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Abstract Pulmonary respiration inevitably exposes the mucosal surface of the lung
to potentially noxious stimuli, including pathogens, allergens, and particulates, each
of which can trigger pulmonary damage and inflammation. As inflammation resolves,
B and T lymphocytes often aggregate around large bronchi to form inducible
Bronchus-Associated Lymphoid Tissue (iBALT). iBALT formation can be initiated
by a diverse array of molecular pathways that converge on the activation and differ-
entiation of chemokine-expressing stromal cells that serve as the scaffolding for
iBALT and facilitate the recruitment, retention, and organization of leukocytes. Like
conventional lymphoid organs, iBALT recruits naïve lymphocytes from the blood,
exposes them to local antigens, in this case from the airways, and supports their
activation and differentiation into effector cells. The activity of iBALT is demon-
strably beneficial for the clearance of respiratory pathogens; however, it is less clear
whether it dampens or exacerbates inflammatory responses to non-infectious agents.
Here, we review the evidence regarding the role of iBALT in pulmonary immunity
and propose that the final outcome depends on the context of the disease.
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1 Introduction

Lymph nodes (LNs) are small, bean-shaped organs found along lymphatic vessels
that drain the parenchyma of non-lymphoid organs. Like other secondary lymphoid
organs (SLOs), LNs have a characteristic lymphoid architecture, with segregated B
and T cell domains organized by distinct stromal cell types (Fletcher et al. 2011;
Gentek and Bajenoff 2017). This structure facilitates the encounter of rare,
antigen-specific lymphocytes with antigen-bearing dendritic cells (DCs) and
thereby supports primary immune responses (Flajnik 2002; Neely and Flajnik
2016). LN formation occurs during late embryogenesis according to a develop-
mental program that proceeds independently of antigen or inflammation (Luther
et al. 2003). However, lymphocytes can also encounter antigen outside of LNs, as
shown in reptiles and birds (species that lack LN), and in experimental mice that
lack SLOs (Moyron-Quiroz et al. 2004). In these cases, T and B cells aggregate in
the parenchyma of peripheral non-lymphoid organs and even form distinct B and T
cell domains similar to those in conventional SLOs. Because these lymphoid
aggregates do not occur as part of a developmental program and are only formed
after local inflammation, they are termed tertiary lymphoid organs (TLO) (Hwang
et al. 2016; Cupedo et al. 2004).

Three types of TLOs are found in the lung: nodular inflammatory foci (NIF),
composed of clusters of myeloid cells and CD8+ T cells (Stahl et al. 2013);
granulomas, such as those formed during Mycobacterium tuberculosis infection,
characterized by a central core of infected macrophages surrounded by B cells and
T cells (Cadena et al. 2017); and inducible Bronchus-Associated Lymphoid Tissue
(iBALT), which most closely resembles the architecture of conventional SLOs and
is found in the perivascular space surrounding large blood vessels and along the
airways of the lung (Hwang et al. 2016; Fleige and Forster 2017). iBALT formation
occurs in response to numerous inflammatory conditions, using a variety of
molecular pathways. In this chapter, we will summarize the current understanding
of the steps leading to iBALT development and briefly review the impact of iBALT
on pulmonary immune responses against microbial infections, allergens, and
self-antigens.

2 Mechanisms Leading to iBALT Formation:
A Rainbow of Options

The spatial distribution of lymphocytes in TLOs resembles that in SLOs, with the
caveat that TLOs occur in places normally devoid of lymphocyte aggregates.
iBALT typically forms on the basal side of the bronchial epithelium, often in the
perivascular space of major blood vessels and consists minimally of a B cell fol-
licle, sometimes with an active germinal center (GC) (Holt 1993). A variety of B
cell phenotypes are observed in iBALT, including resting, naïve B cells,
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isotype-switched memory B cells, germinal center B cells, and antibody-secreting
plasma cells (GeurtsvanKessel et al. 2009; Halle et al. 2009; Rangel-Moreno et al.
2006). T cells and DCs are located along the bronchial epithelium and typically
surround the B cell follicle (Fig. 1a) (Halle et al. 2009).

