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Abstract
In response to any danger signal, cytokines are promptly secreted to help fight back the attackers. 
Tumour necrosis factor (TNF) is one of the most potent inflammatory cytokines and its expression is 
tightly regulated to prevent uncontrolled inflammation. We have shown that three regulatory elements 
located in Tnf 3’untranslated region (3’UTR) cooperate post-transcriptionally to maintain low levels 
of Tnf expression during homeostasis. We have generated several mouse mutants lacking one or two 
of these regulatory elements. Consequently, these mice overexpress TNF constitutively and develop 
inflammatory diseases such as rheumatoid arthritis, heart valve disease or inflammatory bowel disease. 
These mice also present with inducible bronchus-associated lymphoid tissue (iBALT) and nodular 
lymphoid hyperplasia (NLH) in the bone marrow. We discuss here the role of TNF in the development of 
tertiary lymphoid organs

Keywords: TNF, SLO, TLO

Abbreviations: APC: Antigen-Presenting Cell; ARE: AU-Rich Element; BALT: Bronchus-Associated 
Lymphoid Tissue; BM: Bone Marrow; CDE: Constitutive Decay Element; FDC: Follicular Dendritic Cell; 
GALT: Gut-Associated Lymphoid Tissue; HVD: Heart Valve Disease; IBD: Inflammatory Bowel Disease; 
NRE: New Regulatory Element; PP: Peyer’s Patch; RA: Rheumatoid Arthritis; SLO: Secondary Lymphoid 
Organ; TLO: Tertiary Lymphoid Organs; TNF: Tumour Necrosis Factor; 3’UTR: 3’Untranslated Region

Introduction

Primary lymphoid organs provide the milieu for the formation and maturation of T cells 
(thymus) and B cells (bone marrow). Secondary lymphoid organs (SLO) are peripheral lymphoid 
structures that facilitate the encounter of antigen-presenting cells (APCs) with rare populations 
of circulating antigen-specific T and B lymphocytes. Once T lymphocytes recognize their 
complementary APC via their cognate receptors, they cease to migrate, and differentiate into 
effector and memory cells of identical antigen specificity. On the other hand, B lymphocytes that 
recognize the same antigen can be activated by its cognate T cell to produce antibodies. Together, 
they mount a more efficient adaptive immune response. 

SLOs include organs such as the spleen, lymph nodes, Peyer’s patches and other mucosal-
associated lymphoid organs. Since the primary role of SLO is immune surveillance, their 
development is pre-programmed and occurs already during embryogenesis or early after birth [1]. 
They are strategically positioned throughout the body to optimally sample antigens coming from 
the bloodstream and the afferent lymphatics.

Ectopic or tertiary lymphoid organs (TLOs) develop exclusively after birth following antigenic 
exposure in tissues that are not predisposed to host lymphocytes, such as the lung [2], kidney [3] 
and liver [4]. Bronchus-associated lymphoid tissue (BALT) is the most studied TLO. 
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BALT and iBALT

While BALT is normally found around the airways of some 
mammalian species such as rats and rabbits [5], it is absent from 
the lungs of healthy mice and humans. Thus, the term “inducible 
bronchus-associated lymphoid tissue” (iBALT) was coined by Troy 
Randall to describe the TLO that develops in the lungs of mice and 
humans following antigenic stimuli, such as exposure to microbes, 
self-antigens, allergens or even tumors [2,6]. BALT is located near 
the major bronchi and adjacent to the bronchial epithelium [7], 
while iBALT can be located throughout the lung [8]. iBALT may 
appear long after birth in mice and humans as the result of chronic 
inflammation or infection [6]. 

TLOs and SLOs have some similarities, as they display 
segregation into B cell follicles and a T cell zone, interspersed by 
myeloid cells, stromal cells and follicular dendritic cells. However, 
unlike SLOs, TLOs usually never acquire the complex structural 
compartmentalization of SLOs, they are not encapsulated, and the 
presence of functional lymphatic vessels remains unclear [9-11]. 
In its simplest form, BALT may only consist in a B cell follicular 
structure with histologically identifiable FDCs [12].

The development of TLOs such as iBALT results from a complex 
secretion and signaling of interleukins, chemokines and cytokines 
(reviewed in Marin et al. [2]). Early signaling via the IL23, IL17 and 
IL22 is necessary to recruit and organize the myeloid and lymphoid 
cells in iBALT. These cytokines induce the production of chemokines 
(CCL19, CCL21, CXCL12, CXCL13) and their receptors (CCR7, 
CXCR4, CXCR5) which are necessary for the structural organization 
of iBALT, and to maintain the secretion of lymphotoxins (LT) and 
TNF needed for stroma priming and differentiation [2,13]. In 
particular, CXCL13 alone can mediate the homing of lymphocytes 
to the follicular compartment [2]. While LTα and TNF-α are key 

signals required for the maintenance of SLOs [14,15], in the context 
of iBALT they seem to play a role only in some models of infection 
and chronic inflammation [6,16,17]. 

