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Summary

Tertiary lymphoid follicles (TLFs) can develop in the respiratory tract in

response to infections or chronic inflammation. However, their functional

relevance remains unclear because they are implicated in both protective

and pathological responses. In contrast to homeostatic conditions, exter-

nal antigens and damage to the lung tissue may drive TLF formation in

inflamed lungs, and once established, the presence of pulmonary TLFs

may signal the progression of chronic lung disease. This novel concept

will be discussed in light of recent work in chronic obstructive pulmonary

disease and how changes in the pulmonary microbiota may drive and

direct TLF formation and function. We will also discuss the cellularity of

TLFs at the pulmonary mucosa, with emphasis on the potential roles of

lymphoid tissue inducer cells, and B- and T-cell aggregates, and will

examine the function of key chemokines and cytokines including CXCL13

and interleukin-17, in the formation and maintenance of pulmonary

TLFs.
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Introduction

Lymphoid organs are vital components of the mammalian

adaptive immune system. Based on their function, they

can be categorized as either primary or secondary. Pri-

mary lymphoid organs are found in most vertebrates and

are sites for the development and maturation of lympho-

cytes. Secondary lymphoid organs (SLOs), such as lymph

nodes, evolved in higher vertebrates as structures that

enable the initiation of adaptive immunity.1 They are

formed during embryogenesis or in the early postnatal

period at predetermined anatomical locations.1,2 They

contribute to immune surveillance by providing an opti-

mal site for the interaction between antigen-presenting

cells from diverse tissues and rare populations of circulat-

ing antigen-specific T and B lymphocytes. Upon recogniz-

ing antigens specific to their cognate receptors, T and B

cells clonally expand within the SLOs and are subse-

quently recruited to the inflamed tissue where they exert

their specified effector function. Hence SLOs provide a

controlled environment in the host to elicit an effective

and appropriate response against antigens.

In addition to SLOs, tertiary lymphoid follicles (TLFs)

can serve as sites of immune induction and are often

associated with mucosal tissues, such as the lungs and

intestines. In contrast to SLOs, TLFs form postnatally in

response to chronic antigenic stimulation, inflammation

or persistent infection.3 However, there are similarities in

the structural organization of both TLFs and SLOs

including their cellular composition and compartmental-

ized organization. Furthermore, the molecular and cellu-

lar mechanisms that regulate the development of SLOs

can impact the formation of TLFs.4

Several questions remain regarding TLF origin and

function. It is unclear whether TLFs represent a func-

tional extension of SLOs. It is also uncertain whether

TLFs primarily bolster protective immunity or amplify

inflammation and contribute to localized immunopathol-

ogy. In this review we first discuss the factors that can

contribute to the formation and maintenance of TLFs at
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the pulmonary mucosa, followed by their functional role

in chronic lung diseases, specifically chronic obstructive

pulmonary disease (COPD).

