin. 
However, tumors in E  m  - myc /BCR HEL /sHEL and MMTV-rtTA/TRE- myc /BCR HEL /
sHEL differed in the rate of appearance and anatomical presentation, with the for-
mer arising in the lymph nodes and spleen at 7 weeks of age on average, and the 
latter arising as unilateral jaw tumors at 10 weeks of age, with later spread to most 
organs. Multiclonality was observed, suggesting that several clones were selected in 
which additional tumorigenic events had occurred. 

 The studies with MYC-BCR transgenic models have provided a role for both 
antigen stimulation and MYC overexpression in the establishment and maintenance 
of B-cell lymphomas. These animals have also shown potential in studies for poten-
tial treatment options targeting Myc-overexpressing tumors. Firstly, the inhibition 
of MYC expression by doxycycline administration decreased the tumor burden in 
MMTV-rtTA/TRE- myc /BCR HEL /sHEL mice, and secondly, the administration of 
shRNA to components of the BCR in E  m  - myc /BCR HEL  and E  m  - myc /BCR HEL /sHEL 
tumor cell lines resulted in an acute competitive disadvantage when tumor cells 
were transferred in to Rag1 −/−  mice.  

   Other MYC Transgenic Models 

 N-Myc, a cellular homolog of c-Myc, can substitute for c-Myc in certain cellular 
functions as shown by targeted gene replacement experiments. N-Myc is required 
during neurogenesis and is ampli fi ed in neuroblastoma. Despite the lack of N-myc 
deregulation in BL, the  fi nding that N-myc may regulate c-Myc provided a rationale 
to assess the formation of lymphomas in N-myc transgenic mice. B-cell lymphomas 
developed in mice transgenic for N-Myc under the control of the  IgH  enhancer E m  
and either the N-Myc, SV40, or Ig V 

H
  promoter (E m -N-Myc mice)  [  86  ] . Here, onset 

occurred as early as 10 weeks of age and tumors developed by 13–18 weeks on 
average in the lineage with the highest expression of the E m -N-Myc transgene. Most 
tumors were clonal and had rearranged  IgM  genes, with a minority also rearranging 
 Ig k   giving the tumors a pre-B and immature B-cell phenotype. Interestingly, c-Myc 
was never upregulated in tumors and was nearly undetectable, suggesting that 
N-Myc may negatively regulate c-Myc. 
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 The function of  MYC  point mutations described in human BL has also been studied 
in mice. Retroviral vectors carrying the wild-type  MYC  gene, or the P57S and T58A 
point mutations, were used to infect hematopoietic stem cells, which were then 
reconstituted into immunode fi cient host mice  [  87  ] . P57S and T58A were shown to 
accelerate lymphomagenesis compared to wild-type  MYC  and were able to uncouple 
apoptosis from proliferation by failing to induce the pro-apoptotic protein Bim. 
Studies with these mice may be particularly important for the understanding of 
Burkitt’s lymphoma development, in the context of mutated Myc.   

   Models of EBV-Associated BL 

 The association of EBV latency with BL has provided a rationale for exploration of 
the role of the virus in lymphomagenesis. As EBV does not infect mice, and MHV68 
encodes non-homologous latency proteins, crossing mice transgenic for an EBV 
protein with a Myc model to study the involvement of EBV proteins in Myc tumori-
genesis has proved valuable in both understanding the mechanisms of EBV-induced 
lymphomagenesis and the similarities and differences between latent protein func-
tion in humans and in mice. 

   E m EBNA1 Mice 

 EBV latent infection involves host cell immortalization, and a number of EBV pro-
teins have been hypothesized to be critical to this function. The viral protein EBNA1, 
which tethers the viral genome to chromatin, is consistently expressed in BL. 
EBNA1 may contribute to pathogenesis by inducing chromosomal instability 
through induction of reactive oxygen species, leading to activated telomerase and 
chromosomal translocations such as that of MYC  [  88–  90  ] . In addition, EBNA1 can 
induce Rag1 and Rag2 expression, which may further help facilitate the  Ig-MYC  
translocation  [  91,   92  ] . 

 EBNA1 may also play a role in inducing aberrant proliferation in BL. The  fi rst 
example of EBNA1 directly affecting cell proliferation came with the generation of 
C57BL/6 mice transgenic for expression of EBNA1 under the control of the polyo-
mavirus promoter and the  IgH  enhancer region E m  (E m  E  B  N  A -1 mice)  [  93  ] . The 
expression of EBNA1 in two E m  E  B  N  A -1 lineages with varying EBNA1 expression 
causes B-cell lymphomas with associated leukemias, with onset at 2 months of age 
and mortality between 4 and 12 months. The lymphoma phenotype bears resem-
blance to the E  m  - myc  tumors and was also representative of B cells at different 
stages of development  [  55  ] . Bone marrow lymphocytes from the E m  E  B  N  A -1 mice 
were shown to have a higher rate of proliferation and survival ex vivo as a result of 
upregulating BCL-X 

L
  and MDM2  [  94  ] . Interestingly, trisomy of chromosome 15 

leading to Myc overexpression was observed in E m  E  B  N  A -1 tumors, suggesting a 
cooperative role for Myc and EBNA1 in lymphomagenesis  [  95  ] . 
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 When crossed with E  m  - myc  mice, EBNA1 did not signi fi cantly increase Myc-driven 
lymphomagenesis from 63 days on average  [  95  ] . However, when crossed with E m -
N-Myc mice which have a longer latency of ~310 days, E m -N-Myc/EBNA1 mice 
developed tumors signi fi cantly faster, at ~94 days  [  86,   95  ] . In these models, the 
levels of EBNA1 were stable in the absence or presence of c-Myc or N-Myc, indi-
cating that EBNA1 did not act as an oncogene by upregulation, but instead cooper-
ated with Myc to accelerate lymphomagenesis. Based on the  fi ndings that 
E m -EBNA1 transgenic tumors express increased BCL-X 

L
  and MDM2 protein 

levels, the upregulation of these anti-apoptotic proteins by EBNA1 is a likely mech-
anism contributing to tumorigenesis in this model  [  94  ] . 

 However, later studies indicated that the contribution of EBNA1 to lymphom-
agenesis in animal models may be strain-speci fi c, as Kang et al.  [  96  ]  developed 
three lineages where EBNA1 was expressed in B cells of Friend leukemia virus B 
(FVB) mice, and observed no acceleration in tumor development over non-trans-
genic mice. The variation in EBNA1-induced tumor development suggests that 
EBNA1 may induce as-yet unrecognized strain-speci fi c target genes to cooperate in 
tumorigenesis. As previously discussed, EBNA1 also induces chromosomal insta-
bility by inducing reactive oxygen species  [  88–  90  ] . Since EBV has been detected at 
a high frequency along with the 1q chromosomal translocation in BL  [  97  ] , EBNA1 
transgenic mice on the C57BL/6 background may be useful for studies of EBV-
induced chromosomal aberrations contributing to lymphoma development.  

   LMP2A/ l -MYC Mice 

 The EBV-encoded gene product LMP2A is expressed in B cells during latent infection 
and is one of the few EBV gene products consistently detected in primary BL biopsies 
 [  29,   98–  100  ] . The presence of LMP2A in all forms of latency, as well as in disease, 
emphasizes the importance of LMP2A expression in both latency and latency- 
associated malignancies. LMP2A functions as a B-cell receptor (BCR) mimic by 
constitutively associating with Lyn and Syk kinases through an immunoreceptor 
tyrosine-based activation motif (ITAM)  [  101–  104  ] . LMP2A protects human and 
murine B cells from apoptosis by activating the Ras/Akt pathway and upregulating 
anti-apoptotic molecules, including BCL-2 and BCL-X 

L
  through NF- k B  [  105–  108  ] . 

 Although LMP2A transgenic mice do not develop lymphoma, they display 
altered B-cell signaling and development, such that in the absence of a functional 
BCR, LMP2A signaling allows B cells to survive. These features taken together 
with  fi ndings with a Myc model where the BCR was constitutively active indicate a 
contributing role for BCR engagement in the development of BL  [  84  ] . The presence 
of LMP2A in EBV-positive BL along with the Myc translocation may therefore 
constitute a molecular mechanism underlying BL development, and has provided 
rationale for the development of a murine model of LMP2A-positive BL to study 
the role of LMP2A in lymphomagenesis. 

 LMP2A mice were crossed with Ig l -MYC mice to generate LMP2A/ l -MYC 
double transgenic mice, which demonstrated splenomegaly from an early age, with 
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absence of normal lymphoid architecture  [  65,   66  ] . LMP2A/ l -MYC pretumor 
spleens contain a  fi vefold increase in B220 +  B cells, which are mostly in the cell 
cycle and more resistant to apoptosis compared to Myc B cells. LMP2A/ l -MYC 
mice present with accelerated lymphadenopathy and splenomegaly and develop 
detectable lymphoma around 6–8 weeks of age, whereas the Ig l -MYC mice typi-
cally take 15–20 weeks to develop lymphoma. LMP2A/ l -MYC tumors show a 
“starry sky” morphology and tumor B cells are IgM − CD43 + , indicating a pro-B/
pre-B-cell origin. 

 Tumor development in LMP2A/ l -MYC mice is dissimilar from known mecha-
nisms of Myc tumorigenesis, as p53 pathway alterations are not observed, and the 
pro-apoptotic protein BIM is induced in LMP2A/ l -MYC tumor cells. One explana-
tion for the acceleration in LMP2A-expressing tumors is the high expression of the 
survival protein BCL-X 

L
  as compared to Ig l -MYC tumors alone, which is consistent 

with the detection of elevated BCL-X 
L
  expression in LMP2A-expressing B cells 

 [  106  ] . The LMP2A/ l -MYC BL model is the  fi rst example of an EBV protein not 
known to be oncogenic cooperating with Myc. This model can be used to study the 
role of LMP2A in Myc-induced Burkitt’s-like lymphoma development and has been 
used to design therapeutic regimens targeting LMP2A-altered cellular pathways 
 [  109,   110  ] .  