The organization, maintenance, and survival of leukocytes in iBALT require the
presence of specialized stromal cells. For example, CD31+PNAd+ high endothelial
venules (HEVs) form near the outer edges of the B cell follicle and serve as entry
portals for recirculating lymphocytes (Ager 2017; Otsuki et al. 1989; Sato et al.
2000). Newly formed Thy1+ lymphatic endothelial cells (LECs) appear in the lungs
after an inflammatory response, particularly surrounding areas of iBALT, where
they support T cell recruitment and survival by secreting the chemokines, CCL21
and CCL19, as well as the cytokines, IL-7 and IL-33 (Baluk et al. 2009, 2014a). In
SLOs, the formation of B cell follicles depends on the secretion of CXCL13 by a
network of follicular dendritic cells (FDCs) that attract CXCR5+ B cells (Carlsen
et al. 2002; Yu et al. 2002). However, two types of B cell follicles are described in
iBALT—a classic follicle with CD35+CXCL13+ FDCs (Rangel-Moreno et al.
2011) and non-classical B cell follicle that lacks FDCs and instead uses podoplanin
(PDPN)+CD35−CD31−CXCL12+ fibroblast-like stromal cells to maintain the B cell

Fig. 1 Structure of iBALT. Immunofluorescence staining was performed on serial sections of
lungs from 3-week-old mice after treatment with LPS during the first week after birth. Top row
shows B cell follicle in iBALT (B220+ cells in blue delimited by the dotted line) and associated
HEV structures (PNAd+ in green and CD31+ n red) indicated by arrows. CD31+ blood
vasculature is observed in the whole field. Bronchi epithelia (Be) are indicated with arrowheads.
The bottom row shows IgD+ B cells inside the B cell follicle of iBALT (IgD+ in green) and the
associated FDC network that supports B cell aggregation (CD35+ cells in red). Scattered CD4 T
cells can be seen within and near the outer edges of the B cell follicle Be indicates bronchial
epithelium
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area (Fleige et al. 2014). Recruitment of B cells toward the PDPN+CXCL12+ cells
requires the expression of CXCR4 by B cells, similar to that described in the dark
zones of germinal centers in conventional SLOs (Rodda et al. 2015). While it
remains to be elucidated whether the two types of B cell follicles in iBALT are
functionally different, the differentiation of CXCL12+PDPN+ stroma requires IL-17
signaling (Fig. 1b).

A wide range of stimuli trigger iBALT formation including viruses
(Moyron-Quiroz et al. 2004; GeurtsvanKessel et al. 2009; Rangel-Moreno et al.
2007), bacteria (Baluk et al. 2014a; Fleige et al. 2014), fungi (Eddens et al. 2017),
helminths (Venturiello et al. 2007; Gentilini et al. 2011), microbial products, par-
ticulates, and other inflammatory stimuli (Kuroda et al. 2016; Gregson et al. 1979;
Noble and Zhao 2016). iBALT formation also occurs in mice that overexpress
(Botelho et al. 2013; Furtado et al. 2014) or lack (Kocks et al. 2007; Das et al. 2006;
Bouton et al. 2012) particular genes, each of which gives us insight into the
mechanisms that lead to TLO formation. In general, the development of iBALT
parallels the embryonic development of SLOs (Fig. 2). The first step of iBALT
development entails the activation and differentiation of stromal cell precursors into
iBALT supporting stroma—FDCs, HEVs, LECs, and CXCL12+PDPN+

fibroblasts
(Fig. 2a). In the second step, leukocyte-mediated inflammation increases the
recruitment of B and T cells around the activated stroma, leading to the maturation
of the iBALT structure (Fig. 2b). In the third step, inflammation resolves and
iBALT is maintained by homeostatic interactions between leukocytes and stromal
cells, which supports the recruitment and organization of leukocytes from the blood
(Fig. 2c).