What constitutes TLFs at the pulmonary mucosa

Tertiary lymphoid follicles formed at the pulmonary

mucosa exhibit considerable heterogeneity in their local-

ization and structural organization. TLFs can be found in

association with a bronchus, a pulmonary vessel or be

placed without a clear association in the interstitium.5

The TLFs found associated with an airway or in the

perivascular space are most frequently reported in the

lungs of patients with COPD.5

Structurally, TLFs can range from less complex, loose

aggregates of B and T cells, to highly organized structures

closely resembling SLOs.3,6 The latter are referred to as

tertiary lymphoid organs and have distinct B-cell and

T-cell areas, germinal centres, high endothelial venules

and follicular dendritic cell networks but unlike SLOs,

TLFs are not encapsulated.7 Overall the consensus on the

minimal requirements to qualify as a TLF is the presence

of a densely packed B-cell follicle associated with follicu-

lar dendritic cells.3,8 Within the B-cell follicles of TLFs,

germinal centres can be identified using peanut agglutinin

or the antibody GL7.9 In addition, plasma cells also

appear at the periphery of the TLFs.10

Tertiary lymphoid follicles can also exhibit structural

adaptations that can assist in the acquisition and presen-

tation of antigen locally at the pulmonary mucosa. For

instance it has been reported that the epithelium overly-

ing the bronchus-associated lymphoid tissue can be non-

ciliated and specialized to acquire and transport antigens

directly from the airway lumen.11,12 Furthermore, den-

dritic cell (DC) networks reported at the alveolar inter-

face of TLFs may also facilitate antigen uptake.5 The

development of high endothelial venules and lymphatic

vessels around the TLFs illustrates yet another path for

the trafficking of cells transporting antigens in and out of

the TLFs.13,14 Overall, TLFs at the pulmonary mucosa are

structurally adapted to facilitate immune induction

locally. But it remains unclear how the varying degrees of

organization influence their functionality.

Developmental pathways involved in TLF
formation

Tertiary lymphoid follicles are a normal component of

the healthy lung tissue of certain species like rabbits, but

they are not a constitutive feature of the healthy human

or mouse lungs.15,16 In humans, comparable structures

develop only upon microbial stimulation or inflamma-

tion, a process termed lymphoid neogenesis.17

There is some overlap between the factors that govern

the development of pre-programmed SLOs and the de

novo formation of TLFs.18 Development of SLOs is criti-

cally dependent on the interaction between specialized

cells called lymphoid tissue inducer cells (LTi) with stro-

mal lymphoid tissue organizer cells (LTo).19 The LTi cells

signal through the lymphotoxin b-receptor on LTo cells

to drive the expression of chemokines CCL19, CCL21

and CXCL13, which recruit and organize B and T lym-

phocytes.20,21 Certainly these chemokines play a role in

the development of TLFs but some studies suggest that

LTi cells may be dispensable for this process. Notably,

following influenza infection and endotoxin-induced

inflammation TLFs developed normally in RORct and

Id2-deficient mice, which lack LTi cells.9,22

Other immune cells such as DCs or T cells can pro-

mote TLF formation in the absence of LTi cells. During

the development of TLFs, DCs can provide instructional

cues by directly interacting with stromal cells.10,23 In line

with this, intratracheal instillation of DCs was sufficient

to induce the formation of TLFs in the lungs. Conversely,

depleting DCs disintegrated pre-existing TLFs.10,23 Over-

all, there is clear evidence that DCs are important in the

formation and maintenance of TLFs although the under-

lying mechanism is unclear. Additionally, DCs could

impact TLF formation indirectly by activating and polar-

izing CD4+ T-cell responses.

The cytokine IL-17 may also contribute to TLF forma-

tion. Rangel-Moreno et al.22 demonstrated that endo-

toxin-induced TLFs in neonatal lungs were dependent on

interleukin-17 (IL-17) and independent of LTi cells. The

IL-17-producing T cells were sufficient for their forma-

tion through the induction of lymphotoxin-independent

expression of CXCL13 and CCL19. However, TLFs also

develop in inflammatory conditions not clearly associated

with IL-17. Studies from the Forster laboratory demon-

strated that following infection with modified vaccinia

virus Ankara both TLF formation and CXCL13 expression

were independent of IL-17.24,25 TLFs can also be found in

models of allergic asthma, where the inflammatory milieu

is biased towards T helper type 2 responses.26,27 In line

with these data, overexpression of IL-5 is sufficient to

induce TLF formation in the lungs.28 Hence multiple

pathways and cells have been attributed functional roles

in TLF formation and maintenance. Yet the relative

importance of one over the other appears to be linked to

the initial inflammatory trigger.