   LMP1/ l -MYC Mice 

 LMP1 is detected in a number of B-cell malignancies and is essential for B-cell 
immortalization in vitro  [  111–  114  ] . LMP1 is a transmembrane protein with 
C-terminal signal domains that mimics signaling of the TNF receptor family mem-
ber CD40 to constitutively activate JNK, p38 and IRF7 as well as the canonical and 
non-canonical NF- k B pathways, leading to the activation and proliferation of the B 
cell  [  115–  122  ] . While LMP1 has been shown to upregulate Myc expression in cul-
tured B cells, the requirement for cell proliferation on LMP1 expression can be 
overcome by expressing Myc  [  123,   124  ] . This observation may explain the absence 
of LMP1 detection in endemic BL, with a potential model being that the immune 
system may target LMP1-expressing cells for destruction, and only those cells that 
have undergone the  MYC  translocation are able to survive the loss of LMP1  [  29,   99, 
  123,   125,   126  ] . However, LMP1 has been detected in a handful of AIDS-associated 
EBV-positive BL biopsies, suggesting that the immunosuppression associated with 
HIV infection may allow LMP1-expressing cells to survive  [  127  ] . In addition, one 
study showed that a small handful of sporadic BL biopsies were LMP1 positive 
 [  128  ] , and another that a number of endemic BL biopsies were LMP1 positive  [  100  ] . 
LMP1 may therefore play a role in early proliferative stages of BL development. 

 The contribution of LMP1 to B-cell tumorigenesis in vivo has been studied in 
mice. Kulwichit et al.  [  118  ]  generated several lineages of LMP1 BALB/c transgenic 
mice, with the coding region of LMP1 under the control of the mouse IgH enhancer 
E m  and a V 

H
  promoter. LMP1 transgenic mice developed B-cell lymphoma, with 
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varying incidence among lineages, with up to 42% of mice presenting with tumors 
between 12 and 18 months, to 52% of mice over 18 months presenting with tumors. 
Histology of LMP1-expressing tumors revealed B-cell follicular lymphomas (FL) 
(B220 + IgG + CD3 − ) in enlarged spleen with dissemination to liver, lungs, or cervical 
lymph nodes. LMP1 lymphomas displayed evidence of clonal J 

H
  rearrangements, 

which correlated with the expression of LMP1. Antiapoptotic and growth pathways 
were also activated in LMP1 tumors, with overexpression of BCL-2, A20, and 
c-Myc, as is common with most human FL. Later work indicated that pre-tumor 
LMP1-expressing B cells from transgenic mice are phenotypically normal, but are 
hyperproliferative in response to stimuli, suggesting a role for antigen stimulation 
contributing to LMP1-driven tumors  [  129  ] . 

 Mating LMP1 mice with Ig l -MYC mice generated a greatly accelerated tumor 
phenotype, resulting in tumor onset between 4 and 9 weeks of age. Tumors initially 
presented as an enlarged spleen two- to  fi vefold larger than LMP1 or Myc trans-
genic spleen, with dissemination to cervical and mesenteric lymph nodes. Tumor 
cells were of B-cell origin with an immature surface phenotype of B220 + CD19 + IgM 
− IgD − GL7 + CD23 − CD43 +  (A. Vrazo, unpublished observations). LMP1/Ig l -MYC 
mice may be useful in evaluating the cooperation of these pathways in the early 
stages of BL development, and in non-BL-like lymphomas, such as AIDS-associated 
non-Hodgkin’s lymphomas, which frequently express both c-Myc and LMP1.  

   E m -EBER1/E  m  - myc  Mice 

 EBV expresses two small non-coding RNAs, the EBV-encoded RNAs (EBERs), 
which are highly conserved among primate homologues of EBV. EBER1 and EBER2 
are 166- and 172-nucleotide single-stranded RNAs, respectively, and are the most 
abundant RNA species in most EBV-infected cells and disease conditions. While 
their function and mechanism of action is unclear, there is evidence for EBERs in 
inducing the expression of cytokines such as IL-10, which can enhance B-cell growth 
 [  130  ] . EBER1 is detected in primary BL biopsies as well as BL and lymphoblastoid 
cell lines, which provides rationale for assessment of the contribution of EBER1 to 
lymphomagenesis  [  131,   132  ] . A murine model expressing EBER1 under the immu-
noglobulin heavy chain intronic enhancer E m  (E m -EBER1) was recently developed 
which indicated that EBER1 is tumorigenic in vivo albeit with a long latency period 
 [  133  ] . The E m -EBER1 model is the  fi rst demonstration that a non-coding viral gene 
has oncogenic potential. Young E m -EBER1 mice have normal B220 +  B-cell num-
bers, but EBER1 eventually promotes lymphoid hyperplasia and lymphomagenesis, 
which presents as initial splenomegaly with mesenteric lymph node involvement. 
Tumor incidence was 58% in the highest EBER1-expressing line of mice by 2 years 
of age, and tumors were B220 +  B-cell lymphomas with clonal  IgH  rearrangements, 
or histiocytic sarcomas. Intriguingly, c-Myc was upregulated in several E m -EBER1 
tumors, and activation of Myc target DNA sequences was also observed, suggesting 
that EBER1 may function in BL tumorigenesis by cooperating with c-Myc. 
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 Based on the  fi ndings that the EBER1 promoter contains a Myc binding site that 
may indicate the upregulation of EBER by c-Myc  [  134  ] , E m -EBER1 mice were 
crossed with E  m  - myc  mice  [  133  ] . No acceleration of onset was observed, and tumors 
that arose in E m -EBER1/E  m  - myc  mice were phenotypically similar to E  m  - myc  
tumors, with extensive lymph node involvement. In sum, the E m -EBER1 model will 
be useful for studying the biology of EBER1 and the potential cross-regulation 
between EBER1 and Myc.    

   Therapeutic Models 

 Modeling cancers such as Burkitt’s lymphoma in the mouse has been an effective 
system to examine the etiology of cancer in vivo. As such, mouse models of cancer 
represent valuable tools to examine the effectiveness of new therapeutics. To evalu-
ate the effectiveness of therapeutics targeted to gene products altered in BL or their 
pathways, such as Myc or EBV LMP2A, immunocompetent transgenic models 
have been used. For assessment of therapeutics against xenografts derived from 
human BL cell lines, immunode fi cient mice are primarily used, as they are unable 
to reject the xenograft. Recently, advances in humanized immunode fi cient mice 
have resulted in mice engrafted with human hematopoietic systems, which can be 
infected with EBV, permitting extensive analysis of lymphoma development and 
progression. Given that mice have been historically refractive to EBV infection, the 
advent of humanized mice is a large step in understanding the biology of EBV and 
the mechanisms associated with BL tumorigenesis in an animal model. 

   Immunocompetent Mouse Models 

 Many immunocompetent mouse models of BL, including the transgenic mice dis-
cussed above, have been used to study the effectiveness of preclinical therapies, 
including conditional oncogene inactivation, small drug molecules, and immuno-
therapeutic agents. Based on the observation that Myc-driven tumors often become 
resistant to chemotherapeutics because of acquisition of mutations that impair BCL-
2-regulated apoptosis, small molecule antagonists of BCL-2 have been tested in Myc 
models. The small molecule ABT-737 mimics BH3-only proteins, which are antago-
nists of the pro-survival BCL-2 family. ABT-737 was extremely effective with low-
dose cyclophosphamide against lymphomas transplanted into C57BL/6 recipients 
derived from E  m  - myc  or E  m  - myc / bcl-2  mice  [  135  ] . Tumor regression in this model 
demonstrated that ABT-737 could be useful in human BL that overexpresses BCL-2 
family proteins. 

 The inhibition of pathways constitutively activated by EBV gene products that 
cooperate with Myc in lymphomagenesis has also been demonstrated using small 
molecule inhibitors. A small molecule inhibitor of the mammalian target of rapamycin 
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(mTOR), aberrantly activated by LMP2A, increased tumor regression in LMP2A/
Myc tumors compared to Myc tumors, identifying a potential therapeutic for LMP2A-
expressing BL  [  110  ] . Similarly, LMP2A-induced Lyn activation was effectively 
inhibited by dasatinib in the LMP2A/Myc model. These  fi ndings suggest that small 
molecule inhibitors could be effectively used in EBV-associated BL to speci fi cally 
target pathways activated by LMP2A  [  136  ]  .

 The ability to conditionally induce or repress expression of a single oncoprotein 
such as Myc could be a speci fi c and effective therapy for human BL. The tetracy-
cline regulatory system has been used to generate mice conditionally expressing 
human Myc in hematopoietic cells, which developed T-cell lymphomas and acute 
myeloid leukemias  [  62  ] . Targeted inactivation of the  MYC  transgene by administra-
tion of doxycycline to repress the  Tet  element resulted in extensive differentiation, 
proliferative arrest, and regression of tumors. Whether the induced regression of 
Myc could lead to epigenetic changes that may revoke the ability of Myc to main-
tain tumorigenesis is unclear. The ability to repress a single oncogene to bring about 
tumor regression suggests that with some modi fi cation to the transgene construct, 
similar results could be observed in a B-cell-speci fi c murine model of BL.  

   Immunode fi cient and Humanized Mouse Models 

 The advent of immunode fi cient murine models lacking components of the humoral 
and cellular immune systems has been critical in permitting the study of allogeneic 
and xenogeneic tumor transplants. Studies of effectiveness of candidate therapeutic 
agents have been extensively carried out, and a prospective bene fi t of these mice 
may be in the development of a rapid treatment protocol for individual patients. 
More recently, an increasing need for in vivo studies of human cells, tissues, and 
organs without putting patients at risk has led to the development of humanized 
mice on existing immunode fi cient backgrounds. Humanized mice, de fi ned as mice 
engrafted with human tissues, hematopoietic stem cells (HSCs), or peripheral blood 
mononuclear cells (PBMCs), allow researchers to examine in vivo biological pro-
cesses, including the safety and effectiveness of candidate therapeutic agents and 
vaccines. The development of humanized mice engrafted with human B cells has 
greatly aided with models of EBV infection, as murine B cells are not susceptible to 
EBV infection. In the context of BL, both immunode fi cient and humanized models 
have been used to study BL-speci fi c therapeutics. 

 Severe combined immunode fi ciency (SCID) mice and their derivative strains 
result from a loss of function mutation in the protein kinase, DNA activated, cata-
lytic polypeptide ( Prkdc ) gene  [  137  ] . Prkdc functions in double strand break repair 
during V(D)J recombination, thus loss of Prkdc function ablates B- and T-cell matu-
ration. By subcutaneously transplanting human tumor cells into SCID mice as xeno-
grafts, researchers can characterize the biology, aggressiveness, and metastatic 
nature of a tumor in vivo. In one report, newly identi fi ed BL cell lines were engrafted 
in SCID mice in this manner, and demonstrated a high level of metastasis to spleen, 
bone marrow, and ovaries  [  138  ] . 
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 Tumor regression following administration of therapeutics has been extensively 
studied with SCID mice. To selectively target Myc under the control of the E m  
enhancer, a peptide nucleic acid to E m  (PNAE m WT) was administered to SCID mice 
engrafted with the BRG and Ramos BL cell lines  [  139  ] . PNAE m WT was able to 
block expression of c-Myc in tumors arising from the BRG cell line, which expresses 
Myc under the control of the E m  enhancer. By also demonstrating that this PNA 
construct was nontoxic with an extended half-life in vivo ,  this therapeutic model 
provided evidence that PNA administration may be tractable in human patients. 

