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A B S T R A C T   

Lymphoma is a heterogeneous group of malignancies arising from lymphocytes, which poses a significant 
challenge in terms of diagnosis and treatment due to its diverse subtypes and underlying mechanisms. This re
view aims to explore the shared and distinct features of various forms of lymphoma predisposing conditions, with 
a focus on genetic, immunological and molecular aspects. While diseases such as autoimmune disorders, inborn 
errors of immunity and iatrogenic immunodeficiencies are biologically and immunologically distinct, each of 
these diseases results in profound immune dysregulation and a predisposition to lymphoma development. 
Interestingly, the increased risk is often skewed towards a particular subtype of lymphoma. Patients with inborn 
errors of immunity in particular present with extreme forms of lymphoma predisposition, providing a unique 
opportunity to study the underlying mechanisms. External factors such as chronic infections and environmental 
exposures further modulate the risk of lymphoma development. Common features of conditions predisposing to 
lymphoma include: persistent inflammation, recurrent DNA damage or malfunctioning DNA repair, impaired 
tumor surveillance and viral clearance, and dysregulation of fundamental cellular processes such as activation, 
proliferation and apoptosis. Our growing understanding of the underlying mechanisms of lymphomagenesis 
provides opportunities for early detection, prevention and tailored treatment of lymphoma development.   

1. Introduction 

The capacity of the adaptive immune system to rapidly proliferate in 
response to foreign invaders is an invaluable asset for all vertebrate 
species. [1] However, this capacity comes with an inherent weakness, 
the strong proliferative potential of immune cells also results in a 
vulnerability to develop into malignant cells. The resulting malignancies 
reflect the diversity of the immune system, showing strong heteroge
neity, even after grouping by putative cell of origin according to WHO 
classification. [2,3,4] Lymphocytes in particular undergo many rounds 
of differentiation and maturation, with each step having the potential to 
spawn a malignancy with unique traits. [3] The focus of this review will 
be on lymphoma, classically defined as a malignancy of the cells of the 
lymphatic system. Contemporary evidence adds some nuance to that 
definition: while lymphoma often develops in the lymph nodes, the 
malignancy can occur in almost any tissue and even in the circulation, 
blurring the distinction between leukemia and lymphoma. [3,5] His
torically, lymphomas are divided into Hodgkin (HL, 10 %) and 
non-Hodgkin lymphoma (NHL, 90 %), based on distinct clinical and 

histological features. [6] The relevant lymphocytes in the context of 
malignant transformation to NHL are B-cells, T-cells and natural killer 
(NK) cells. While lymphocytes normally play crucial roles in the adap
tive (B- and T-cells) or innate (NK cells) immune response, malignant 
transformation to lymphoma results in a highly heterogeneous group of 
malignancies. [3] Clinically, distinction is made between indolent and 
aggressive subtypes, with indolent lymphomas being less dangerous if 
left untreated. 

1.1. Epidemiology of lymphoma 

The incidence of lymphoma in Europe is approximately 16 in 
100,000 people, representing around 4 % of total malignancies. [7] The 
most frequently diagnosed subtypes of NHL are of B-cell origin, namely: 
diffuse large B-cell lymphoma (DLBCL, 30 %), follicular lymphoma (FL, 
20 %), extranodal marginal zone lymphoma (EMZL, 7 %) of the 
mucosa-associated lymphoid tissue (MALT), and chronic lymphocytic 
leukemia (CLL, 7 %). [6] In contrast, T- and NK-cell NHL subtypes are far 
less common, encompassing around 9 % of all lymphoma diagnoses 
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together. [6] Among the common subtypes of NHL, DLBCL is considered 
the most aggressive, with a median 10-year survival of 30-40 %,[8] 
while FL, CLL and EMZL are considered more indolent lymphomas, with 
median 10-year survival >80 %. [9,10,11] The T- and NK-cell NHL 
subgroups are similarly heterogeneous, encompassing both aggressive 
and indolent subtypes. [3] 

1.2. Genetic predisposition and heritability of susceptibility 

A familial predisposition to lymphoma has been established in large 
case-control and twin studies, with increased susceptibility often 
occurring across lymphoma subtypes and even extending to leukemia. 
[12] Nonetheless, the risk of lymphoma clusters by NHL subtype, with 
first-degree relatives of CLL patients having an 8.5 fold risk of CLL, 
first-degree relatives of DLBCL patients having a 9.8 fold increased risk 
of DLBCL and first-degree relatives of FL patients having a fourfold 
increased risk of FL. [12,13,14] In contrast, the increased risk of a 
subtype of NHL in individuals with a first-degree relative having a 
different NHL subtype is much lower at around 1.7 fold. [12,15] 

1.3. Cellular origins of lymphoma development 

Lymphoma development can only be understood in the context of 
normal lymphocyte development, as each step in the lymphoid devel
opment process may result in lymphomas with unique biological and 
clinical features (Fig. 1). [5] B-lymphocytes arise in the bone marrow, 
where semi-random recombination of a variety of V, D and J genes forms 
the immunoglobulin (IG) heavy chain (IGH) of the B-cell receptor (BCR), 
while the IG light chain is formed through recombination of V and J 
genes only. [16] T-lymphocytes initially arise in the bone marrow from 
hematopoietic stem cells as well, before migrating to the thymus to 
mature and undergo VDJ recombination of their T-cell receptor (TR) 
genes. VDJ recombination occurs through the introduction of controlled 
double strand breaks in the DNA by the recombination activating gene 

(RAG) enzymes. [17] While these DNA breaks are normally swiftly 
rejoined, errors in the DNA repair process can result in the chromosome 
translocations that are frequently observed in lymphomas. [18] Inter
estingly, many of these translocations involve the IG and/or TR gene 
loci, suggesting a potential role for antibody diversification processes in 
lymphomagenesis. [19] These translocations can alter proto-oncogene, 
tumor suppressor and miRNA expression, driving leukemia or lym
phoma development. [19,20,21] After B-cell development, the naïve 
B-cells migrate into the peripheral lymphoid tissues (blood, spleen, 
lymph nodes or mucosa-associated). [22] 

In the event that mature IgM+ B-cells recognize an antigen and 
receive concurrent stimulation from T-helper cells, the B-cell becomes 
activated and proliferates rapidly. [23] Upon B-cell activation, germinal 
centers are formed in the primary lymphoid follicles in the secondary 
lymphoid tissue. [23] During the germinal center reaction, affinity 
maturation occurs through somatic hypermutation (SHM) and isotype 
class switching under the influence of stimulation by T- follicular helper 
cells and follicular dendritic cells. [23,24] While the mechanisms 
involved are crucial in generating additional BCR diversity and perform 
efficiently on a population level, SHM and isotype switching nonetheless 
play a crucial role in the pathogenesis of several subtypes of lymphoma, 
including DLBCL, FL and Burkitt lymphoma (BL), resulting in both 
characteristic translocations in the IGH switch region and oncogenic 
gene mutations through SHM in non-IG genes. [19,20] 