TNF Overexpression as an Inducer of iBALT

We have recently described BPSM1 mice, a new spontaneous 
model of chronic TNF overexpression [18]. Increase in TNF 
expression in these mice is due to the dysregulation of post-
transcriptional regulation caused by the insertion of a retrotransposon 
in the 3’untranslated region (3’UTR) of the Tnf gene. The mutation 
is dominant, and BPSM1 mice develop rheumatoid arthritis and 
heart valve disease, but they also present with iBALT and unusual 
lymphoid nodules in the bone marrow [19]. Surprisingly, iBALT 
development was the earliest detectable phenotype in BPSM1 
mice, appearing about ten days after birth, long before the first 
signs of arthritis or heart disease. Although we are not specialists 
of iBALT development or function, we have made, in BPSM1 and 
subsequent mouse models, a few observations that may be of interest 
to researchers in this field.

Regulatory Elements in TNF 3’UTR

The role of excessive TNF in many inflammatory diseases 
such as rheumatoid arthritis (RA), ankylosing spondylitis (AS), 
inflammatory bowel disease (IBD), psoriasis has been recognized for 
a long time, and TNF-lowering drugs have been best sellers for several 
years. Post-transcriptional regulation plays a major role in keeping 
TNF levels low during homeostasis [20], and we have demonstrated 
that three regulatory elements in Tnf 3’UTR cooperate to efficiently 
maintain low levels of expression throughout life [21]. The regulatory 
elements are the AU-rich element (ARE) [20], the constitutive decay 
element (CDE) [22] and a new regulatory element (NRE) that we 
have discovered [18]. Figure 1 shows the different genetic mutations 

 

 

  

Figure 1: Mutations in Tnf 3’UTR cause overexpression of the cytokine. Schematic representation of mouse Tnf 3’UTR with numbering relative to the 
stop codon. BPSM1 mice have a retrotransposon (RTn) inserted at position 114; TNFdel4, TNFdel4del5 and TNFdel4del6 mice have a deletion of one 
or two of the indicated regulatory elements. Values in parentheses are serum concentrations of TNF (± SEM) in the corresponding mutants.
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in Tnf 3’UTR that we have produced during our study of Tnf post-
transcriptional regulation and have relevance to the development of 
iBALT. BPSM1, TNFdel4, TNFdel4del5 and TNFdel4del6 mutant 
mice show various levels of TNF overexpression (Figure 1) that 
result in phenotypes that differ in severity and tissue localization 
[18,19,21]. All of them however develop iBALT and/or bone marrow 
lymphoid nodules. It is important to note that concomitant loss of 
TNFR1 abrogated all phenotypes in these mice, demonstrating that 
TNFR2 had no role in any of them.

While numerous triggers including viruses, fungi, bacteria, 
microbial products and microparticles have been used to induce 
iBALT formation in mice [2], it is important to note that none 
of these triggers were used in our various Tnf mutants. Natural 
breathing in itself is obviously not sufficient to induce iBALT in 
mice in a normal situation. However, it is tempting to speculate that 
excess TNF conditions the lungs tissue to form iBALT in response 
to the colonization of the lungs by the microbiota, similar to the 
necessity of gut microbiota for the formation of isolated lymphoid 
follicles (ILFs) in the small intestine in mice [23]. A previous study 
has also shown that pigs, which can spontaneously develop iBALT 
after birth, never developed them when bred under germ-free 
conditions [24]. It will thus be interesting to breed our Tnf mutants 
in a germ-free environment to verify this hypothesis.

While BPSM1 mice develop arthritis and heart disease, the 
primary target of inflammation in homozygous TNFdel4 mice is the 
gut. Indeed, gut-associated lymphoid tissue (GALT) is hyperplastic 
in TNFdel4m/m mice: while their Peyer’s patches (PPs) appear normal, 
the lamina propria is invaded by B cells and neutrophils, and 
numerous ILFs were present, both in the intestine and the colon. 
Interestingly, ILFs are considered de novo-induced TLOs formed in 
response to luminal stimuli, including normal bacterial flora, and 
they require TNFR1 function to develop.

TNFdel4del5 heterozygous mice develop arthritis, heart disease, 
IBD, iBALT and NLH. Due to extremely high levels of serum TNF, 
all TNFdel4del6 die before birth. However, removal of one TNFR1 
allele allows a few heterozygous TNFdel4del6m/+/Tnfr1+/- to survive 
for about 20 days, at which time they present with iBALT in their 
lungs. 

Interestingly, we have never observed lymphoid nodules in the 
joints or the heart of any of our TNF-overexpressing mice, despite 
severe arthritis and valve hyperplasia.

B cells are Necessary for iBALT Development, but T 
cells are Not

B cells are an essential component of BALT and iBALT. Since 
we wanted to assess the role of B cells in the development of arthritis 
and heart disease in BPSM1 mice, we crossed them with Mb1-cre 
mice, in which B cell development is blocked at the pre-B cell stage 
[25]. While the loss of B cells did not alter the course of arthritis or 
heart disease, it completely abrogated the development of iBALT in 
BPSM1 mice. In this particular context, the presence of iBALT does 
not appear to be pathological.