 Recombinant monoclonal antibodies have also been effective in SCID models of 
BL to speci fi cally target cells expressing BL markers, such as CD74 and CD52. 
Lapalombella et al.  [  140  ]  used alemtuzumab, a monoclonal antibody against CD52, 
to enhance complement-mediated cytotoxicity against CD52 +  Raji xenografts in 
SCID mice and to delineate the mechanism of alemtuzumab action. Chang et al. 
 [  141  ]  used an immunotoxin, an anti-CD74 antibody coupled to a cytotoxic ribonu-
clease from frog oocytes, such that initial anti-CD74 binding and internalization by 
BL cells would result in targeted cell death. The modi fi ed antibody was nontoxic, 
had good bioavailability, and led to survival in SCID mice engrafted with the human 
CD74 +  BL cell lines Raji and Daudi. 

 SCID mice have been used in EBV-speci fi c BL therapies. For example, the pro-
teasome inhibitor bortezomib activates lytic EBV gene expression and induces 
apoptosis of EBV-expressing cells  [  142  ] . Bortezomib treatment prolonged the sur-
vival of SCID mice inoculated with LCLs  [  143  ] , and when used as a pretreatment, 
enhanced the sensitivity of the EBV-positive Rael BL cell line to radiation therapy 
in SCID mice  [  144  ] . Humanized SCID mice, engrafted with human peripheral 
blood lymphocytes (hu-PBL-SCID), have provided a valuable model to study EBV-
associated neoplasia. Humanized mice also allow EBV researchers to examine the 
role of different forms of viral infection in the context of pressure exerted by a func-
tioning human immune system. This is advantageous as many viral and host factors 
likely control whether EBV-infected cells proliferate into lymphomas, and the com-
parative contributions of each factor are, for the most part, unknown. The initial 
description of hu-PBL-SCID mice came in 1990, when EBV-seronegative or sero-
positive PBLs were transferred into SCID mice, which were later infected with 
EBV  [  145,   146  ] . The mice developed oligo- or polyclonal CD19 + CD23 low CD10 − CD20 +  
B-cell lymphomas, expressing LMP1, EBNA1, and EBNA2  [  147,   148  ] . However, 
low levels of human cell engraftment in SCID mice due to enhanced NK cell activ-
ity and generation of B- and T-cells during aging (known as “leakiness”) drove 
researchers to develop improved immunode fi cient models. 

 SCID mice were crossed with non-obese diabetic (NOD) mice to generate NOD-
SCID mice, which had lower levels of NK cell activity, and as such could support 
higher levels of engraftment with human tissues. Islas-Ohlmayer et al.  [  149  ]  used 
NOD-SCID mice to engraft human CD34 +  hematopoietic stem cells in order to 
provide a complete humanized microenvironment in which to study the outcome of 
EBV infection. Engrafted mice were successfully infected with EBV strain B95-8, 
and developed CD19 + CD20 + CD30 +  large cell immunoblastic lymphomas in the 
spleen at 5 weeks postinfection. Tumor cells in this model expressed EBV proteins 
in a type II latency program (EBNA1, LMP1, and LMP2A). 



28715 Animal Models of Burkitt’s Lymphoma

 A breakthrough came in 2005 with the development of a highly immunode fi cient, 
non-leaky strain based on the combination of the  Prkdc   scid   mutation, the NOD/
ShiLtJ background, and the knockout of the IL2 receptor gamma chain locus ( Il2rg ) 
 [  150  ] . The NOD/SCID/gamma (NSG) strain lack mature B, T, and NK cells as the 
 Il2rg  gene encodes the common cytokine receptor chain used during B, T, and NK 
development and function. As such, the NSG strain can be injected with primary BL 
isolates or BL cell lines to assess the effectiveness of targeting dysregulated path-
ways with therapeutics. 

 NSG mice are improved over previously described strains used for humanized 
models, with high levels of engraftment of human HSCs and PBMCs. NSG mice 
have been recently used to improve the engraftment of human tissues to study 
EBV-induced lymphoproliferative diseases. Yajima et al.  [  151  ]  infected NSG mice 
reconstituted with CD34 +  hematopoietic cells with two different titers of EBV, and 
observed lymphoproliferative disease in the high-titer group with a latency III 
pro fi le (EBNA1, 2, LMP1, 2A, 2B, and EBER were expressed), and asymptomatic 
persistent infection in the low-titer group. Antiviral antibodies and antiviral CD8 +  
T-cell responses were also generated in this model, despite lower levels of T-cell 
action common to NSG mice. 

 A shortcoming of the NSG model in the context of EBV infection is that human 
T cells mature on mouse thymus, which may result in nonoptimal T-cell selection 
and dampening of T-cell responses to infection. To address this, NSG mice can be 
sublethally irradiated, and human fetal liver and thymus can be implanted under the 
renal capsule of NSG mice, followed by an intravenous injection of CD34 +  
hematopoietic cells from the same fetal liver source. These mice mount HLA class-
II-restricted T-cell responses to EBV infection  [  152  ] . Contrary to results seen in 
previous humanized mice lacking thymic material, EBV latency types IIa and IIb 
was established, instead of latency III. This observation is consistent with T-cell 
elimination of latency III-expressing cells. Interestingly, 55% of EBV-infected NSG 
mice developed CD20 +  DLBCL, which expressed type II EBV latent genes. 
Although a Burkitt’s lymphoma-like tumor has yet to be observed in humanized 
mice, the ability to model EBV-induced neoplasia and target EBV-speci fi c therapies 
without putting patients at risk will be of great use in the future.   

   Future Directions 

 The phenotype of Burkitt’s lymphoma as a germinal center-derived neoplasma 
where chromosome translocations active during class-switch recombination permit 
the  MYC  translocation have prompted questions regarding the stage at which germi-
nal center B cells become BL cells. In order to more accurately model BL in mice, 
Myc activation could be postponed to the germinal center by placing Myc under the 
control of a tetracycline-responsive element and a germinal center-speci fi c pro-
moter, for example. To model EBV-associated BL, inducible  MYC  transgenes could 
be combined with EBNA1 or LMP2A transgenes targeted to B cells. 
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 With the aim of understanding the pathways involved in lymphoma development 
and the role of EBV infection, whole genome sequencing including transcriptome or 
exome could be used to study the genome expression pro fi le of tumor cells. In a simi-
lar manner to recent advances with gene expression pro fi ling identifying subtypes of 
tumors that respond differently to therapeutic strategies, the use of whole genome 
sequencing could identify novel biomarkers as drug targets in murine BL models. 
These gene expression pro fi les could then be validated in human BL  [  153–  156  ] . 

 The ability to alter the species tropism of EBV to infect murine B cells would be 
valuable, as it would bypass the need for immunode fi cient mice. The human CD21 
(hCD21) molecule, which is expressed preferentially on human B lymphocytes, 
is the receptor for EBV adsorption before viral fusion and entry  [  157  ] . Introduction 
of the hCD21 gene has made canine and rat cells susceptible to EBV infection and 
stably EBV-infected cell clones could be isolated from these non-primate cells 
 [  158  ] . Those results prompted the authors to generate a transgenic rat expressing the 
hCD21 gene, which could become an animal model for EBV infection  [  159  ] . 
Unfortunately, splenic B cells expressing hCD21 were susceptible to EBV infec-
tion, but unlike human B lymphocytes, EBV infection was abortive and was not 
followed by blastogenesis, cellular DNA synthesis, or proliferation. The ef fi ciency 
of EBV infection was very low compared to human infection because of the absence 
of HLA Class II expression, known to be necessary for EBV entry into the cell after 
adsorption  [  160,   161  ] . Murine cell lines are also typically resistant to infection by 
EBV. Expression of the two human B-cell receptors for EBV (hCD21 and HLA-DR) 
on the surface of murine B cells allowed ef fi cient viral entry that led to the establish-
ment of latent EBV infection and long-term persistence of the viral genome  [  162  ] . 
Latent gene expression in these cells resembled the latency II program in that 
EBNA1 and LMP1 were detected whereas EBNA2 and the EBNA3s were not 
expressed. Transgenic mice bearing hCD21 and HLA-DR could therefore offer a 
novel system to study aspects of EBV infection and disease that have previously 
been dif fi cult to investigate due to the species tropism of EBV. 

 Currently, EBV-positive lymphomas arising in humanized mice do not resemble 
BL, but one potential strategy to drive BL-like tumor development could utilize 
humanized strains engrafted with CD34 +  stem cells. These mice could be infected 
with a tetracycline-regulated  MYC  transgene that could be switched on later during 
B-cell development. Infection with EBV before or after tetracycline administration 
could help answer the long-standing question of whether EBV produces a cellular 
environment that enables the  MYC  translocation, or whether EBV maintains the 
survival of cells that have undergone an otherwise deleterious Myc translocation in 
the genesis of BL.  