While most lymphomas consist of malignantly transformed mature 
lymphocytes, the disease does not necessarily always originate from 
these cells, but might in some cases sprout from lymphoid precursor cells 
such as lymphoblasts, multi-lymphoid progenitor cells and hematopoi
etic stem cells as well. [25,26] This factor greatly complicates research 
into the pathogenesis of lymphoma, as lymphoid precursor cells are 
spread over many different locations in the body, including the bone 
marrow, blood, spleen, lymph nodes and thymus. Key driver events may 
occur at any stage during lymphocyte development, giving rise to highly 
diverse lymphoma subtypes (Fig. 1). Although reports of allogeneic bone 

Fig. 1. Schematic overview of lymphocyte development and development of common NHL subtypes. LBL: lymphoblastic lymphoma, CLL: chronic lymphocytic 
leukemia, DLBCL: diffuse large B-cell lymphoma, MCL: mantle cell lymphoma, MZL: marginal zone lymphoma, FL: follicular lymphoma, ALCL: anaplastic large-cell 
lymphoma, PTCL: peripheral T-cell lymphoma. Mantle cell lymphoma consists of malignant B-lymphocytes pre-germinal center reaction, while the B-cells in MZL are 
post-germinal center reaction derived. Figure inspired by Shankland et al. 2012 [5]. 
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marrow transplant donors and recipients developing identical mature 
lymphoid malignancies support the concept of stem cells harboring 
lymphoma-predisposing variants, their existence remains controversial. 
[25,27] 

1.4. Shared molecular features among lymphoproliferative disorders 

A variety of biologically and clinically distinct factors may contribute 
to lymphoma development/onset, including chronic viral and bacterial 
infections, autoimmune disorders and immune dysregulation. [12,14, 
28,29,30,31] Usually, this development is skewed towards a particular 
subtype of lymphoma. [31,32,33,34,35,36,37,38,39,40] Our under
standing of the shared underlying mechanisms among such heteroge
neous conditions is extremely limited. However, similarities too striking 
to be the result of mere coincidence have been observed among seem
ingly unconnected lymphoma-predisposing conditions. As an example, 
patients with chronic HCV infections develop nodal MZL utilizing the 
typical immunogenetics features of rheumatoid factor (RF) (so-called 
RF-like stereotypic features). [41,42,43,44,45,46,47] Highly similar 
RF-like stereotypic features were observed among primary Sjögren’s 
syndrome (pSS)-associated eMZLs and are associated with pSS patho
genesis in general. [46,47] Furthermore, patients with ocular adnexal 
MZL after Chlamydophila psittaci infection also present with RF-like 
stereotypic features. [48] BCR stereotypy is a broadly reported phe
nomenon among CLL patients and a subset of these patients even present 
with BCR stereotypy with RF-like features. [49,50,51,52] What biolog
ical mechanism would result in similar BCR stereotypy in clinically and 
biologically unique backgrounds like chronic viral infection, chronic 
bacterial infection and autoimmunity? Interestingly, biological simi
larities between these conditions are not restricted to immunogenetic 
features. B-cell activation marker levels are also significantly elevated 
during lymphoma development, although they have also been observed 
to be elevated in absence of lymphoma development among 
HCV-infected patients, pSS and SLE patients and EBV-infected patients. 
[53,54,55] These shared phenomena provide an interesting opportunity 
to explore shared or homologous underlying mechanisms for lymphoma 
predisposition among clinically unique conditions and provide exciting 
perspectives for novel methods of early detection with impact across 
lymphoma subtypes. 

1.5. Risk factors for lymphoma development 

While the risk of malignant transformation during lymphoid devel
opment and maturation is relatively low under normal circumstances, 
individuals with a dysregulated immune system are at increased risk of 
lymphoma and leukemia development. [29,30,31,56,57,58] Risk factors 
include inborn errors of immunity, autoimmune disease, immunosup
pressive treatment, environmental factors and chronic infections 
(Fig. 2). [30,31,59,60,61,62,63,64,65] The heterogeneous nature of the 
predisposed patient groups results in a highly context-dependent 
manifestation of lymphoma. To enhance the current standard for diag
nosis and treatment of lymphoma, it is crucial to understand the dif
ferences in risk factors and underlying mechanisms between 
predisposed patient groups. Through precision medicine new de
velopments can be applied in the right patient groups and adjusted ac
cording to specific needs. 

In this review the commonalities and differences in predisposition 
for subtypes of lymphoma will be discussed, with a focus on informative 
underlying mechanisms. While lymphoma encompasses a heteroge
neous group of malignancies, a bird’s eye view reveals a pattern of 
disruptions with at its core immune dysregulation, DNA repair and 
genomic instability. 

1.6. Populations predisposed to lymphoma development 

1.6.1. Patients with inborn errors of immunity 
Inborn errors of immunity (IEI), also referred to as primary immu

nodeficiencies, encompass a group of heterogeneous defects in cellular 
and humoral immunity. [30,57,66,67,68,69,70,71,72] Each deficiency 
or syndrome is characterized by its own unique mix of abnormalities in 
humoral and/or cellular immunity. [68] However, efforts to elucidate 
the pathogenesis of IEI quickly showed that the underlying genetic 
mutations had far-reaching implications for more than just the immune 
system’s response to infectious diseases. [73] The severely dysregulated 
immune system of IEI patients additionally increases the risk of allergies, 
autoimmunity and malignancies (relative risk of 1.4). [73] More spe
cifically, the relative risk of lymphoma in patients with IEI is 8-10 fold 
increased compared to the age-matched population. [69,70,72,73,74, 
75,76] Examples of IEIs associated with a marked predisposition to 
lymphoma include DNA repair defects (Ataxia telangiectasia [AT], Nij
megen breakage syndrome [NBS] and constitutional mismatch repair 

Fig. 2. Internal and external factors contributing to lymphomagenesis. EBV: Epstein-Barr virus, HCV: Hepatitis C virus. Figure adapted from Goldin and Landgren 
2009 [101]. 
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deficiency [CMMRD]), X-linked lymphoproliferative syndrome, Wis
kott–Aldrich syndrome, common variable immunodeficiency (CVID), 
autoimmune lymphoproliferative syndrome (ALPS) and Bloom syn
drome. [75] The relative risk of lymphoma in individual 
cancer-predisposing syndromes is rarely determined, perhaps partially 
because for many cancer predisposing syndromes the cancer diagnosis 
itself precedes the diagnosis of the underlying disorder. In this sense, 
calculation of a relative risk of cancer may be counterintuitive from a 
clinical perspective, while from a biological point of view the metric is 
highly relevant to understand the magnitude of the predisposition. 
Nonetheless, the available relative risk ratios for CVID (12.1 
[6.03-21.6]) and AT (165 [4.19-922]) suggest lymphoma predisposition 
can be quite extreme, particularly since the overall prevalence of lym
phoma in these patient groups is still relatively low compared to more 
overt cancer predisposition syndromes such as NBS and CMMRD 
(Table 1). [76] Interestingly, cancer-predisposing conditions can result 
in a more pronounced predisposition to leukemia or a more pronounced 
predisposition to lymphoma or may predispose to both. In most cases, 
the distinguishing factor is whether the predisposition is primarily 
lymphoid in origin or can extend to the myeloid compartment as well. In 
some conditions, there is an additional burden of solid tumors, often of a 
specific subtype, sometimes colocalizing with the site of lymphoma 
development. 