Tertiary lymphoid follicles in COPD

Chronic obstructive pulmonary disease is a complex,

inflammatory disease, characterized by chronic bronchitis,

formation of TLFs and emphysema (parenchymal

destruction) that lead to irreversible airflow limitation

(Fig. 1). Patients with COPD show considerable hetero-

geneity with respect to the involvement of small airway

disease versus emphysema as well as the degree of airflow
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limitation. Exposure to cigarette smoke (CS) is the most

widely associated environmental risk factor for disease

development. Though smoking cessation lead to an

improvement in lung function, beyond a certain age

smokers did not restore lung function.29 In addition,

Willemse et al.30 found that smoking cessation did not

impact disease progression in a subset of patients. This

suggests that in susceptible individuals, disease can pro-

gress through a self-perpetuated inflammatory loop.29

The pathogenesis of COPD is multidimensional compris-

ing aberrant innate and adaptive immune responses and

has been extensively reviewed.31,32 Here, we will focus

specifically on the role of TLFs.

Tertiary lymphoid follicles may present as such a candi-

date in marking this point of no return in disease pro-

gression. There is increasing evidence for a role of TLFs

in COPD.33,34 Structures similar to TLFs were described

as early as 1992,35 but Hogg and colleagues provided the

first compelling evidence for a correlation between disease

severity and the incidence of TLFs.36 Since then, several

others have shown that TLFs form in both human disease

and preclinical models.5,37–39 If TLFs mediate the self-sus-

tained inflammatory processes in disease, disrupting their

formation or function may arrest the disease progression.

But before targeting TLFs in disease, it is vital to under-

stand what triggers their formation and carefully evaluate

their beneficial or deleterious impact on disease.

Antigenic triggers and mechanisms that induce
TLFs in COPD

In humans, there is an evident connection between the

incidence of TLFs at the pulmonary mucosa and the

degree of antigenic stimulation.6,15,16 However, the char-

acteristics of the antigens that promote the formation of

TLFs in COPD are poorly understood. While discussing

antigenic triggers for TLF formation, it is also necessary

to distinguish between the triggers that incite COPD ver-

sus those that incite TLF formation. TLFs are not as fre-

quently encountered in inflamed lungs of patients with

mild to moderate disease.36 This supports the view that

there may not always be an overlap between factors that

affect lung function and antigenic triggers for TLF

formation.

Bringing together insight from different studies, includ-

ing our recent work,39–43 we propose that the antigenic

stimuli for TLF formation in COPD can be provided by

both self, as well as non-self components. Cigarette

smoke-induced irritation to bronchial epithelium may

contribute to the release of neo- or self-antigens44 and

induce inflammatory cytokines that initiate TLF forma-

tion. Accumulation of self-antigens in COPD lungs could

be further amplified by defective clearance of damaged

tissue and apoptotic cells by resident immune cells,45 and

by increased enzymatic degradation of tissue by activated

macrophages and neutrophils. Thaunat et al.46 have pro-

posed that defective lymphatic drainage of inflamed tissue

can trigger lymphoid neogenesis and provide some evi-

dence from studies in chronic allograft rejection. Whether

a similar mechanism is at work in COPD is not known.

Non-self antigens’ triggers for TLF formation include

components of CS or microbial antigens derived from the

commensal and non-commensal microbial colonizers. CS

is a complex mixture of an estimated 5000 chemicals47

and can also contain a number of bacteria- or fungi-

derived products including endotoxin,48 which can

directly induce the formation of TLFs.22 Whether non-

microbially derived components of CS can directly induce

TLF formation has not been investigated.

CS components may also impact TLF formation indi-

rectly by compromising the innate immune mechanisms

and barrier function of the epithelium49 leading to the

Healthy

Healthy

COPD
Chronic Bronchitis

COPD
Emphysema

Obstructed
airway

Iymphoid
follicles

destroyed
alveolar sacs

Figure 1. Pathological changes in chronic

obstructive pulmonary disease (COPD).
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dysbiosis of the pulmonary microbiome and an increased