   Conclusion 

 The study of Burkitt’s lymphoma in humans has been traditionally hindered by the 
availability of tumor tissues, the inhibitory effects of therapeutics on tumor growth, 
and ethical concerns with human studies. Animal models have been crucial in 
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overcoming these constraints to better understand the biology, growth, and treatment 
of BL (see Table  15.1  for a summary). Transgenic mice overexpressing Myc in B 
cells to model the canonical t(8;14) translocation in human BL have greatly 
improved our understanding of the mechanisms involved in lymphomagenesis, as 
well the mechanism of  MYC  regulation by elements within the 3 ¢  locus control 
region of the immunoglobulin enhancer. Transgenic Myc models have also 
allowed the identi fi cation of additional genetic lesions occurring in BL, such as 

   Table 15.1    Mouse models of Burkitt’s lymphoma   
 Transgenic models 

 Strain  Enhancer  Tumor phenotype and histology  References 

 E  m  - myc ; 
E  k  - myc  

 E m  (IgH);
 E k  (Ig k ) 

 Pre-/pro-B lymphoma, leukemia   [  55  ]  

  l -MYC   l  (Ig l )  Pre-/pro-B lymphoma; “starry sky”; 
IgM +/− B220 + CD43 + CD23 −  

  [  64  ]  

  M yc-YAC  E m  (IgH)  Pre-B-cell lymphomas; 
IgM + IgD + B220 + CD43 +/−  

  [  63  ]  

 iMyc E m    E m  (IgH)  Immature B-cell lymphomas; “starry sky”; 
B220 + IgM + IgD + CD5 −  

  [  69  ]  

 IgH-3 ¢ E-myc  3 ¢  LCR (IgH)  Mature B-cell lymphomas; “starry sky”; 
B220 + IgM + CD23 − CD34 −  

  [  73  ]  

 c-Myc-3 ¢  IgH  3 ¢  LCR (IgH)  Mature B cell lymphomas; “starry sky”; 
B220 + IgM + IgD + CD43 −  

  [  76  ]  

 MYC/BCR HEL   Tet-o-Myc/
E m  SR a  

 Mature B-cell lymphomas; “starry sky”; 
B220 +  IgM + CD21 + CD5 −  

  [  84  ]  

 E m −EBER1  E m   Lymphoid hyperplasia and B lymphoma   [  133  ]  
 E m −Myc/

EBER1 
 E m /E m   Pre-/pro-B-cell lymphoma   [  133  ]  

 E m −EBNA1  E m   Pre-/pro-B lymphoma with leukemia   [  93  ]  
 E m −Myc/

EBNA1 
 E m /E m   Pre-/pro-B lymphoma with leukemia   [  93,   95  ]  

 LMP1  E m   Follicular B lymphomas; B220 + IgG + CD3 −    [  118  ]  
 LMP1/Myc  E m / E m   Accelerated pre-/pro-B lymphomas; 

B220 + IgM − CD43 +  
 (Vrazo, unpublished 

observations) 
 LMP2A  E m   No lymphoma; altered BCR signaling   [  163  ]  
 LMP2A/Myc  E m /Ig l   Accelerated pro-B lymphomas; “starry sky”; 

IgM − CD43 +  
  [  65,   66  ]  

 Immunode fi cient and humanized models 

 Strain  Description  Experimental protocol  References 

 SCID; NOD/
SCID 

  Prkdc   scid   mutation 
ablates B- and 
T-cell development 

 Allogeneic/xenogeneic tumor 
transplant; therapeutics; 
humanization; EBV infection 

      [  164,   149  ]  

 NSG   Prkdc   scid   mutation, 
NOD,  Il2rg  
knockout ablates 
B, T, NK cells 

 Allogeneic/xenogeneic tumor 
transplant; therapeutics; 
humanization; EBV infection 

 [ 165 ] 
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the alteration of the p53–ARF–MDM2 axis, and the overexpression of BCL-2 
family proteins, which have been further validated in human BL. Double trans-
genic mice expressing Myc with an EBV latent protein detected in human BL have 
been vital in investigating the role of single EBV gene products in the modulation 
of cellular pathways contributing to BL development and progression in vivo. 
Immunocompetent transgenic mice have allowed for the study of small molecule 
agonists and antagonists to pathways involved in lymphomagenesis, including 
BCL-2 and mTOR, and the outcome of conditional ablation of Myc on tumor 
growth. These analyses may provide valuable cellular targets for tailored therapeu-
tic intervention in LMP2A- or BCL-2-expressing lymphomas. When evaluating 
transgenic models, one should keep in mind that human BL is highly heteroge-
neous, so the presence of only one or two major alterations may not be the most 
accurate model of the disease.  

 Of the primate models discussed herein, the cottontop tamarin is the most trac-
table as a model of EBV-induced lymphoma despite the absence of a true BL phe-
notype. Primates that are susceptible to EBV infection may be of use for studies 
characterizing the EBV-speci fi c immune response and the biology of infection. 
Lastly, primates infected with EBV may be useful in preclinical vaccine trials, simi-
lar to proof-of-principal studies with simian immunode fi ciency virus (SIV) vac-
cines in rhesus macaques. Caveats precluding large-scale studies with cottontop 
tamarins or other primates include the extent to which these animals are endan-
gered, and the large amounts of space and resources needed for their care. 

 For xenograft tumor studies, immunode fi cient SCID mice and derivative strains 
are the model of choice as the lack of adaptive and cellular immune responses abro-
gates xenograft rejection. SCID-derivative mice have been used in such diverse 
assays as the characterization of novel BL cell lines, tumor-targeted recombinant 
monoclonal antibodies, Myc-speci fi c peptides, and EBV-speci fi c radiotherapies. 
The SCID model system may provide faster translational value to identify altered 
cellular pathways and effective therapeutic agents, and therefore may be more use-
ful for development of a rapid treatment protocol for individual patients. 

 Humanized mice based on the  Prkdc   scid   strain have largely replaced concerns 
associated with primate models in that biology of EBV infection and lymphom-
agenesis can be modeled in the context of a functioning human immune system. 
Initial studies where human PBLs were injected into SCID mice followed by EBV 
infection have been largely superseded by studies with NOD/SCID and NSG mice, 
which demonstrate improved engraftment of a human hematopoietic system. In 
these mice, CD34 +  human hematopoietic stem cells can engraft, differentiate, and 
be infected with EBV to drive lymphoma development. The patterns of EBV latent 
gene product expression observed in tumors of these mice are more similar to those 
observed in human tumor biopsies. In summary, despite the challenges and limita-
tions of attempting to model Burkitt’s lymphoma in animal models, the potential 
power of these models will continue to be realized with the development of new 
genetic techniques that allow researchers to more accurately represent pathways 
deregulated in BL .       
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   Background 

 Burkitt’s lymphoma is a medical topic that requires a special interest. This disease—
largely of children—is not easily dealt with since it grows so rapidly, the fastest 
proliferating human tumour. What is required is a combined effort in this  fi eld, as a 
disease that should not be ignored but to be given increased focus and attention. 
Although EBV has about 100 separate genes in order for it to replicate and survive, 
these are not the genes that mainly support the tumour. Here, only a handful of 
genes are required that, so far as we know, are mainly composed of the EBV Ebna1 
(or EBNA1), and in some cases also of a lytically associated membrane gene (EBV 
LMP1), two small RNAs not expressed for generating proteins, and recently just 
being sorted out, is a group of small, virally coded RNAs, known as microRNAs 
(miRNAs) which as yet are not well understood. The rest of the viral genes or other 
factors not yet known to us act within the host cell to create “a malignancy”. What 
is required for the growth of this virus in the host depends also on other EBV genes 
that help maintain the virus and are expressed from a supercoiled circular viral 
DNA, within the malignancy. This deals with how the virus replicates, and contin-
ues to function, but is retained apart from the tumour per se, as far as we know. 
This may be part of the problem in understanding this tumour. 

 Lytic replication of EBV may lyse the infected cells and so destroy the tumour, 
but the growth cycle of this virus may also contribute to its destruction on its own. 
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Information existing in the supercoiled virus within a single cell implies that we 
need more data from the virus, not merely the major genes required for replication 
of the virus, but also about the latent virus causal for the entity, BL. It may be neces-
sary to separate out the malignancy from the alternative growth function of the 
virus, and try to understand how we can distinguish the tumour functions from 
the lytic component of the viral DNA. Table  16.1  shows the viral gene expression 
patterns detected from frozen samples of BL biopsies from Africa.  

 This section of the summary takes in data from Kornberg and Baker, “DNA 
Replication”, 1992 (Freeman and Co.), where EBV is brie fl y considered. First, EBV 
has “distinct replication origins”. One, oriP, is responsible for maintaining the 
genome in a latent extrachromosomal state (i.e. that seen in the infected tumour 
cells) and the other, oriLyt, is responsible for ampli fi cation of the genome and prog-
eny production (i.e. replication) during the lytic growth phase. The two origins are 
located quite separately, and apart, on the large double-stranded DNA genome. 
They require distinct viral products for their activities, and do ef fi ciently promote 
different modes of replication. DNA synthesis from oriP is circle-to-circle, through 
several intermediates, and during lytic replication long concatemers are generated, 
indicative of a separate mechanism. These are then processed resulting in propaga-
tion of the latent circular, viral genome into new daughter cells, and linear dsDNA 
packaged into progeny virions. EBV is unique in the ef fi ciency with which it can 
immortalize human B lymphocytes, and from 10% to 100% of infected peripheral 
B cells yield progeny that proliferate inde fi nitely with EBV maintained in a latent 
plasmid state.  

   Section 1 

 Turning to the heart of this subject, the major section of this chapter (approximately 
95%) deals with references from 2005 and onward, and mainly with the tumour, 
BL. An early version (see  [  1  ] ) was used, in a web site shown for an American’s 
tumour provided by the family, on his death from Burkitt’s. In  [  2  ] , Vonka, used early 
suggestions and includes both early and later tumours, as well as Burkitt’s argu-
ments that “soulless piling up of corroborative observations is of far less value for a 
scienti fi c program than is active effort to overthrow hypotheses and replaced them 
by others”. This included Zur Hausen’s thoughts on Burkitt’s lymphoma which he 
studied then in the 1980s. In  [  3  ] , Kazembe et al. examined a population of 92 
patients with BL in rural Malawi some 5 years after being treated and apparently 
surviving the disease—73 patients were traced. Of these, 40% were alive, and 
63.5% of surviving children identi fi ed had tumours only involving the head clini-
cally, and 21% with the abdomen involved. Obtaining long-term tumour informa-
tion of this sort seems rare, with most follow-up studies done mainly short term. 
Patients on the whole are followed for 1 year after recovery, rather than for 5-year 
survival. Turning to more recent information, Andrew Willy  [  4  ] , a Glaxo/Smith/
Kline Chief executive states that “pharmaceutical companies have a moral obligation 
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to conduct research and development into therapies for low-income countries”, noting 
that the “ fi nancial returns are often limited”. BL does not appear on his list of 
tumours, however. I did ask, and got a reply that “maybe yet they will change”. 
He notes more promising results coming forth for the future of malaria prevention, 
so maybe that will be a link for the future also, with regard to BL, to which malaria 
is linked. Lastly in the 4th edition, of the WHO Classi fi cation of Tumors of 
Haematopoietic and Lymphoid Tissues, reviewed by Elaine Jaffe  [  5  ]  in 2009. 
She noted that there is a greater appreciation now of the borderlands between BL 
and diffuse large B-cell lymphoma (DLBCL) and began to examine evidence of 
this positive approach, distinguishing between these two cell types, as discussed 
later here. 