While the exact NHL-predisposing mechanism in cancer- 
predisposing conditions remains largely elusive, several theories have 
been considered (Table 1). Generally, a combination of impaired cell 
maturation, chromosome instability and abnormalities in cell signaling 
creates an environment in which cells are primed for malignant trans
formation. This issue is further compounded by the presence of chronic 

infections, inflammation and weakened immune surveillance due to the 
inherent immune deficiency associated with the conditions. [75] ALPS is 
a particularly interesting example of a syndrome where impaired 
apoptotic regulation predisposes to both lymphoma development and 
autoimmunity. Infection of lymphocytes themselves by pathogens such 
as EBV can result in malignant transformation through several mecha
nisms. Initial insertion of the virus in the host genome already triggers 
initiation of the DNA damage response, resulting in genome instability, 
particularly in otherwise predisposed patients. Furthermore, increased 
production of radical oxygen species in response to chronic infection and 
inflammation may result in DNA damage and the expression of viral 
oncogenes may result in inhibition of tumor suppressor pathways or in 
chronic cellular activation. [40,59,77,78] Altogether, IEI syndromes 
create a unique stress on the immune system, impairing essential func
tions such as tumor surveillance, antigen receptor diversification, clonal 
expansion, immune response regulation and viral clearance. This 
stressed environment results in a multifactorial and context-dependent 
predisposition to cancer, including NHL subtypes. 

1.6.2. Patients with autoimmune disorders 
Consistent evidence linking particular forms of autoimmunity and an 

increased risk of lymphoma development has been reported for over 
three decades, especially for rheumatoid arthritis (RA), pSS, and sys
temic lupus erythematosus (SLE). [33,35,58,60,101,102,103,104] 
These associations are thought to arise from a combination of chronic 
immune stimulation, immunomodulatory treatment and shared under
lying genetic or environmental factors resulting in immune dysregula
tion. [101] Processes specifically impaired in B-cells in systemic 
autoimmune diseases like RA, pSS and SLE include IG receptor editing, 

Table 1 
inborn errors of immunity associated with lymphoma predisposition. Lymphoma subtype distribution derived from Attarbaschi et al. 2016 and Seif et al. 2011. [75,79] 
Percentages of patients developing hematological malignancies are only provided for syndromes where more than 10 lymphoma cases were studied.  

IEI condition (transmission 
mode, incidence) 

Associated NHL subtype Pathogenic mechanism % of patients developing 
hematological 
malignancy 

References 

Constitutional mismatch repair 
deficiency (AR, 
<1:1,000,000) 

T-LBL (81%), DLBCL (9.5%), BL 
(4.8%), BCP-LBL (4.8%) 

Germline mutation in mismatch repair genes MLH1, MSH2, 
MSH6 or PMS2. Accumulation of genetic mutations. 

45/146 (30.8%) [56,70,80, 
81,82] 

Ataxia telangiectasia (AR, 
1:4000) 

DLBCL (53%), BL (18.8%), B-NHL 
n. sp. (6%), ALCL (6%),BCP-LBL 
(6%), PTCL (3%), other (6%) 

Germline mutation in the ATM gene, resulting in disruption 
of DNA double- and single-strand break repair and 
dysregulation of cell cycle checkpoints. 

58/279 (20.8%) [72,75,76, 
83,84] 

Nijmegen breakage syndrome 
(AR, 1:100,000) 

DLBCL (30.8%), PTCL (23%), T- 
LBL (19%), B-NHL NOS (8%), BL 
(4%), other (11%) 

Germline mutation of the NBN gene, disrupting DNA double- 
and single-strand break repair and regulation of cell cycle 
checkpoints through ATM. 

136/226 (60.2%) [57,85,86, 
87,88,89] 

X-linked lymphoproliferative 
syndrome (recessive, 
1:1,000,000) 

DLBCL (45.5%), BL (45.5%),B- 
NHL NOS (9%) 

Germline mutations in SH2D1A resulting in impaired T-cell 
and NK-cell immunity, dysgamma-globulinaemia and 
increased susceptibility to primary EBV infection. 

82/272 (30.1%) [90,91] 

Wiskott–Aldrich syndrome (X- 
linked recessive, ~1:250,000) 

DLBCL, BL, ALCL Germline mutation of WAS gene, resulting in extensive 
immune impairment across the innate and adaptive immune 
system. Impaired immunity against EBV contributes to 
lymphoma predisposition. 

27/379 (7.1%) [92,93] 

Common variable 
immunodeficiency (unknown, 
~1:50,000) 

DLBCL, BL, MZL,ALCL, PTCL A variety of mutations have been described in CVID patients, 
primarily associated with B-cell development, maturation 
and activation. Impaired immunity to EBV and H.pylori may 
contribute to lymphoma predisposition. 

75/2212 (3.4%) [94,95,96] 

Autoimmune 
lymphoproliferative 
syndrome (AD, <1:1,000,000) 

BL, FL, T-cell lymphoma 
(Primarily associated with HL.) 

Heterozygous loss of function mutations in the FAS signaling 
pathway. Failure of apoptotic regulation to maintain 
lymphocyte homeostasis leads to both autoimmune 
phenomena and an increased risk of lymphoma 
development. 

10/130 (7.7%) [97,98,99] 

Bloom syndrome (AR, 1:50.000) B-NHL NOS Loss of function mutation of the BLM gene. The BLM gene 
encodes a RecQ helicase essential in supporting chromosome 
stability. BLM mutations result in high levels of homologous 
chromosome recombination resulting in a high burden of 
somatic mutations. 

77/145 (53%) [66,79,100] 

Abbreviations: IEI, inborn errors of immunity; AR, autosomal recessive; AD, autosomal dominant; NHL, non-Hodgkin lymphoma; T-LBL, T-cell lymphoblastic lym
phoma; DLBCL, diffuse large B-cell lymphoma; BL, Burkitt lymphoma; B-NHL NOS, B-cell non-Hodgkin lymphoma subtype not otherwise specified; BCP-LBL, B-cell 
lymphoblastic lymphoma; ALCL, anaplastic large cell lymphoma; PTCL, peripheral T-cell lymphoma; MZL, marginal zone lymphoma; HL, Hodgkin’s lymphoma; 
MLH1, MutL homolog 1; MSH2, mutS homolog 2; MSH6, mutS homolog 6; PMS2, PMS1 homolog 2, ATM, ataxia telangiectasia mutated; NBN, Nibrin; SH2D1A, SH2 
domain containing 1A; WAS, WASP Actin Nucleation Promoting Factor; FAS, first apoptosis signal receptor; BLM, BLM RecQ like helicase. 
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peripheral selection, differentiation, and B-cell activation and prolifer
ation. [102,105,106,107] These affected processes become clinically 
apparent in the form of hypergammaglobulinemia, circulating autoan
tibodies and immune complexes, altered B-cell subsets, ectopic 
lymphoid tissue formation, benign lymphoproliferation and an 
increased risk of B-NHL. [35,102,104,108] Nonetheless, conclusive ev
idence characterizing the putative link between autoimmunity and 
lymphoma is difficult to obtain, due to the rarity and heterogeneity of 
both conditions. 