susceptibility to infection. Although the field of pul-

monary microbiome research is still in its nascent stages,

breakthroughs in non-culture-based detection methods

have provided some evidence for the presence of a com-

mensal microbial community in the respiratory tract dur-

ing homeostasis, which is altered in disease.50 A

compromised barrier function in COPD51–53 may cause a

dissemination of microbial products to distal locations in

the respiratory tract. Alternatively, chronic inflammation

and tissue damage may promote the outgrowth of specific

species within commensal microbial communities that

alter the cytokine milieu to ultimately facilitate the for-

mation of TLFs. In a similar vein the structural and

chemical changes in the inflamed lungs may also predis-

pose patients with COPD to colonization by non-com-

mensal microbes.54 Recently, we demonstrated that

microbial signals amplify IL-17 production. This is in line

with research that implicates IL-17 in lymphoid neogene-

sis following endotoxin exposure as well as in systemic

autoimmune conditions.22,55,56 Whether or not specific

bacteria can polarize cytokine responses and trigger TLF

formation similar to what is observed in the gastrointesti-

nal tract (Box 1) is not known.

A role for IL-17 in driving TLF formation in COPD is

further supported by the observation that similar to the

incidence of TLFs, the number of IL-17-producing cells

correlates with airflow limitation.57,58 Recently Roos et al.59

showed that the lymphoid neogenesis in end-stage COPD

is linked to IL-17 levels. Mechanistically they found that

this effect was mediated by IL-17-dependent expression of

CXCL12, a chemokine that promotes TLF formation in the

absence of differentiated follicular DCs.25

In some studies, IL-17 promotes TLF formation through

CXCL13 production.22 Interestingly, although lympho-

toxin can increase CXCL13 expression in a CS exposure

model of COPD,37 TLFs develop to a similar extent in

lymphotoxin a-deficient mice. However, treating CS-

exposed animals with CXCL13 neutralizing antibody com-

pletely abrogated the formation of lymphoid follicles as

well as reducing alveolar wall destruction.38

Taken together these data suggest that in COPD,

lymphotoxin-independent mechanisms associated with

inflammation such as IL-17 may promote the forma-

tion of TLFs. However, the complexity of the antigen

assault in COPD argues against the requirement for the

persistence of a single antigen for TLF formation or

maintenance. The thresholds set for TLF formation are

probably determined by antigenic load (self or non-

self), tissue damage and remodelling and warrant fur-

ther investigation.

Further insight into the role of microbial dysbiosis in

lymphoid neogenesis in the respiratory tract may come

from studies in bronchiectasis. Bronchiectasis is a chronic

inflammatory lung disease characterized by the irre-

versible and abnormal enlargement of the bronchi and

bronchioles.60 Though the underlying causes of the dis-

ease are variable, in many patients the condition precipi-

tates from persistent microbial infection and a defective

host immune response that leads to a self-sustained cycle

of inflammation.60 Damage induced by microbial infec-

tions may introduce changes in the lung environment

that potentiate pathogenicity of certain species within the

commensal communities. Similar to COPD, follicle-like

structures have also been described in lung biopsies of

patients with bronchiectasis.61 Certainly there appears to

be an underappreciated overlap in the pathogenic changes

across bronchiectasis and COPD. In addition, bronchiec-

tasis can also occur in patients in COPD and is associated

with an increased risk of mortality and morbidity in

moderate to severe COPD.62 Studies investigating patient

subsets with bronchiectasis and COPD could reveal the

link between specific microbial signatures and lymphoid

neogenesis in the respiratory tract.