 For more detailed reviews, two are speci fi cally cited on BL (see  [  6,   7  ] ). In the 
more recent review, Bornkamm  [  6  ]  uses BL as a “paradigm in cancer research”. He 
also treats, brie fl y, the question of “other viral genes, and animal models”. Here, as 
often discovered also by others, mouse models are not  fi nding answers that apply to 
this cancer in man. On the other hand, whereas BL affects most frequently young 
children (aged 2–14), the disease of adults appear to follow a comparable course. 
Thorley-Lawson and Allday raise many questions  [  7  ] . They are sceptical in feeling 
that the development of BL becomes more enigmatic than involving only c-Myc, 
EBV, and (even) malaria, but did not, I think, consider the role of HIV here (see 
below). They have not decided, one thinks, whether the BL cell is more a germinal 
centre, or a memory cell, or one or both. Boema et al.  [  8  ]  include BL and DLBCL, 
and gave attention to c-Myc at (8q24), but translocations with the secondary genes 
coding for kappa light chain (IgK at 2p:12) or lambda light chain (IgL at 14:32), are 
not really mentioned. Indeed, through the literature, only c-Myc at 8q24 receives 
attention. This appears as a simple neglect, I think, but would we  fi nd other transposi-
tions with changes in BL at the sites on chromosomes 2 and 22, like that on 14? 
The study by Lenses et al.  [  9  ]  used a “middleman database” and de fi ned a cytoge-
netic pro fi le of “true BL”. No differences were observed between children and adults 
in this work, nor in a “grey-zone” between the two Burkitt’s (BL and DLBCL). Even 
with “gazing ahead” by reviewers, one is left with queries that may still be resolved, 
and may even vary among geographical sites. In another study, Orem et al.  [  10  ]  turn 
to Africa, and report that both high incidence and mortality rates of BL are seen in 
East Africa, largely within Uganda. Here, the evidence for a causal relationship 
between EBV and BL in the endemic form is strong, but even malaria has not had a 
conclusive population study, and other possible risk factors, such as low socio-
economic status, plant derivatives, pesticides, other infections, etc. are not yet con-
vincingly proven. The emergence of a distinct subtype of BL in HIV-infected cells 
has, however, brought a new dimension where both HIV and BL are endemic. This 
previously “unknown” combination in children may be relevant for BL. However, 
they have been careful in making these general statements, until better proven. In the 
 fi nal two papers here, one argues in favour of EBERs in the pathogenesis of Burkitt’s 
lymphoma—with different roles for the two separate RNAs  [  10  ] —and a separate 
study on sporadic paediatric and adult tumours sharing similar phenotypic and 
genotype features  [  11  ] . Two separate studies are interesting, and may be relevant. 
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Does geographical association of BL really differ in anatomical sites from various 
populations? In  [  12  ] , a Chinese BL study specially notes that childhood and adult 
diseases appear similar in their behaviours. Does keeping these as “two diseases”, 
then make sense, or have we, on the other hand, lost differences that are real, in dif-
ferent populations? Clearly, there is much yet to learn from the distributions of BL. 

 In the next studies, I turn again to the childhood disease in BL. First, there was 
an interesting essay from  The Lancet   [  13  ]  by John Phillips, who viewed this disease 
in December 2006 in Malawi. This won a small prize, as he wrote about a disease 
he has worked on over many years. He also worked with scientists at the Hammersmith 
Hospital (London UK) and Malawi, in a 2-year study, where a link between cyclo-
phosphamide responsiveness or resistance in tumours was suggested to be due to 
EBV lysis-associated gene expression, see Labrecque et al.  [  14  ] , and Fig.  16.1 . 
Clinical data and EBV gene expression results supported the postulated association 
in these tumours. In another pilot study in “late” BL, a small group of patients with 
recurrent cyclophosphamide-resistant tumours was treated in Malawi. These did not 
respond to classical treatment when retreated, and instead were treated with a sepa-
rate regimen of cyclophosphamide coupled to an HDAC inhibitor, sodium phenyl-
butyrate, as brie fl y described  [  15  ] . Of these retreated children, 2/4 did not respond, 
but the other two showed limited response to the combined drugs. After a lengthy, 
but interrupted treatment, one died of an alternative disease, but the second was still 
alive with only a small, second tumour. He did not, however, return to hospital for 
further treatment. In  fi nishing this saga  [  16  ] , there is now a new development in 
investigation of BL that allows tumour samples to be held at ambient room tempera-
ture (apparently for long times) and later examined, when needed. This is very use-
ful for subsequent work being done in under conditions of limited resources, or sent 
elsewhere for examination. The effect of cyclophosphamide treatment of BL in chil-
dren is still highly valuable and should be continued as is evidenced by its clear 
successes in children (Fig.  16.2 ).   

 In this section, two interesting papers on BL are noted: one deals with the cancer 
as a two-step disease (two pathogens, BL and malaria, interacting, Rochford et al. 
 [  17  ] ), and the second  [  18  ] , as an African disease  fi rst treated in 1960–7, and now 
updated to today  [  18  ] . These were selected, as dealing with general questions in BL. 
The  fi rst  [  17  ]  looks at whether the risk is of suppression of EBV-speci fi c T-cell 
immunity by the malaria parasite,  Plasmodium falciparum  that has been invoked 
for a long time, or is it the expansion of the B-cell pool in latently infected patients. 
One of the early BL patients in Uganda, seen in Albert Cook’s material, in 1910 
(taken from the Medical Library in Kampala), was clearly suffering from malaria. 
When de-The et al. were hunting for alternative causative factors for Burkitt’s in the 
late 1970s, they pointed to malaria as an adjunct as a secondary interest (looking for 
differences between the USA and Africa). The Toll-like receptor, TLR-9, may be 
relevant in this regard (as discussed below), with expression of the receptor in nor-
mal and transformed cells. There, according to the review here  [  17  ] , most research 
will require the development of EBV-speci fi c immunity in BL.  The Lancet  article 
 [  18  ]  urges collaboration between the HIV-1 and malaria programmes. Interestingly, 
this review brings together material from the USA, England and Uganda, and relates 
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their work as “closely linked to Burkitt’s lymphoma”. It argues several issues, 
mostly that HIV is highly involved (90% of references) in this disease found in 
developed countries, but less than 60–70% in Africa and other geographic regions. 
They maintain “Africa is a long overdue moral imperative, and could be another 
milestone for a nascent paediatric oncology programme…saving the lives of 

  Fig. 16.1    Schematic diagram of the life cycle of EBV in B cells. In the latent cycle in B lymphocytes, 
viral gene expression is restricted to EBNAs and two small viral RNAs, EBER 1 and 2, and in 
addition, as far as we know, copies of EBV latent proteins, LMP1 and 2  [  14  ] , at the  left side  here. 
In some species, viral genes, as noted on the  right side , are activated and expressed either sponta-
neous or chemically induce together with viral genes, and also micro-RNAs, as virion expression 
and ultimately as lysis       
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thousands of African children dying from disease” which is indeed valid, and 
needed. It should also be more highly publicized for greater recognition as a major 
problem in oncology especially seen in children of the African continent.  

   Section 2 

 This section is tentatively divided into individual components that try to separate the 
disease, BL, into individual components, e.g. c-Myc, Epstein–Barr virus, Malaria, 
HIV, and other topics such as Bcl6 and Bcl2, ending with some comments such as 
needs for better therapy and more attention. We apologize that many articles have 
been deleted here but most are focused on developments since the last reviews in 
2005. Reviews that precede this publication will have been covered in earlier ones. 

   The c-Myc Connection 

 Myc translocations are covered by pathways that include cell suicide or cancer, and 
are found in many tumours  [  19  ] . The c-Myc variant (as opposed to its families 

  Fig. 16.2    Two cases of J.304, with a BL involving the left maxilla, in a girl aged 9 years 
(at the  left ) and then the same patient 1 week later, at  right , having been treated with cyclophos-
phamide for 1 week, showing marked but incomplete remission. From Denis P. Burkitt, Possible 
Relationships between the African Lymphoma and Acute Leukaemia. Research Fund, Third Guest 
Lecture, London. Leukemia Research Fund, 1–28, 1967       
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n-Myc or l-Myc) is found in BL at one of three chromosomal sites, at chromosome 
8 (t8:14), at (t2:8) or (t8:22) alternative sites with the latter two (minor) sites involv-
ing IgH class switches. Oddly enough, even in the review by Allday  [  20  ]  these two 
minor sites are rarely discussed in BL research, or even studied. However in a long-
term study on lymphoblastoid cells lines in Korea, these have been found to be a 
resource for human study in genetic, immunological and pharmacogenomic studies—
for long-term studies in cellular immortalization  [  21  ] . In an earlier paper on Myc, a 
paradox in the  fi eld of cancer biology, it was revealed by translocations that onco-
genes, once thought to simply provide advantages to a cancer cell, actually put it at 
dire risk of cell suicide  [  22  ] . The precise mechanisms by which Myc target path-
ways are largely unresolved, but they are proposed to involve interactions to selec-
tively repress the expression of Bcl2 that is speci fi cally required for the survival of 
this type of death threat. This and its direct initiation also show that Bcl2 can be 
translated by c-Myc. On the other hand, germinal centres (GC) can be characterized 
by a unique transcription programme, distinct from other B-cell subsets. With a 
high expression of key transcription factors, such as GC in latent lymphomas, one 
comes to realize that BL and DLBCLs are suddenly recognized as different associa-
tions, or sub-sets, in alternative parts of the world  [  23  ] . 

 Next a series of c-Myc-related lymphomas are dealt with more or less together 
as a topic, but differing in their  fi ndings  [  24–  28  ] . Myc, as a transcription factor that 
regulates cell size, proliferation and apoptosis, is notably induced when normal cells 
are recruited into a cell cycle. Myc then also behaves as a basic helix–loop–helix 
zipper (that dimerises with Max) to bind with the DNA sequence, 5 ¢ -CACCTC, that 
acts as a C-Box, and activates transcription  [  24,   26  ] . In this mode, it also contributes 
to neoplastic transformation. Myc deregulation leads to a prime example for BL 
deregulation. Here also, they provide a symposium of the topics in a review that, in 
part, also helps with an unresolved summary, how to understand Myc-induced 
lymphomagenesis  [  27  ] . We also return to an older topic, molecular diagnosis of 
BL, where two works come together  [  28,   29  ]  to review a “biological de fi nition” of BL, 
from two difference points of view, and a further review itself  [  30  ] , where the two 
arrays are discussed: the articles were complementary after differing in important 
ways, but reaching roughly the same conclusion: BL is not cured by the standard 
treatment for DLBCLs, nor is the aggressive treatment advocated for children in the 
west essentially safe. Children with BL in Africa may not tolerate the side effects of 
many intensive treatments. Diagnostic accuracy is essential to prevent their under- 
or over-treatment. The main diagnostic challenge is to distinguish one type of cell 
from another. Fairly clearly de fi ned characteristics of BL are medium-sized cells 
that are CD10 and Bcl6 positive, and Bcl2 negative, while for DLBCL they are 
large cells with CD10 and Bcl6 negative, and Bcl2 positive. Two studies from the 
USA  [  28,   29  ]  show that these characteristics may be used with FISH, real-time 
PCR, or immunologic methods, and allow the development of targeted therapies. 