Furthermore, the relative risk of lymphoma development in distinct 
autoimmune disorders such as RA (3.9), SLE (7.4) and pSS (18.8) differs 
substantially, suggesting distinct underlying mechanisms[33] (Table 2). 
Generally, the associated lymphomas develop during the antigen acti
vation or affinity maturation stages of B-cell differentiation, an obser
vation supported by the SHM load of the rearranged IGHV gene in these 
lymphomas. [109] Particular subtypes of NHL have been associated 
with specific autoimmune diseases. [102] For pSS in particular, MALT 
lymphoma is the most common NHL subtype diagnosed, with a 28-fold 
increased risk compared to the general population. [58,102,110] 
Interestingly, the degree of high-grade vs low-grade lymphomas varies 
between the autoimmune disorders, with a high incidence of low-grade 
extranodal MZL in pSS in comparison to a dominance of high-grade 
DLBCL cases for SLE and RA (Table 2). [102] Other autoimmune dis
eases previously associated with lymphoma include Crohn’s disease, 
celiac disease, sarcoidosis, systemic sclerosis, psoriasis and discoid lupus 
erythematosus. [101] 

In pSS, the produced autoantibodies cover a wide spectrum, 
including antinuclear antibodies, anti-Ro/SSA, anti-La/SSB and RF. 
[111] Strikingly, parotid MALT lymphomas in pSS frequently produce 
antibodies with RF activity, suggesting autoreactivity is an early driver 
during lymphoma development. [45,46,47,112,113] These RF clones 
are characterized by the usage of either IGHV4-59/IGHJ2, 
IGHV4-59/IGHJ5, IGHV1-69/IGHJ4 or IGHV3-7/IGHJ3 in combina
tion with an IGKV3-15 or IGKV3-20 IG light chain rearrangement. [45, 
46,47,113] Therefore, a putative model for parotid MALT lymphoma
genesis in pSS is that RF clones organize in ectopic germinal center-like 
structures in a salivary gland, stimulating SHM, proliferation and 
accumulation of driver mutations. [114,115,116] In fact, such clonal 
populations with RF stereotypy are already detectable in lip biopsies 
taken years before MALT lymphoma diagnosis in pSS patients. [112] In 
RA, lymphoma development has been associated with persistent in
flammatory activity and disease severity, with a 9-fold increased risk of 
NHL in patients with persistent inflammation and a 70-fold increased 
lymphoma risk among patients with severe longstanding RA. [117,118] 
The role of immunosuppressive therapy in lymphoma development is a 
much studied topic in RA, with inconclusive results. Because the vast 
majority of RA patients are treated with immunosuppressive therapy, it 
is difficult to discern between the effect of the disease itself and the effect 
of the treatment given on lymphoma development. The results of most 
recent studies suggest there is no strong association between 

immunosuppressive therapy received and NHL. [117,118,119,120,121, 
122,123] In SLE, the risk factors for lymphoma development are more 
unclear, as associations with disease activity and EBV status have been 
explored, but no conclusive associations have been found. An associa
tion has been described between the expression of a 
proliferating-inducing ligand (APRIL), a cytokine, in DLBCL lymphoma. 
Interestingly, APRIL was highly expressed in DLBCL cases associated 
with SLE, while the association was not found for RA. This finding hints 
at disease-specific underlying mechanisms. [124,125] 

Altogether, a link between autoimmune disease and lymphoma has 
been robustly established, but much remains to be discovered on the 
underlying pathobiological mechanisms and clinical features. As a 
general concept, autoimmunity appears to precede and facilitate lym
phoma development through (auto)antigen stimulation, inflammation 
and immune modulation, though in some cases both diseases may result 
from the same predisposing condition, e.g. BAFF overexpression. [33, 
126] 

1.6.3. Iatrogenic immunosuppression: solid organ and hematopoietic stem 
cell transplant recipients 

Other individuals at increased risk of lymphoma development 
include hematopoietic or solid organ transplant recipients. [20] 
Post-transplant lymphoproliferative disease (PTLD) is a heterogeneous 
group of lymphoid disorders arising after solid or hematopoietic stem 
cell transplantation. [39,63,155,156] The cell of origin for most PTLDs is 
the B-cell, although ~5 % is derived from T- or NK-cells. [157] While 
PTLD can range from indolent polyclonal lymphoproliferations to 
aggressive lymphomas, PTLD is generally considered a serious compli
cation of organ transplantation, with historical mortality rates reaching 
as high as 70 %. [157] More recently, outcomes have improved signif
icantly after introduction of novel therapeutic agents such as rituximab, 
resulting in a 3 year overall survival of 73 %. [158] The incidence of 
PTLD varies based on the transplanted organ and is thought to correlate 
with the degree of immunosuppressive therapy required, ranging from 
1-5 % in kidney and liver transplant recipients to 8-25 % in heart, lung, 
intestinal and multi-organ transplant recipients (Table 3). [159] Esti
mated incidence rates for PTLD can vary considerably between studies 
and between centers. This is partly the result of the relatively low rate at 
which solid organ transplants are performed, resulting in a relatively 
small sample size, especially for single-center studies. Additionally, the 
observed differences in incidence rates may partly depend on differences 
in follow up time between the studies, the type of immunosuppressive 
treatment given and EBV-serostatus of the participants. [160] 

Epstein–Barr virus (EBV) infection plays an essential role in the 
pathogenesis of most forms of PTLD and infection with EBV or reac
tivation of a latent infection following solid organ transplantation is a 
crucial risk factor for PTLD development. [155,161] Infection with EBV 
can occur prior or after transplantation through the normal transmission 
route in saliva or alternatively as a consequence of transplantation via a 
graft from an EBV-positive donor in an EBV-negative recipient. [160] 

Table 2 
Autoimmune disorders associated with lymphoma predisposition.  

Autoimmune disorder Associated NHL 
subtype 

Pathogenic mechanism Relative risk of 
lymphoma [95% 
CI] 

References 

Primary Sjögren’s 
syndrome (pSS) 

eMZL (75-80%), 
DLBCL (10-20%) 

The leading theory is that autoreactive B-cells essential to the pathogenesis of 
pSS become malignant under the pressure of somatic hypermutation, 
proliferation and accumulation of driver mutations. 

18.8 [9.5-37.3] [33,127,128,129,130,131, 
132,133,134] 

Systemic lupus 
erythematosus 
(SLE) 

DLBCL(50-60%), 
MZL, MCL 

Unclear, associations with disease activity and EBV status have been 
explored, but no conclusive associations have been found. 

7.4 [3.3-17.0] [124,125,135,136,137, 
138,139,140,141,142,143, 
144,145] 

Rheumatoid arthritis 
(RA) 

DLBCL (~67%) Primarily EBV- NHL (83%), not associated with immunosuppressive therapy. 
Risk of lymphoma correlates with persistent inflammatory activity and 
disease severity. 