Box 1 Triggers for lymphoid neogenesis: Lessons from the intestinal tract

The gut-associated lymphoid tissue also contains small organized lymphoid tissues termed cryptopatches (CPs), and isolated lymphoid folli-

cles (ILFs) that function as immune inductive sites.63–65 CPs/ILFs develop postnatally around day 14 in mice, coinciding with a critical win-

dow of opportunity for microbial expansion in the gastrointestinal tract. Despite this correlation, germ-free mice still develop CPs/ILFs in the

intestine in the absence of intestinal colonization; albeit the total numbers of CPs/ILFs are dramatically reduced compared with colonized

mice.63–65 To support this concept, it has been shown that mice lacking microbial signalling through innate receptors MyD88 (differentiation

primary response gene 88), NOD-2 (nucleotide-binding oligomerization domain-containing protein-2) and/or NOD1 have a reduction or lack

of intestinal ILFs, indicating the involvement of innate microbial signalling molecules for normal development of intestinal ILFs.66 Further-

more Donaldson et al.67 recently found that a subset of colonic regulatory T cells may potentially regulate the transition of CPs into ILFs

based on cytokine cues induced from the microbial environment (namely IL-25 and IL-23 expression). Collectively, these data suggest that

the intestinal microbiota plays a critical role in providing feedback for CP/ILF development, and the maturation of CPs and ILFs in the gut-

associated lymphoid tissue is largely influenced by the presence of microbial stimulus and burden. In comparison, the respiratory tract har-

bours a much lower microbial load and perhaps consequently it does not require TLFs constitutively in humans and mice.
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Functional relevance of TLFs in disease

The capacity to form TLFs de novo in the presence of spe-

cialized, preprogrammed SLOs suggests a protective func-

tion for TLFs in pulmonary immunity. Certainly, the

benefits of TLFs have been demonstrated in the context

of antimicrobial immunity.7,68

Tertiary lymphoid follicless in COPD may consequently

arise to counteract the defect in innate immune control

of microbial colonization and to protect more distal parts

of the lower respiratory tract that are not adapted to the

chronic presence of microbes. Studies on the pulmonary

microbiome suggest that the most marked changes in the

microbiome, occur in severe disease, the time when TLFs

are also most frequent.69–71 We speculate that microbial

dysbiosis triggers TLF formation. Hence, disrupting TLFs

may enhance the infection-induced episodes of exacerba-

tion in the disease. This notion is supported by studies

that have implicated pulmonary TLFs in protective

immunity to respiratory viral infections.7,9,68 In addition,

Wiley et al.68 found that the induction of TLFs by protein

cage nanoparticles enhanced anti-viral responses to

diverse viruses and limited collateral damage to lung tis-

sue. Studies in mice lacking SLOs suggest that responses

generated in pulmonary TLFs following high-dose influ-

enza infection are protective but less pathological than

responses generated systemically.7,9

Insight into the pathogenic role of TLFs has come from

studies trying to target TLF formation directly in preclini-

cal models.33,38 Recently Seys and colleagues showed that

antagonizing B-cell-activating factor (BAFF) in a CS-

induced model of COPD reduced TLF formation, pul-

monary inflammation and alveolar wall destruction.33 In

addition, this also impacted the phenotype of lung-resi-

dent macrophages illustrating that TLFs also influence

innate immunity in the lung environment.

The pathological role of TLFs in a number of autoim-

mune conditions has been attributed to the production of

autoreactive antibodies.72 Though sequence analysis of B-

cell clones from TLFs from COPD lungs has confirmed

the presence of an oligoclonal, antigen-specific humoral

response39 there are conflicting reports on autoreactive

antibodies in disease.41,73–75 Packard et al.43 showed that

higher titres of self-reactive antibodies are found in

patients with worse emphysema. This suggests that per-

haps a subset of patients may have autoimmune emphy-

sema. The pathogenic potential of autoreactive antibodies

in patients with COPD was further demonstrated by

Feghali-Bostwick et al.41 when they found autoantibodies

directed against the pulmonary epithelium, which could

mediate antibody-dependent cell-mediated cytotoxicity.

Morissette et al.76 showed that anti-nuclear antibodies

could only be detected in animals that had been exposed

to CS and had TLFs in the lungs. Moreover, these anti-

bodies persisted in animals that had TLFs, even upon ces-

sation of CS exposure. In addition to autoreactive

antibodies, autoreactive T cells are also implicated in

COPD.73,77,78 Taken together these studies suggest a pos-

sible role for TLFs and autoreactivity in perpetuating an

inflammatory loop in COPD.