 A paper from Brazil has pulled together a picture of Burkitt’s lymphoma as a 
highly aggressive non-Hodgkin lymphoma, with a consistent Myc translocation 
 [  31  ] . It changes from area to area in Brazil, but is generally consistent. There is a 
higher than expected association with EBV in sporadic cases, with BL affecting 
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males in 74%, and 26% female. This review is thorough, but records only expression 
of EBER1 and 2, and EBNA1, and at least BART microRNA, in part (see below), 
with no evidence about LMP-1 proteins, except in a few cases. They found a 
higher association with HIV-1. Also, Bcl6 is expressed as a major component, and 
is frequently discussed here as regards to the germinal center (GC) in BL, particu-
larly in latent cells. The frequency is higher in paediatric cases, and lower in the 
South of Brazil. 

 In Malawi, East Africa, the cell type for children’s BL seems controversial. From 
the recent paper on BL by Molyneux et al.  [  32  ] , the cellular origin of the malig-
nancy is unclear, with some workers arguing that it arises from a germinal central 
B-cell, while others are of the opinion that the tumour originates from a memory 
cell. EBV persists for the lifetime of the healthy individual and is found among 
young children, essentially 2–14 years of age. It is thought that this latent infection 
expresses only EBNA-1 similar to eBL, or a few other antigens of the EBV virus. 
In Africa, the tumour is noted essentially among the mainly rural population, and in 
Malawi, as elsewhere in Africa, the lake regions are prone to this disease. In the 
review in  The Lancet   [  32  ] , the observations on EBV-positive, compared to EBV-
negative BL, have raised the alternative that whereas BL arises from the memory 
cells, maybe as a tumour BL originates from an earlier GC counterpart. This has not 
really been resolved, nor has the explanation of the higher frequency among young 
male children compared to females (approximately 2:1) been resolved. In most 
studies of BL, the children involved can be divided into two age groups (ages 1 or 
2–9, as the larger part, and 10 and above, a minor part). Again, these tumours are 
almost always combined in studies. The two age groups have not really been clearly 
distinguished, although cells in the two BL groups sometimes appear different in 
terms of size and behaviour. In joint efforts, Italian/Ugandan studies have provided 
new interest in BLs  [  33  ] . They effectively divided their study into the three groups 
(endemic, sporadic and immunode fi ciency-associated BLs), along with marker 
studies, and divided genes and substrates as being related to cell cycle control, 
B-cell receptor signalling, and tumour necrosis factor/nuclear factor kB pathways. 
In their work, they found that all BLs were related to GC cells, but differed in other 
 fi ndings, for example between eBLs, sBLs or IBLs, each type affecting different 
populations and presenting with different features. Bcl6 is expressed as a major 
component, and is frequently discussed here as regards germinal centre (GC) in BL, 
particularly in latent cells. The authors found a consistent set of genes differentially 
expressed in BL and normal B-cells, as a consequence of malignant transformation, 
and programs were altered, including those related to immune response, cell cycle 
regulations and BC-receptor signalling. They also offer novel evidence possibly 
relevant for its classi fi cation and future treatment, with subtypes of cells signi fi cantly 
different, suggesting different pathogenetic mechanisms and the role(s) of infec-
tious agents. They also were involved in micro-RNAs that will promise interest for 
the future. It is an interesting study, and clearly needs follow-up. In the studies of 
Tumwine et al.  [  34,   35  ] , also involving some of the same collaborators, they initially 
classify B-cell non-Hodgkin lymphomas using immunohistochemical markers to 
correlate BL types and patient outcomes. In these papers, they have compared 
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different tumours, and again, show BL essentially to behave differently from other 
lymphomas (compared, e.g. with DLBMC), and they found the BLs to be Bcl-6 and 
Bcl-2 negative (see below), with Mum1/IRF4 essentially negative, as opposed to the 
Brazil study  [  31  ] . In a short study from China, on children’s BL in 65 of 74 lympho-
mas described as BL  [  36  ] , they found results, as far as I can tell, like those from 
 [  34,   35  ] . The children’s tumours are often associated with an aggressive clinical 
behaviour and morphologic and immunohistochemistry behaviour differing little 
from the Uganda studies. Interesting, however, is the  fi nding for MUM1, reportedly 
23% positive among the Chinese BLs, as opposed to the Uganda data. Takada in 
earlier data on BL  [  37  ] , and working on the Akata cells from Japanese materials, 
found expression of EBNA1, EBER, BARF0 and LMP 2A, with absence of EBNA2 
and LMP1. These cells have an activated c-Myc chromosome. As he points out, the 
data show Akata to upregulate expression of Bcl-2 protein to protect cells from 
c-Myc-induced apoptosis and allow c-Myc to exert its oncogenic functions. (It is 
interesting to note that in this study Takada, in 2011, also notes a rare and extremely 
“unfavourable type of lymphoma”, with translocations of both Bcl-2 and Myc. The 
patient, a 67-year-old diagnosed with Burkitt-like lymphoma which was  fi rst respon-
sive to chemotherapy, then had a second relapse with a chemo-resistance and after 
1 month, died. He had chromosomal t(14:18) and t(8:22) translocations, which has 
not previously been detected.) 

 Two further studies, from the USA and Brazil  [  38,   39  ] , are put forward as studies 
of BL, but with slightly different  fi ndings from those of Ugandan BL (see also  [  31  ] ). 
The BLs were highly aggressive lymphomas with endemic, sporadic and 
immunode fi ciency-associated clinical variants. Classically, the immuno-phenotype 
of BL has been considered to be essentially a GC type. Here, they studied 222 cases 
of well-characterized BLs, with classic phenotype and c-Myc translocation, and 
found 90 cases (40.5%) of MUM1/IRF4 (multiple myeloma 1/interferon regulation 
factor 4 protein) positive. In their  fi ndings, MUM1 was found in the  fi nal histoge-
netic marker of the late-GC and post-GC cell, and the morphologic spectrum of 
positive cell ranged from that of a centrocyte to that of a plasmablast/plasma cell 
 [  38  ] . Mum1 is considered to be a key regulator of several steps in lymphoid/lym-
phoid and dendritic cell differentiation and maturation. It may be a promising target 
for the treatment of some of these neoplasms  [  39  ] . 

 I turn now to a report by Hesseling et al.  [  40  ]  of a 15-day chemotherapy schedule 
for resistant or relapsed endemic BL, where a 15-day chemotherapy schedule saved 
36% of patients. In the same report predictors for mortality have recently also 
included anti-retroviral therapy (ART), started from 2007. This review was pub-
lished in 2009, and perhaps it may continue with time  [  41  ] . Two studies that have 
looked further into factors to contribute to BL pathogenesis that may suggest the 
importance of this topic  [  42,   43  ] , and another study on BL may indicate the impor-
tance of induction by HDAC (histone deacetylase inhibitors  [  44  ] ). HDAC induction 
has exhibited effects interacting with drug exposure, as evidenced by increased site-
speci fi c histone acetylation. In the latter, where BL and lytically related diseases in 
replication may co-exist in a tumour, it may provide sites for latently infected cells 
to act, on their own, at the expense of the HDACs. In a small document, this review 
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deals with a derivative from a B-cell, post-BC stage of differentiation, possible a 
memory B-cell precursor  [  45  ] . It is more related to the latter cells than other kinds 
of lymphoid cells and is thought to be, on the other hand, cells related to BL between 
memory or GC cells dealing with BLs in arguments given in Molyneux et al.  [  32  ]  in 
 The Lancet . It might be studied as such for its possible relationship to BL  [  45  ]  in the 
absence of replicating cells.  

   The Malaria Connection 

 For more than 50 years scientists have been asking how  P. falciparum  malaria might 
be associated with EBV and BL, and we turn to two reviews on this topic here  [  17,   18  ] . 
A more recent review of malaria by Sumba et al.  [  46  ]  correlated malnutrition, 
malaria and EBV. The identi fi cation of different levels of BL in nearby regions in 
western Kenya led the authors to ask whether the incidence of the disease was asso-
ciated with factors such as malnutrition and malaria. They found that children with 
the lowest antioxidant GP (glutathione peroxidase), an indicator of malnutrition, 
had highest EBV viral loads and the highest incidence of malaria, consistent with 
other studies that suggested correlation between malaria transmission intensities. 
Further studies are needed to determine whether these GP levels or other malaria 
biomarkers, as proposed  [  47  ]  will have a role in the aetiology of BL. On the other 
hand, 2,602 patient cases in Uganda, Ghana and Tanzania  [  48  ]  were explored with 
malaria biomarkers from these countries. Malaria was found to peak at 2 years of 
age, and decreased sharply between 2 and 3, and were related with novel  fi ndings 
correlated with BL, with age-speci fi c pattern of locally prevalent malarial geno-
types of  P. falciparum . The authors concluded that “malaria could be related with 
onset of BL”. Elsewhere in W. Africa, the role of protective immunity to  P. falci-
parum , in Ghana,1965–1994, was “unknown”  [  48  ] , but con fi rmed for malaria anti-
bodies in 92% of the cases. In this study, the absorbent immunoassays showed lower 
malaria antibodies than observed in children (aged up to 14) with BL. In a different 
type of study, Yuan and colleagues  [  49  ]  assayed 61 parasite lines against drug com-
pounds. Thirty-two reactive compounds were explored for growth inhibition of 
malarial parasites against 33 strains of malaria. The compounds generated differen-
tial chemical phenotypes linked to wild-type or mutant alleles that could be proto-
nated at physiologic, or lower, pH. Their overall work focused on three limited 
responses and were cited with loci and genes associated with drug responses, pro-
viding an “unknown but with a genetic basis” to better delineate the nature of drug 
resistance in malaria. The compounds generated differential chemical phenotypes 
linked to wild-type or mutant alleles that could be protonated at physiologic, or 
lower, pH. Their overall work focused on three limited responses and were linked 
with loci and genes associated with drug responses, providing an “unknown but 
with a genetic basis” to better delineate the nature of drug resistance in malaria. This 
interesting route has not yet been tried on BL, although with other tumours and 
could be used now in cases of BL-resistant malignancies  [  50  ] . Finally, also in brief, 
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a report on malaria in Zanzibar  [  51  ]  examines how facilities and donors could be 
made available to cope with the few thousand malaria cases they normally encounter, 
focused overall on control of the disease. In Zanzibar, a British-American initiative 
has provided bed netting to wipe out malaria on this island. Further, a group of 
scientists in India, where BL is not common, has looked at peptide-based therapies as 
offering the potential for non-genotoxic, genotypic-speci fi c alternatives, or adjuvants, 
centred on a range of traditional cancer treatments. Their list includes drugs that can 
be generally useful. They have treated their studies as an “application in tumour 
therapy”. Their concluding remarks are worth considering here also, in the African 
situation of BL. Here, Bhutia and Maiti note  [  52  ]  that the potential of peptides to serve 
as anticancer drugs has re-energized the scienti fi c community in the search for better 
ways to combat tumours, allowing an appropriate drug to be delivered to a desired 
location in suf fi cient quantities in a timely fashion, as noted previously for cyclophos-
phamide in BL. In one further study in Malawi, 185 out of 258 HIV-infected children 
were alive, but recommended for anti-viral treatment in BL, identi fi ed here as WHO 
stages III and IV  [  53  ] . This offers the possibility that some other novel tumour therapy 
treatments might now ultimately be assessed in Africa for BL. 