3.9 [2.5-5.9] [104,146,147,148,149, 
150,151,152,153,154] 

Abbreviations: CI, confidence interval; eMZL, extranodal marginal zone lymphoma; DLBCL, diffuse large B-cell lymphoma; MCL, mantle cell lymphoma. 

P.M. Kolijn and A.W. Langerak                                                                                                                                                                                                             



Immunology Letters 263 (2023) 46–59

51

Naturally, PTLD following EBV-reactivation is more common in adults, 
while children with PTLD are more likely to experience a primary EBV 
infection. Consequently, PTLD incidence is significantly increased in 
pediatric solid organ transplantation compared to adults (Table 3). 
[160] Additionally, the incidence of PTLD is increased among 
EBV-negative recipients, supporting the role for primary EBV infection 
in PTLD development. EBV-negative PTLD may constitute a distinct 
entity, representing around 30-45 % of all PTLD cases. EBV-negative 
PTLD is characterized by late development post-transplant compared 
to EBV-positive PTLD (62 months vs 11.5 months after solid organ 
transplantation). [157,162,163] Furthermore, EBV- PTLD is more 
frequently monomorphic than EBV+ PTLD (67 % vs. 42 %). [163] The 
incidence of EBV-negative PTLD increases with post-transplant follow 
up and is increased compared to lymphoma incidence rates in the 
healthy population, indicating other causal factors like the immuno
suppressive treatment may be at play. [163] 

Historically, reduction of immunosuppressive treatment has been the 
standard of care after diagnosis of early lesions and polymorphic PTLD, 
achieving response rates of 45 % for reduction of immunosuppressive 
treatment alone and 70 % when combined with surgical excision. [164] 
Whereas monomorphic PTLD can also respond to reduction of immu
nosuppressive treatment, remission rates are significantly improved by 
rituximab-based therapy. [158] Nonetheless, PTLD remains a serious 
complication after solid organ transplantation, prompting extensive 
study into potential biomarkers for PTLD development. [165] A key 
focus in these studies has been monitoring of molecular changes in 
B-cells upon EBV infection. Antibodies against latent and lytic cycle EBV 
proteins are used in combination with quantitative PCR of EBV DNA to 
accurately assess the dynamics of EBV infection. [165,166,167,168] 
Both host and EBV-derived miRNAs have been implicated in PTLD 
pathogenesis. [169,170,171,172,173] For EBV, the miRNAs of interest 
are derived from the BART and BHRF viral open reading frames, while 
the major host miRNAs of interest were miR-155, previously associated 
with B-cell lymphoma, and miR-194, a known regulator for IL-10. [165, 
169,170,171,172] 

Levels of IL-10 in the serum have been shown to increase at the time 
of EBV+ PTLD diagnosis[174,175,176]. A correlation between IL-6 
levels and PTLD development and progression has previously been 
described, though this result is not consistent across all studies. [174, 
175,176] Soluble CD30 (sCD30), a marker for B-cell activation, has 
previously been shown to be specifically elevated in transplant re
cipients who developed PTLD compared to healthy controls and 

transplant recipients who did not develop PTLD. [177] While the 
observed elevation of these cytokines and soluble molecules is inter
esting, none of the markers are particularly specific for PTLD develop
ment. Elevation of these markers has previously been described 
following a broad range of processes that could present as a potential 
confounder in organ transplant recipients, including viral infection, 
graft rejection, cancer, and autoimmunity. [178,179,180,181,182,183, 
184] As currently no biomarkers are actively used in the diagnosis or 
prognosis of PTLD, an acute need exists for an improved understanding 
of PTLD development in general and new methods of early detection of 
PTLD in particular. [165] 

In comparison to PTLD following solid organ transplantation, PTLD 
in hematopoietic stem cell transplant (HSCT) recipients presents with 
both similarities and unique features. The similarities include a strong 
association with EBV and immunosuppressive therapy, while the unique 
features include the increased incidence of PTLD observed after T-cell 
depletion and use of a cord blood donor. In the event that HSCT was 
given as treatment for lymphoma, it can be difficult to distinguish be
tween a relapse and PTLD. Thus, these cases are often excluded from 
consideration when evaluating the risk of PTLD after HSCT. Graft vs host 
disease (GVHD) is an additional complicating factor, as some studies 
have shown an increased risk of PTLD following GVHD, although it is 
difficult to assess whether this is the result of the GVHD itself or the 
immunosuppressive treatment used (anti-thymocyte globulin). [185, 
186,187,188] The relatively high mortality associated with GVHD 
following HSCT also complicates the assessment of the mortality asso
ciated with PTLD following HSCT. Altogether, it is clear that the risk of 
PTLD following both solid organ transplantation and HSCT is 
considerable. 

1.6.4. Individuals suffering from chronic infections 
One of the most important risk factors for lymphomagenesis is 

chronic inflammation. [201,202,203] Thus, most models for lympho
magenesis involve some form of antigenic or environmental trigger for 
inflammation, with the most common causal agents being the above 
discussed autoimmune reactions and chronic infections. [203] Here, 
some of the most well-characterized associations between chronic 
infection and lymphomagenesis will be further described. Several viral, 
bacterial and parasitic infections have been linked to lymphoma 
development. For viral infections, lymphomagenesis is usually mediated 
by one or more of the following mechanisms: chronic inflammation, 
suppression of the host immune system, introduction of mutations in the 
host genome during viral insertion and activation of viral oncogenes 
inducing host cell transformation. [204] The Epstein-Barr virus (EBV) 
was first discovered in 1964 in the endemic form of BL in sub-Saharan 
Africa. [37] The virus was shown to be capable of inducing oncogenic 
transformation of human leukocytes in vitro in 1968. [205] Neverthe
less, EBV infection is mostly asymptomatic and EBV has been shown to 
be latently present in B-cells of most of the world’s adult population. 
[206] This interesting contradiction shows that additional factors are 
required after EBV infection to induce malignant transformation of 
B-cells. In the following decades, three chromosomal translocations 
were discovered in BL between the MYC oncogene on chromosome 8 
and one of the IGH, IGK or IGL gene loci on chromosome 14, 2 or 22 
respectively. [207,208,209] These translocations effectively connect the 
MYC oncogene to the transcriptional regulators of an IG locus resulting 
in constitutive expression of Myc and proliferation of clonal B-cells. 
However, Myc overexpression also induces apoptosis, requiring a second 
independent event promoting B-cell survival before malignant trans
formation. [37,210,211,212] EBV infection provides one avenue to
wards this anti-apoptotic function through the expression of the viral 
protein EBNA1 (see below). [212] Superinfection with Plasmodium fal
ciparum malaria can worsen this effect by inducing EBV-specific T-cell 
exhaustion, while simultaneously promoting B-cell activation and 
stimulating the EBV lytic cycle. [213,214,215] EBV has also been 
implicated in the pathogenesis of HL, PTLD, DLBCL, PCNSL and other 

Table 3 
Lymphoma predisposition in solid organ and hematopoietic stem cell transplant 
recipients.  