We also crossed BPSM1 mice with CD3-ε-deficient mice [26] 
to assess the impact of the loss of T cells on the disease. Once again, 
the development of arthritis and heart disease was not affected by 
the absence of T cells, nor was the development of iBALT. This was 
rather surprising since IL-17 produced by CD4+ T cells had been 
suggested to be essential for the formation of iBALT [27]. When we 

crossed BPSM1 to IL-17-deficient mice, we observed that iBALT 
still developed in double mutant mice. Infection with Modified 
Vaccinia virus Ankara could also induce iBALT formation in IL-17-
deficient mice [28]. Thus, the actual importance of IL-17 in iBALT 
development remains unclear.

Since pulmonary administration of LPS is commonly used 
to trigger iBALT formation in mice, it is interesting to note that 
ablation of Myd88 in BPSM1/Myd88 double mutant mice did not 
prevent the formation of iBALT.

Bone marrow lymphoid nodules: a novel TLO?

While iBALT has been the focus of much research, the scientific 
literature contains few reports on bone marrow lymphoid nodules, 
even though they have been known to exist since 1915 (see Rywlin 
et al. [29]). They have been described in patients suffering from a 
variety of infectious or inflammatory diseases, as well as in patients 
with chronic lymphocytic leukaemia. Although benign lymphoid 
follicles appear to be not so rare in human patients [29-31], most of 
the studies that have reported them were made on samples obtained 
from older patients or patients with some kind of disease and thus 
do not accurately represent the wider population. In most cases, the 
presence of BM follicles seems to be associated with high circulating 
TNF levels, even in the case of chronic lymphocytic leukaemia. The 
paucity of data may be related to the difficulty of obtaining bone 
marrow samples.

NLH is such a prominent feature in our TNF-overexpressing 
mice that it is hard to comprehend why it has not been reported 
earlier in other mouse models. At first glance, NLH presents a 
lot of similarities with iBALT, consisting primarily of B cells and 
follicular dendritic cells. Like with iBALT, loss of B cells prevented 
the development of NLH, while the loss of T cells did not. None 
of our mice ever developed a lymphoid malignancy, leaving no 
doubt that NLH in our mice is not a premalignant B cell stage. 
To test this further, we crossed BPSM1 mice with the Eµ-Myc 
mice [32]. The presence of the BPSM1 mutation did not accelerate 
lymphomagenesis in the Eµ-Myc mice (E. Clayer and P. Bouillet, 
unpublished observation). While it may seem strange that a TLO 
would form within a primary lymphoid organ such as the bone 
marrow, the parallel development of iBALT and NLH in TNF-
overexpressing mice suggests that NLH may in fact be a previously 
unrecognised TLO. 

Hematopoietic Reconstitution Experiments

To better understand the role of the hematopoietic cells in 
the pathologies of our Tnf mutants, we performed reconstitution 
experiments in lethally-irradiated recipients. The results of these 
experiments have been described in detail in Seillet et al. [19] and 
Clayer et al. [21]. The interesting lessons from these experiments 
were that i) injection of TNF-overexpressing BM cells failed to 
induce iBALT in most recipients although the same recipients 
readily developed NLH; ii) TNFR1-deficient recipients developed 
neither iBALT nor NLH; iii) TNF-overexpressing TNFR1-
deficient BM cells induced NLH efficiently in WT recipients, even 
though the donors of these cells did not have NLH themselves; iv) 
BPSM1m/+-irradiated recipients maintained their iBALT, but lost 
their NLH when transplanted with wild-type (WT) BM cells. These 
results demonstrated that iBALT and NLH formation is the result 
of the interaction of hematopoietic cells and TNFR1-sufficient non-
hematopoietic cells from the recipients.
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iBALT and NLH: Friends or Foes?

Much has been said about the beneficial and deleterious effects 
associated with the presence of TLOs [2,13,33,34]. The presence of 
TLOs in some animals in the absence of any inflammation certainly 
suggests that they are not pathological per se, and in many cases they 
were shown to function as any SLO. In the case of TNF-induced 
arthritis and valve disease, which are B and T cell-independent, we 
have shown that iBALT and NLH had no influence on the severity 
of the disease, and the presence of iBALT helped clear Mycobacteria 
tuberculosis (Mtb) in BPSM1 mice. However, in the case of 
autoimmune conditions involving B cells such as rheumatoid factor-
positive arthritis, we believe that the increase in B cell numbers due 
to iBALT and NLH would be an aggravating factor. In fact, it seems 
reasonable to predict that the nature of the B cells that join the 
newly formed TLO determines whether it will have a beneficial or 
pathological effect, simply by increasing their total number. 

Conclusion

A lot remains to be done to understand the signals that lead to 
the formation of TLOs. Although TNF has rarely been considered 
a primary inducer of these structures, our results suggest otherwise. 
Our mice represent unique models to explore new hypotheses, 
in particular the exploration of NLH formation and its possible 
identity as a TLO. We will be happy to make them available to all 
experts interested in undertaking such studies. 
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