 Further, a group of scientists in India, where BL is less common, has looked at 
peptide-based therapies as offering the potential for non-genotoxic, genotypic-
speci fi c alternatives, or adjuvants, and turned to a range of cancer traditional treat-
ments. BL is not common in India, but this list includes drugs that can be generally 
useful. They have treated their studies as an “application in tumour therapy”. Their 
concluding remarks are worth considering here also, in the African situation of BL. 

 Another question arises, on the role of the TLR9 gene in the relationship of 
malaria to BL. First, BL patients with EBV are mainly seen in areas that are endemic 
for malaria, bringing together the three related topics here on BL, where repeated 
immune activation by malaria may be an important pathogenic factor for this malig-
nancy  [  18  ] . Toll-like receptors (TLRs) are key players in innate immunity, and 
B-cells express one of the marked Toll genes, TLR9 has special interests for BL. 
The expression of TLR9 increases transformation rates of ex vivo EBV-infected 
B-cells, and its effect on the EBV genome is now being actively studied. We cite 
here three TLR9 papers  [  54–  56  ] , and related ones. The paper by Fathallah et al.  [  54  ]  
shows that EBV suppresses by deregulating the transcript through LMP-1-mediated 
NF-kB activation. In their work, they reveal a mechanism used by BL to highlight 
the importance of the immune deregulation, as mediated by the tumour-inducing 
virus of EBV. Their data show that in addition to its key role in cells, malaria trans-
forms EBV to synergize its gene, LMP1, in children living in malaria-endemic 
areas. Chene and colleagues, working with BL from Uganda, in a series of papers, 
show that EBV reactivation can be induced during malaria infections, and in itself 
act as a causative factor for BL  [  55  ] . They argue that acute and chronic malaria infec-
tions produce induction of polyclonal activation in the B-cell and a dramatic increase 
in levels of EBV in circulation. Considering a series of papers, working mainly on 
BL from Akara and other cells, Zauner and Nadal  [  56  ]  argue for manipulation of 
host immune response towards favouring long-term survival of the virus, in its 
latent form. Considering this fact, they also argue that the load of the virus is 
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elevated, but that TLR9 might suppress the lytic virus and lead to B-cell transformation, 
as an enforced latent gene expression. They further argue that TLR9 might allow EBV 
to gain access to a memory B-cell pool. All three of these studies  [  54–  56  ]  make 
ways of studying EBV with new ideas about therapy. In the last paper, Arama et al. 
look at TLR responses, not just TLR9, in West African children in Mali  [  57  ] . They 
focus on two different ethnic groups, one (the Fulani group) being better pro-
tected against  P. falciparum  malaria, as compared with a second, the Dogon (less 
protected). They focus on dendritic cells (DCs) and conclude that DC and TLR 
signalling may be important for the protective immunity against malaria, as observed 
in the Fulani tribe. This seems “early days” for BL and malaria, but it may be a new 
way forward in BL research.  

   The HIV Connection 

 “The globally coordinated efforts to strengthen health systems in Africa have been 
impressive, especially for treatment of  P. falciparum  malaria” and “HIV-1 infec-
tions”. HIV-1 infection is associated with a 60-fold-increase of BL in adults in the 
west (sBL), and the effect of HIV-1 on eBL is controversial, with most being HIV 
negative  [  18  ] . Orem and colleagues  [  58  ] , working in Uganda, stated that character-
istics of children with BL and HIV have not been described there before (in 2009). 
Of 1,462 records of children at the Uganda Cancer Institute, 236 charts met the 
eligibility criteria for BL, of whom 158 children were HIV-negative and 78 were 
positive (61% male and 39% female, with mean age of 6.9 years). This  fi nding is 
similar to children in general in HIV rates in Uganda. Although their treatment also 
suggested chemotherapy, most HIV+ children did not generally receive chemother-
apy or, if treated, this was mainly for facial BL. There is a clear need for better 
characterization of children with BL to understand whether there is an HIV-related 
BL alongside endemic BL. In Malawi, there are two studies on this topic, one in 
2008, the other in 2010  [  59,   60  ] . The earlier study noted that HIV plus malaria may 
decrease the risk of BL, and the latter study  [  60  ]  was unclear. They  fi nally con-
cluded that the “impact of HIV on the risk of cancer…remains uncertain”. In South 
Africa  [  61  ] , the numbers were larger (1897) and there were differences in age and 
tumour types. In all, DLBCL was the most frequent lymphoma and patients varied 
accord to tumour type. For BL, patients between the ages of 20 and 49 were very 
numerous, and there were more in the 0- to 9-year than the 10- to 19-year group, as 
is typical for BL. Instead of reviewing young BL children, the assumption was that 
these smaller children in SA generally re fl ected migration from east, central and 
West Africa, where this disease may account for 70% of all child cancers  [  61  ] . 
In trying to  fi nd good samples outside Africa, they also looked among small 
American samples  [  62  ] , and these BLs (whether AIDS related, or not) comparing 
BL and DLBCL. In the USA, they were able to differentiate between BL and 
DLBCL using protein expression multiple markers  [  63  ] , and could distinguish 
between the groups by immunohistochemistry. Then, they asked would anything of 
interest be found by analysing the entire HIV genome  [  64  ] ? As used with RNA 
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structure models, how does HIV-1 function in BL, and what could be reasonably 
useful for analysis? They asked whether AIDS-related BL, under the Surveillance, 
Epidemiology and End Results Programme (1973–2005), was useful  [  65  ] . They 
observed peaks near ages 10, 40 and 70 years for males (for females, 10 and 70 only). 
They noted that BL was a  fi rst indicator of AIDS onset, at least in the West. The 
notion that BL may be multimodal is controversial in that BL is unlike other malig-
nancies, but is considered as isomorphic. However, paediatric and adult/geriatric 
types may (indeed) have different risk factors. The risk of BL during 1980–1989 was 
higher than later, when HIV infection with relatively higher CD4 lymphocyte counts 
was observed in men. The risk may have exceeded those of women, or non-Hispanic 
black men, in the USA. This study is the largest to assess age-speci fi c incidence 
among persons with AIDS. They argue that diagnosis or separation between HIV 
relationships to age or CD4 lymphocyte counts may likely be random, and that low 
CD4 lymphocyte counts may suggest functional CD4 to be required for BL to 
develop. There were 456,635 males and the number of BL cases was 273, whereas 
for females there were 33 of 111,230 subjects. The incidence for 1980–89 was 29.4%, 
dropping down to 14.6% and 10.3% in 1990–95, and 18.8% in 1996–2005. It was 
interesting to observe the bimodal peaks for BL at different ages and suggests effects 
of non-cumulative risk factors at different ages. 

 In Africa, speci fi c comprehensive cancer studies are only beginning to highlight 
the cancer prevention and treatment programmes, particularly also associated with 
AIDS-de fi ning cancers (noted here as cervical cancer, Kaposi sarcoma and lym-
phoma). In reporting on the other “AIDS-de fi ning” cancers, lymphoma and includ-
ing particularly cases from Nigeria and Uganda, Brower  [  65  ]  comments that BL, in 
particular, may even go undiagnosed and untreated. She suggested that this type of 
lymphoma might particularly be combined in programmes dealing with preponder-
ance of 60% among BL patients. Others  [  66  ]  propose  current plans for a number of 
treatment trials of lymphoma in Uganda, Tanzania and Kenya, and one of these has 
now been reported  [  67  ] , carried out in Uganda and Kenya. These were well docu-
mented. In terms of the subject patients and the fact that HIV is a real problem in East 
Africa, patients were carefully chosen. From 149 patients with con fi rmed lymphoma 
and positive HIV serology, 52 were enrolled and 49 ultimately received oral BL and 
HIV treatment. The overall response rate was 78%, and 33% of patients survived 
5 years. They concluded that the dose-modi fi ed oral chemotherapy had comparable 
outcome (with others elsewhere) and is “pragmatic in sub-Saharan Africa”. The col-
laboration has been successful and may now focus on optimizing combination of 
anti-retroviral therapy and chemotherapy. No doubt it has been worth continuing this 
study. In time, one can decide how effective this is, and how to progress.  