Transplantation type % of patients developing 
PTLD 

References 

Kidney transplant Adult: 
1–2.3% 
Pediatric: 
1.2–10.1% 

[189,190,191] 

Heart transplant Adult: 
1–6.3% 
Pediatric: 
6.4–19.5% 

[189,192] 

Liver transplant Adult: 
1–2.8% 
Pediatric: 
4–15% 

[193] 

Intestinal transplant Overall: 11- 
21% 

[194,195,196] 

Lung transplant Adult: 4.2–10% 
Pediatric: 
6.4–19.5% 

[189,192] 

Hematopoietic stem-cell 
transplant 

Overall: 0.5-17% [187,197,198,199, 
200] 

Abbreviations: PTLD, post-transplant lymphoproliferative disorder. 
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subtypes of lymphoma. [40,169,175,216,217,218,219] 
To understand the ways that EBV might contribute to lymphoma

genesis, mechanistic insight into the interactions between EBV and the 
host genome is essential. EBV-infected cells in latency III, the growth 
state, express the nuclear antigens EBNA 1, 2, 3A, 3B, 3C, and -LP, latent 
membrane proteins (LMPs 1, 2A, and 2B), viral miRNAs and the non- 
coding Epstein–Barr-encoded RNA (EBER), many of which are rele
vant to EBV-related lymphomagenesis. [37,220,221] In latency 0, 
memory B cells infected with EBV downregulate latent gene expression 
to avoid recognition by EBV-specific immune cells. [37] Upon division 
during normal memory B-cell homeostasis, the infected B-cells enter 
latency I by switching on EBNA1, as EBNA1 is required for the segre
gation of viral episomes to daughter cells. [222] The latency I state most 
closely resembles the state of EBV-positive BL. The latency II or default 
program of EBV results in expression of EBNA1, LMP1 and LMP2. [223] 
LMP1 is a functional homologue of CD40, driving NF-kB activation and 
downstream signaling pathways, while LMP2 mimics the presence of a 
functional B cell receptor. [224,225] Both LMP1 and LMP2 stimulate 
B-cell survival. EBNA1 is a viral protein enabling persistence of the EBV 
genome in the host nucleus through its carboxyterminal DNA-binding 
domain. [226] Recently, a particular EBNA1 binding site sequence in 
the human genome consisting of an 18-bp imperfect palindromic was 
identified on chromosome 11q23. [226] Repetitive sequences in the 
DNA have long been known to present challenges to genome stability, as 
replicative stress can lead to errors during DNA replication at these sites 
and result in the formation of aberrant structures before mitosis. Thus, 
particular repetitive stretches of DNA have been named “fragile sites” 
and their location correlates with recurrent breakpoints in cancer. [226] 
These breakpoints promote carcinogenesis through deletion of tumor 

suppressor genes, amplification of oncogenes or through the generation 
of fusion oncogenes through rearrangements initiated by breakage at the 
fragile site. Interestingly, the recently identified EBNA1 binding site is 
located relatively close to a well-known tumor suppressor gene, the ATM 
gene (6 Mb proximal) and a well-known proto-oncogene, the mixed 
lineage leukemia (MLL) gene (4 Mb distal). [226] Aberrations in ATM 
gene are associated with a variety of cancers, including lymphoma and 
leukemia. Alterations in the MLL gene are associated with 70 % of infant 
leukemias and 10 % of adult acute myeloid leukemias. EBNA1 binding 
was observed to induce breakage of chromosome 11, which could pu
tatively result in the production of the variety of structural variants on 
chromosome 11 observed in EBV-associated cancers. [226]Table 4 

Hepatitis C virus (HCV) is associated with B-NHL, especially MZL and 
DLBCL in addition to cirrhosis, hepatocellular carcinoma and liver 
failure. [77] In contrast to EBV, direct infection of B-cells by HCV has not 
been convincingly shown, though binding of HCV protein E2 to the 
CD81 receptor is capable of inducing SHM of the IG gene locus through 
AID activation. [228] Approximately half of individuals chronically 
infected with HCV have asymptomatic cryoglobulinemia, transforming 
to NHL in up to 5 % of patients, though progression rates vary signifi
cantly geographically. [253] In cryoglobulinemia, chronic HCV infec
tion induces a benign monoclonal B-cell expansion producing an IgM 
antibody with RF activity. [77] Strikingly, HCV-associated nodal MZL 
utilizes IGHV1-69 combined with IGKV3-20 or IGKV3-15, reminiscent of 
the previously discussed RF stereotypy in pSS. [41,42,43,44,45,46,47] 
This similarity between a HCV-triggered aberrant B-cell proliferation 
and an autoimmune-based MALT lymphoma is fascinating and suggests 
that shared underlying mechanisms can be triggered by remarkably 
diverse processes. 

Table 4 
Chronic infections associated with NHL development.  

Chronic infection Associated NHL subtypes Pathogenic mechanisms Biomarkers for NHL 
development 

References 

Epstein-Barr Virus (EBV) BL, PTLD, DLBCL, PCNSL, B- 
NHL n. sp. 

Anti-apoptotic function through EBNA1, translocations involving 
MYC, super infection involving Plasmodium Falciparum. LMP1 is a 
functional homologue of CD40, while LMP2 mimics the presence 
of a functional B cell receptor, both stimulating B-cell survival. 
EBNA2 mimics the Notch1 pathway. Viral non-coding RNAs may 
also play a pathogenic role. 

EBV and host 
miRNA’s, host protein 
markers 

[37,205,211,214, 
227] 

Hepatitis C Virus (HCV) MZL, DLBCL, B-NHL n. sp. IG stereotypy, induction of SHM through AID through CD81. Unknown [41,43,44,228] 
Human T cell lymphotropic 

virus type 1 (HTLV-1) 
ATLL Tax-1 activates the NF-κB signaling pathway, modulating DNA 

damage repair and stimulation of proliferation through cell cycle 
progression, immune surveillance suppression. 

sCD30 [229,230,231,232, 
233] 

Human immunodeficiency 
virus (HIV) 

BL, DLBCL, PCNSL, PEL Co-infection with EBV, HHV-8, HCV. Expression of viral proteins 
influencing B-cell function and activation, e.g. aberrant 
expression of single-stranded DNA cytosine deaminase and RAG1 
through Tat. Suppression of T-cell functions impairs tumor 
surveillance and may promote expansion of (EBV- and/or HHV8- 
infected) B cells. 

IL-10, IL-6, sCD27, 
sCD30, free light 
chain 

[36,38,234,235, 
236,237,238,239, 
240,241] 

Human Herpesvirus-8 
(HHV-8) 

BL, DLBCL Co-infection with HIV. Gamma herpes virus with tropism for 
lymphocytes, endothelial cells, keratinocytes and marrow 
stromal cells. LNA1 inhibits TP53 and RB1, impairing apoptosis of 
infected cells. v-Cyc is a viral homologue of cyclin D and binds to 
CDK6, resulting in resistance to CDK inhibitors, progression 
through the cell cycle, and uncontrolled cell division. vFLIP 
inhibits apoptosis by blocking Fas-mediated caspase activation 
and activating NF-κB. 