However, these studies have several limitations. Several

of these studies investigate the changes in the systemic

1.

3.

2.

5.

4 .

Dysbiosis Tissue damage

Damage induced by CS or other noxious stimuli

Microbial antigens Self-antigens

FDC

DC

Autoimmune
(Pathogenic)

Antimicrobial
(Protective)

T cellsB cells

LTα1β2 IL-17

Th17 cellsLTi cells

CXCL 13, CCL19, CCL21

Figure 2. New insights into tertiary lymphoid

follicles (TLFs) formation and function in

chronic obstructive pulmonary disease. Expo-

sure to noxious stimuli such as cigarette smoke

(CS) [1] can lead to tissue damage and conse-

quently the release of self-antigens and dysbio-

sis of the pulmonary microbiome [2].

Antigenic stimuli provided by these, can acti-

vate lymphoid tissue inducer cells or inter-

leukin-17 (IL-17) -producing cells which may

in turn stimulate the production of chemoki-

nes such as CXCL13, CCL21 and CCL19 [3],

which recruit T and B cells into the lungs and

initiate lymphoid neogenesis [4]. Within the

TLFs that are thus formed, microbial and self-

antigens may be presented leading concomitant

generation of local responses that may be both

protective and detrimental simultaneously [5].
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antibody levels and this may not be necessarily represen-

tative of the local immune responses in the lungs.

Indeed studies in preclinical models elaborate the dis-

crepancies between the antibody responses within the

local compartment; i.e. the broncho-alveolar lavage ver-

sus systemic circulating antibody levels.38,42 Consistent

with these findings, immune complexes and complement

can be present in human lungs of patients with

COPD.41 Another limitation of these studies is the lack

of a specific autoantigen or a specific pathogenic role

for antibodies derived from TLFs in disease. Mild or

severe COPD is defined by the degree of decline in lung

function without consideration of the heterogeneity in

the underlying pathological mechanisms.79 The release of

self-antigens or their altered immunogenicity may vary

significantly in patients depending on differences in CS

exposure,44 tissue degradation by the innate immune

cells and other factors. This is further illustrated by con-

flicting reports regarding the presence of anti-elastin

antibodies in COPD.73,75,80 It is also important to bear

in mind that not all autoimmune conditions depend

exclusively on autoantibodies and the presence of

autoantibodies may not be indicative of disease. Rather

it would be more informative to demonstrate a func-

tional role for autoantibodies in disease.

Conclusion

The available data suggest that TLFs may be key players

in the pathophysiology of COPD by mediating the self-

sustained inflammatory processes in disease. It seems

likely that TLFs arise in response to antigenic stimuli,

from microbial dysbiosis, and from tissue damage dur-

ing chronic inflammation (Fig. 2). Although TLFs may

arise to counteract environmental insults, they may also

facilitate the generation of autoimmune pathogenic reac-

tions. Moreover, it remains unclear whether TLFs persist

even in the absence of inflammatory stimulus. Specifi-

cally in COPD, could smoking cessation or antibiotic

therapy lead to the disintegration of the TLFs? There is

some preliminary evidence that TLFs may persist and

contribute to autoreactive antibodies even upon cessa-

tion of CS exposure.76 Further insight into the func-

tional role of TLFs could be gained by investigating

whether cells primed within TLFs display a distinct

effector function compared to cells primed in SLOs.

Hence, multiple questions remain regarding the origins,

prognostic significance and mechanisms by which TLFs

contribute to disease. This is further complicated by the

disease heterogeneity observed in patients with COPD. It

may be possible to arrest the inflammatory progression

of COPD by disrupting the formation or function of

TLFs. However, first it is vital to understand and care-

fully assess their beneficial or deleterious impact on

disease.
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