   The Contributions by Mi(micro)-RNAs 

 This component is essentially “work in progress”, since miRNA is going into a 
second 5th year on BL  [  68–  74  ]  and has much yet to reveal. In the viral latent com-
ponent, EBV appears in BL together with lytic EBV, and in the latter there are 11 
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components of lytic, expressed DNA. Most of the genome expressed during the 
latent cycle is involved with inhibition of the lytic cycle. In a surprising  fi nding 
 [  68  ] , miRNAs are not needed to control the viral genome in exit from latency. 
Rather, they indicate that miRNAs are associated with cellular transformation, and 
rather than regulating viral genes of the lytic phase are involved with inhibition or 
expression of the lytic cycle. EBV miRNA does not lead to increased activation as, 
for example, with KSHV, HCV and CMV. All the EBV tumour types of miRNAs, 
including Latency II-III, are largely associated with lytic infections, whereas 
Latency I, for BL, may be primarily associated with EBNA1 (see Fig.  16.1 ). We 
called attention to LMP1 and 2 for BL lymphoma in  [  14  ] , in some cells. In the 
review  [  69  ] , it was notable that more and more clearly, several reports suggest an 
interplay between virus and cellular mi-RNA involving several gene products. That 
virus-mediated mi-RNA dysregulation may be involved in several malignancies 
 [  70  ] . It has also come to attention that mi-RNA-9 is potentially relevant for malig-
nant transformation in BL cases with no detectable Myc translocation. Thus deregu-
lations of mi-RNA may be thus useful as a diagnostic tool, suggesting it as a novel 
candidate for tumour cell markers  [  71  ] . Mi-RNA is predicted to target as many as 
300 different human transcripts, just as a single-RNA may be targeted by multiple 
mi-RNAs. Since mi-RNA expression is deregulated in several lymphomas, and 
unique mi-RNA signatures have been identi fi ed for prognosis and response to ther-
apy, they become appealing as therapeutic targets. From previous and ongoing work 
in lymphomas, it is evident that deregulation of mi-RNA expression is one of the 
critical steps in pathogenesis of several lymphomas. Just as mouse variants as mod-
els for man have been shown as “not relevant to Burkitt’s lymphoma in the past”, in 
mi-RNA of man, pro fi ling can successfully classify various lymphomas into thera-
peutic outcomes or survival categories. These aspects of BL, at least in Africa, are 
starting to look at new ways of assessing this disease, which may prove productive 
for the future. We must now wait. 

 Interestingly, other malignancies show homogenous mi-RNA pro fi les entirely 
distinct from BL and DLBCL. Differentially expressed mi-RNAs from these two 
tumour classes, including mi-155, segregates 17 mi-RNAs from being down-regulated 
in BL as compared with DLBCL, and 21 mi-RNAs showed a higher expression in 
BL as compared with DLBCL involved with inhibition of the lytic cycle. In this data 
set, the mi-RNAs can be separated using differences among the mi-RNAs. Mi-155 
and four further mi-RNAs were down-regulated in DLBCL by RT-PCR. In different 
types of Burkitt’s, eBL, sBL and HIV-BL within these variants, the “cut times” of 
the different mi-RNAs detected variance among their expressions  [  72  ] . Overall, 
molecular pro fi ling of neoplasms is gaining increasing signi fi cance for the de fi nition 
and characterizations of established tumour entities, and for the identi fi cation of 
new biological disease groups or subgroups. In summary, our analysis reveals that 
BL differs from DLBCL by a strong and characteristic mi-RNA signature that is 
enriched in mi-RNAs targeted on the NF-kB signalled pathway-associated mi-
RNAs. Similar studies overall were also described by Piccaluga  [  33  ] . In an early 
study  [  73  ] , Akao and colleagues found down-regulation of mi-143 and -145 RNAs in 
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B-cell malignancies. Although their model was mainly colon cancer, 8/9 B-cell 
lymphomas tested exhibited extremely low expression in human BLs. These could 
be expected to reach tumours ef fi ciently and be used as a drug delivery system. 
They may differentiate B-cell malignant cells from normal cells, and contribute to 
carcinogenesis in B-cell malignancies, by a novel mechanism. 

 In our own studies, Xue and Grif fi n  [  74  ]  (and earlier work), complexities associ-
ated with expression of EBV lytic origins of DNA replication, were studied. We had 
examined this region in two (145 and 102 bp) repetitive sequences in BL DNA, both 
encoding basic proteins, to understand why lytic replication—necessary for viral 
replication—and its controlling elements is so ef fi cient. Studies uncovered a diverse 
family of promoters for both EBV BHLF1 and LF3, only one of these, the  fi rst, prov-
ing sensitive to chemical inducting agents   . The other, abutting the replication core 
origin sequence of EBV, may play roles in the maintenance of viral latency. In this 
publication, the sequences of EBV exposed long regions of various small open read-
ing frames (very long non-coding sequences) for subsequent work, possibly marking 
the two regions for future studies, as well as the mi-RNAs from these two regions.   

   Section 3 

 There are suggestions for a number of cellular components that might fall into chapters 
on BL. We select only a few of these at this time, brie fl y, for consideration. 

   BLIMP1 (or PRDMI) 

 This gene has been widely studied—but not necessarily with regard to BL. Blimp1 
(or related to Blimp1a) is a transcription factor that is required for plasma cell dif-
ferentiation, and associated with the germinal centre. It is also known otherwise as 
PRDMI gene  [  75,   76  ] , whose loss contributes to lymphomagenesis by blocking 
plasma cell differentiation. The intimate association between terminal differentia-
tion and EBV replication suggests that a switch from latency to lytic cycle is con-
trolled by factors that normally regulate plasma cell differentiation. In  [  75  ] , a 
striking overlap between the EBV LMP-1 gene and Blimp1a is shown between the 
two genes in germinal centre B cells. This is more associated with DLBCL than 
with childhood BL, but in tissue culture it is also identi fi ed in the latter as well. This 
multifunctional and complicated gene, altered in numerous cells, is highlighted here 
for the future, together also with the children’s disease. It is also associated with 
deregulation of BCL6  [  76  ] , as below. One will need to know more about Blimp-1 in 
childhood BL, in future. We have tried to look at this tumour in BL in African children, 
in Malawi, but not yet found the materials that would help us in this study (see  [  16  ] ). 
We thus raise it for others to comment on.  
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   Bcl6 

 This protein is easily assessed both in childhood BL and other tumours related to 
BL (see  [  16  ] ). In GC cells, most BL tumours appear to express this marker. There 
are two recent studies here that target cells controlling multiple pathways in normal 
germinal centre B cells. This transcription repressor has emerged as a critical regu-
lator, and the B cells are selected based on the production of antibodies with high 
af fi nity for the antigen  [  77,   78  ] . Bcl6 can repress various functions in cell biology, 
including protection from DNA-induced apoptosis and inhibition of differentiation 
into plasma cells. It is a valid marker for BL. A recent study  [  78  ]  results in a set of 
strictly de fi ned biochemical and functional Bcl6 targets that have implication for 
the understanding of its activity as a transcription factor and of its role as an onco-
gene in lymphomagenesis. Bcl6 is expressed in all GC-derived malignancies, 
included BL, DLBCL, follicular lymphoma and a subset of Hodgkin lymphoma. Its 
 fi nding suggests a potential synergic therapeutic activity between molecules aimed 
at inactivation of BCL6 and biologic agents leading to B-cell activation and differ-
entiation. Stat3 mediated regulation of Blimp1, coordinated with Bcl6 down-regu-
lation, acts to control human plasma cell differentiation  [  79  ] . In the single mouse 
cells cited here  [  80  ] , T-cells that rapidly terminated proliferation and up-regulation 
of 1L-7 receptors, modulated Bcl6 response. The results suggest that because Bcl6 
antibodies become low, after weeks of immunization, it is unclear how long Bcl6 
remains in BL, over time. This is a topic; it seems, even now, for future work.  

   Bcl2 

 With Bcl2, a total of 1,260 cases of non-Hodgkin lymphoma were identi fi ed, 
between 1991 and 2007; of these, 54 cases (4%) were identi fi ed as having concur-
rent translocations involved Myc and Bcl2  [  81  ] . These samples were acquired from 
patients having different diagnoses and treatment regimens. From their analysis, the 
authors concluded that Bcl2 and Myc-positive lymphomas have a very poor overall 
survival, unlike classical BL. From their analysis, both morphological and genetic 
information is important because diagnosis might be missed if genetic testing by 
karyotype and/or FISH analysis were not performed. They ultimately suggest that 
Bcl2-together with Myc translocations may be more common than previously 
appreciated, and it needs further study  [  81  ] . In Akata, EBV recognizes its own ver-
sion of Bcl2 for an unknown pathway, enhancing the oncogenic potential of these 
cells  [  82  ] . The third lymphoma, also known as a “double-hit” lymphoma (DHL), is 
a rare neoplasm characterized by aggressive clinical behaviour, complex karyotypes 
and a spectrum of pathologic features overlapping with BL diffuse lymphoma, and 
B-lymphoblastic lymphoma/laeukemia  [  83  ] . The aggressive clinical behaviour and 
combination of genetic abnormalities seen in these tumours may warrant categori-
zation as a separate entity. In total, except for Akata cells, most sBL did not agree 



31916 Summary and Conclusion: Thinking About Latent BL

with the characterization of these tumours, except their being mainly from adults, 
rather than for children. Indeed, in review  [  19  ] , Bcl2 is noted occurring in memory 
cells, but rarely is Bcl6 found there. On the other hand, Bcl6 is expressed as a major 
component and is frequently discussed here as regards germinal centre (GC) in BL, 
particularly in latent cells.  

   EBV Vaccine 

 In November this year (2011), four authors propose a vaccine target for cancer 
prevention  [  84  ] . Infectious mononucleosis (IM) is marked as a key target for this, 
although cancers that range in different parts of the world are noted for the role(s) 
of tumours also associated with EBV. EBV-positive BL is the most common child-
hood tumour in equatorial African and, to some extent, also New Guinea. Of BL, 
the number of cases attributable to EBV per year is given as 6,600 in less-developed 
countries, as opposed to 100 cases in developed countries. They also note that the 
immune systems of models is limited by EBV not generally being pathogenic for 
animals, except for certain models like cotton-top monkeys or rhesus lymphocyto-
virus, that can be used for modelling candidate vaccines. On the basis of these 
observations, and the phase 2 EBV gp350 vaccine trial for the prevention of IM, the 
choice for EBV is limited. They thus propose a number of priorities (numbers 1–5) 
that can be envisaged for future research plans. These programs are ways for look-
ing forward as regards BL, and the program for another EBV disease, found mostly in 
adults, nasopharyngeal carcinoma. It is worth much consideration, and they present 
the  fi rst positive plans for tumours associated with EBV. 

 In another recent development in 2011, Harold Varmus became head of the 
National Cancer Institute in the USA. This means perhaps more resources will be 
given to BL research and it will likely get better funding. One question asked him 
recently  [  85  ]  was “should NCI not be doing something about the cost of cancer 
drugs?” and his reply was that “several of the drugs that are currently expensive, are 
to come off patent and that will result in price reductions”, and “reducing the costs 
of some things that could put…to use in poorer countries” where the opportunities 
are still needed. For him, “some of them are truly low-hanging fruit and we ought to 
be doing something about this”. Let us hope that the question is raised now with 
alternative drugs needed. And some of them, such as HDAC, may be useful for 
those children whose tumours need treatment, but this simple drug is still much too 
expensive. We shall wait to see.       
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