Unknown [235,242] 

Helicobacter pylori MALT lymphoma Ectopic B-cell structures reminiscent of Peyer’s patches in the 
stomach lining, chronic inflammation through the CagA protein 
and the VacA toxin. 

miR-155 [32,243,244,245, 
246,247,248] 

Borrelia burgdorferi Primary cutaneous 
lymphoma 

Unclear Unknown [249] 

Chlamydophila psittaci ocular adnexal MZL Unclear Unknown [48,250] 
Campylobacter jejuni immunoproliferative small 

intestine lymphoma 
Unclear Unknown [244,251] 

Plasmodium Falciparum 
malaria 

BL Co-infection with EBV. Plasmodium infection may cause 
extended germinal center reactions, increasing the risk for B cell 
transformation in the germinal center. 

Unknown [213,252] 

Abbreviations: DLBCL, diffuse large B-cell lymphoma; BL, Burkitt lymphoma; B-NHL n. sp., B-cell non-Hodgkin lymphoma subtype not specified; MZL, marginal zone 
lymphoma; PCNSL, primary central nervous system lymphoma; ATLL, adult T-cell leukemia/lymphoma; PEL, primary effusion lymphoma; 
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As the name indicates, human T cell lymphotropic virus type 1 
(HTLV-1) predominantly infects T-cells and is endemic across parts of 
the Middle East, Asia, Africa, the Caribbean and Australia. [204] HTLV-1 
transmission occurs through bodily fluids, primarily during breastfeed
ing and sexual contact. Of the estimated 10 million people infected with 
HTLV-1 across the world, most (>95 %) will remain asymptomatic, 
though the remainder (2-5 %) progress to an aggressive form of leuke
mia called adult T-cell leukemia/lymphoma (ATLL) after an extended 
latency period. [229] While HTLV-1 predominantly infects CD4+ T-cells, 
other cell types including CD8+ T-cells, endothelial cells, B-lympho
cytes, myeloid cells, and fibroblasts can be infected as well. [231,232] 
Several oncogenic mechanisms are at play during HTLV-1 infection. 
First, prolonged infection with HTLV-1 may induce chronic inflamma
tion, production of reactive oxygen species and nitrogen radicals, 
damaging the cell membrane and DNA and inducing cellular stress. 
[254] Second, insertion of HTLV-1 oncogenes reduces tumor suppressor 
gene expression and induces mitosis. [255] Third, HTLV-1 infection 
promotes immune escape by inhibiting immune surveillance. [230,233, 
234,255,256] 

Although many of the most severe symptoms of HIV infection can 
presently be managed through antiretroviral therapy (ART), HIV 
infection still carries an excess risk of lymphoma development. [234] 
HIV infection is particularly associated with BL, DLBCL, primary CNS 
lymphoma (PCNSL), HL, and primary effusion lymphoma (PEL). [38,59, 
257] Lymphoma in HIV-infected patients is often driven by co-infection 
with human-herpesvirus-8 (HHV-8) or EBV due to general loss of CD4 
T-cells and/or the loss of EBV- or HHV-8 specific CD8 T-cells. [38,234, 
235] Coinfection with HBV or HCV virus also results in an increased risk 
of lymphoma. [36,236,237,238,239,240,241,258,259] HIV itself may 
directly contribute to lymphomagenesis as well, through expression of 
viral proteins (Tat, gp120, gp17 and CD40-L) influencing B-cell function 
and activation; Tat, for example, induces aberrant expression of 
single-stranded DNA cytosine deaminase and RAG1, resulting in DNA 
damage and translocation of the MYC gene to the IGH locus. [237,238, 
239] Biomarkers for lymphoma development in HIV patients include 
B-cell activation markers previously described in other lymphoma sub
types. HIV patients with elevated levels of free light chains (FLC) in the 
serum carry an eightfold increased risk of lymphoma. [240] IL-10 and 
IL-6 levels are also elevated prior to diagnosis of HIV-associated lym
phoma. [241,258] In cohort studies, HIV viremia and depth of CD4 nadir 
increase lymphoma risk. [259] Even planned interruption of ART results 
in a 3.7-fold increased lymphoma risk. [259] 

Alongside viral infections, several bacterial infections have also been 
shown to increase lymphoma risk, with Helicobacter pylori (H. pylori) 
being the best described. [243,244] H. pylori is specifically associated 
with the development of gastric MALT lymphoma, an indolent NHL 
subtype. [243] H. pylori has adapted for long term colonization of the 
human gastric mucosa. [243] The current model for lymphomagenesis is 
that H. pylori first attracts B- and T-lymphocytes to the stomach lining by 
inducing chronic inflammation. Next, the lymphocytes form an ectopic 
follicle and proliferate upon antigen stimulation. Finally, the activated 
B-cells progress to MALT lymphoma. [32,244,245,246,247,260] Eradi
cation of H. pylori through antibiotics and proton-pump inhibitors re
sults in long term remission of gastric MALT lymphoma in 60-90 % of 
patients. [248] Other bacteria associated with lymphoma risk include 
Borrelia burgdorferi with primary cutaneous lymphomas, Chlamydophila 
psittaci with ocular adnexal marginal zone lymphoma (OAMZL), and 
Campylobacter jejuni with immunoproliferative small intestine lym
phoma. [249,250,251] Notably, the relationship between OAMZL and 
specific bacterial infections has only been shown in some geographical 
areas, primarily in Italy. Interestingly, 11 % of patients with OAMZL 
clones present with the same RF stereotypy previously observed in 
HCV-related lymphoma and in pSS-associated MALT lymphoma. [48] 
Additionally, BCR specificity for Moraxella catarrhalis and Rothia muci
laginosa-derived antigens has been shown for the nodular lymphocyte 
predominant form of Hodgkin lymphoma, suggesting an infectious 

driver of this type of lymphoma. [261,262] 
In summary, a diverse set of pathogens have the capacity to influence 

lymphoma development, resulting in unique drivers for lymphoma
genesis. Nonetheless, parallels in the form of chronic inflammation, 
targeted signaling pathways and antigenic stimulation can be observed 
across pathogens which are associated with lymphomagenesis. Inter
estingly, direct interaction between pathogens may further increase the 
risk of lymphomagenesis, as described for EBV and Plasmodium falcipa
rum malaria and for HIV and gamma herpesviruses. 

1.6.5. Interplay of exposome and aging with predisposing conditions 
Environmental exposures have been epidemiologically and experi

mentally implicated in the risk of lymphoma development. [263] 
Notably, evidence supporting an association between different expo
sures and lymphoma is often difficult to establish, as the overall inci
dence of lymphoma is relatively low and the degree of exposure is 
difficult to quantify retrospectively. Nonetheless, several risk factors 
associated with lymphoma development have been reported. Studies by 
the International Agency for Research on Cancer (IARC) and Interna
tional Lymphoma Epidemiology Consortium (InterLymph) have docu
mented hundreds of exposures associated with lymphoma risk. [264, 
265] The influence of ionizing radiation on lymphoma risk in particular 
has been extensively investigated, although results remain inconclusive, 
with external comparisons typically showing lymphoma rates similar to 
the general population, while internal analyses (comparing rates for 
exposed workers vs. unexposed workers rather than vs. the general 
population) tend to suggest a dose-dependent excess lymphoma risk. 
[266] This discrepancy may be partially explained through the healthy 
worker effect, meaning the average worker tends to be healthier than the 
average member of the general population, resulting in an artificial 
underestimation of cancer risk when performing external comparisons. 
A higher incidence of CLL among those working or living on a farm has 
been consistently shown. [263,267,268] The increased incidence of CLL 
among farmers has been contributed to various potential causes, 
including exposure to pesticides and exposure to immunogenic particles 
or oncogenic viruses from livestock. [267,268] An epidemiological as
sociation between insecticides and lymphoma has been shown, but no 
direct toxicological evidence supporting this association exists. [268] An 
association between herbicides and lymphoma has not been consistently 
shown across studies, though some evidence exists supporting an 
increased relative risk of lymphoma for the highest exposure quartile 
among pesticide users exposed to glyphosate, one of the most heavily 
used herbicides worldwide. [34,269] Additionally, a recent 
meta-analysis showed a significantly increased relative risk of lym
phoma after glyphosate exposure. [34] Other risk factors associated 
with lymphoma include smoking status, residential or occupational 
exposure to petroleum, exposure to benzene and occupational exposure 
to metals, occupational exposure to chlorinated solvents, and employ
ment as hairdresser. [270,271,272,273,274,275] Smoking status was 
particularly associated with T-NHL subtypes and HL was associated with 
smoking status as well. An important mediator of the interaction be
tween environmental exposures and lymphoma risk may be immune 
dysregulation. Specifically, exposure to pollutants, such as poly
chlorinated biphenyls (PCBs), may result in immunomodulation, 
thereby significantly altering outcomes following (viral) infection. As an 
example, expression levels of miR-155, a microRNA previously associ
ated with B-cell lymphomas, were significantly increased in vitro in 
chicken embryo fibroblasts following exposure to PCBs and infection 
with the avian lymphoma-causing Gallid Herpes Virus 2, illustrating the 
potential for chemical induction of immunomodulation to affect the risk 
of lymphoma development. [276] 

Factors protective for lymphoma risk have been reported as well, 
most notably a diagnosis with any atopic condition (including allergy, 
hay fever, asthma, or eczema) as well as recreational sun exposure. [263, 
277] The reduced lymphoma risk among those suffering from atopic 
conditions remains poorly understood, but may involve the extensive 
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modulation of immune function in these conditions. [263] Increased 
vitamin D production may explain the protective effect of recreational 
sun exposure, as vitamin D has been shown to have antiproliferative 
effects on lymphoma cell lines. [278] Previous studies into the rela
tionship between vitamin D and lymphoma risk have however been 
inconclusive. [279,280] 

The overall incidence of lymphoma is strongly increased among the 
elderly, resulting in a median age for non-Hodgkin lymphoma patients 
of 67 years. In many international prognostic scoring systems, age over 
60 remains an adverse risk factor for overall survival and treatment 
response. [281] Interestingly, the dominance of particular lymphoma 
subtypes also changes between age groups, where children present with 
a dominance of Hodgkin and Burkitt lymphoma, adults over 40 present 
with predominantly DLBCL and follicular lymphoma. Aging has signif
icant impact on a diverse set of molecular pathways, affecting many 
essential processes in the body. The hallmarks of aging include: loss of 
proteostasis, disabled macro-autophagy, deregulated nutrient sensing, 
mitochondrial dysfunction, cellular senescence, chronic inflammation, 
genomic instability, epigenetic reprogramming, altered intercellular 
communication, dysbiosis, telomere attrition and stem cell exhaustion. 
[282] Interestingly, several of these hallmarks overlap with the hall
marks of cancer, namely: genomic instability, epigenetic alterations, 
chronic inflammation, and dysbiosis. [283] Strikingly, chronic inflam
mation and genomic instability were common factors shared by many of 
the lymphoma predisposition syndromes previously discussed in this 
review, revealing putative mechanistic similarities mediating lym
phoma risk between the natural aging process and lymphoma predis
position syndromes. When considering the modulating influence of 
exposure to foreign agents, an older individual will also have accumu
lated a significant exposure to various pollutants during their lifetime 
and slow acting agents will have had more time to have an impact, 
compared to a younger individual with a similar yearly exposure. 

Additionally, aging is known to lead to clonal restriction of the he
matopoietic stem cell population, resulting in an increased risk for the 

development of hematological malignancies. These clonal expansions 
are characterized as clonal hematopoiesis of indeterminate potential 
(CHIP), with an incidence of around 10 % among individuals aged 70 to 
80. [284,285,286] CHIP is similar to monoclonal gammopathy of un
determined significance (MGUS) for multiple myeloma and monoclonal 
B-lymphocytosis (MBL) for CLL in the sense that these conditions 
themselves do not necessarily carry significant morbidity, but like CHIP 
are associated with a 1 %-2 % rate of transformation into malignancy. 
[287] Importantly, the putative driver mutations observed in most CHIP 
cases overlap primarily with those observed in myelodysplastic syn
drome, myeloproliferative neoplasms and acute myeloid leukemia. A 
potential link between clonal restriction of the hematopoietic stem cell 
population and the development of lymphoid neoplasms is controversial 
and further study is required to clarify whether such a relationship exists 
at all. 

Thus, lymphoma predisposition is not only the product of a genetic 
predisposition or dysregulation of the immune system, but should be 
studied in the context of the environment that the individual has been 
exposed to during their lifetime. 

2. Conclusion 

Lymphoma predisposition is a multifaceted phenomenon that can 
manifest in many different ways (Fig. 3). The increased risk of lym
phoma development is the result of a series of changes to fundamental 
biological processes through an internal or external factor. The fact that 
particular predisposing conditions tend to result in particular NHL 
subtypes suggests an unexplored relationship between the specific bio
logical defect and a key driver for that NHL subtype, suggesting the 
insights gained from lymphoma-predisposing conditions may yield 
crucial insights into lymphoma development in patients without an 
overt predisposition. Common features of conditions predisposing to 
lymphoma include: persistent inflammation, impaired tumor surveil
lance and viral clearance, recurrent DNA damage or malfunctioning 

Fig. 3. Perspectives for precision medicine in lymphoma-predisposed groups.  
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DNA repair, and dysregulation of fundamental cellular processes such as 
activation, proliferation and apoptosis. Our understanding of lymphoma 
predisposition has evolved considerably over the last decades and has 
accelerated with the advent of novel technologies. It has become clear 
that there are many more forms of lymphoma predisposition than pre
viously anticipated and undoubtedly others remain to be discovered. 
These novel insights clearly illustrate the potential for prevention of 
lymphoma development and early detection and intervention upon 
lymphoma development. Improved understanding of the underlying 
mechanisms for the earliest stages of lymphoma development will be 
essential to reduce the burden of lymphoma through the development of 
tailored treatment protocols. 
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