The differentiation of each stromal cell type uses distinct molecular pathways
(Lu and Browning 2014; Girard et al. 2012). For example, the formation of LECs
depends on the secretion of IL-1b, which leads to VEGF expression and signaling
through VEGFR2 and VEGFR3 (Baluk et al. 2009, 2013, 2014a, b). Although the
formation of iBALT and the appearance of new lymphatic vessels occur at the same
time and are closely associated, the formation of new lymphatic vessels is inde-
pendent of iBALT development (Baluk et al. 2014a). The role of LTbR signaling is
not clear since LTb-deficient mice develop more lymphatic vessels than
LTa-deficient and WT mice when infected with Mycoplasma pulmonis (Mounzer
et al. 2010). However, the ectopic expression of LTa promotes TLO development
(Mounzer et al. 2010), including the formation of new lymphatic vessels,

JFig. 2 Sequential development of iBALT. a Early stage of iBALT formation requires the
differentiation and activation of stromal cells that segregate B cells and T cells. CXCL13
producing FDCs arise from the activation of FAP/+ fibroblastic cells in a LTab dependent
manner. b Local inflammation is required to amplify the activation of newly developed stromal
cells and the recruitment of activated lymphocytes and dendritic cells. During IAV infection
model, this stage would correspond to the lymphocyte aggregates observed right after clearance of
the virus around 14 days post-infection. c iBALT structures perdure after the peak of the
inflammatory response. At this stage, the feedback loop between stromal cells and the recruitment
of LTab-bearing lymphocytes is controlled by the frequency of recruitable LTab+ lymphocytes
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suggesting that LTa3 is sufficient to trigger the generation of new lymphatic vessels
and TLO. In contrast, the differentiation of FDCs, PDPN+

fibroblasts, and HEVs
heavily depends on LTbR signaling (Lu and Browning 2014), although in some
cases (i.e., LTab-deficient mice), it can be bypassed by the overexpression of TNFa
(Furtado et al. 2014; Guedj et al. 2014), suggesting that other members of the TNF
superfamily can act as triggers of FDC and PDPN+

fibroblast differentiation (Ciccia
et al. 2017; Ding et al. 2016; Berrih-Aknin et al. 2013).

A common mesenchymal stromal cell precursor in the LN gives rise to marginal
reticular cells (MRC), fibroblastic reticular cells (FRC), some FDCs, and CRCs, but
not HEVs (Denton et al. 2019a). This mesenchymal stromal cell precursor
expresses the fibroblast activation protein alpha (FAPa), VCAM, CXCL13, and
LTbR and is found in the perivascular region as lymphoid tissue inducer cells are
being recruited to the LN anlagen (Denton et al. 2019a). A similar fibroblastic
FAPa+ cell is found in the lungs of mice infected with influenza, one of the stimuli
that promotes iBALT formation (GeurtsvanKessel et al. 2009; Denton et al. 2019a,
b). Fate-mapping shows that FAPa+ mesenchymal cells are the precursors of
CD35+FAPa+ FDC-like cells in the B cell follicles of iBALT (Denton et al. 2019a).
Unlike in the LN anlagen, however, the differentiation of FAPa+ precursors into
mature stromal cells does not require the subset of innate lymphoid cells known as
lymphoid tissue inducer (LTi) cells (Denton et al. 2019a), most likely because of
numerous cell types, including activated B cells, T cells and DCs, can express LT
and promote stromal cell maturation (Rangel-Moreno et al. 2011; Furtado et al.
2014; Marinkovic et al. 2006).

In conventional SLOs, the transition of CD31+MadCAM−PNAd− blood
endothelial cells (BECs) to CD31+MadCAM+PNAd− immature HEVs and to
CD31+MadCAM−PNAd+ mature HEVs requires signaling through the LTbR and
the activation of the canonical (RelA, p52) and non-canonical (RelB) NF-kB
pathways (Ager 2017). In adult mice, LN HEVs need to be maintained by the
constant influx of homeostatically activated DCs arriving from the afferent lym-
phatics (Herzog et al. 2013; Baratin et al. 2015; Astarita et al. 2015). In fact, any
interruption of lymph flow (Mebius et al. 1991a, b), DC influx (Moussion and
Girard 2011; Wendland et al. 2011), or LTbR/NF-kB signaling (Martinet et al.
2013; Browning et al. 2005) leads to the rapid involution of HEVs into flattened
endothelial cells that lack PNAd expression. Similar pathways regulate
iBALT-associated HEVs that surround the B cell follicle (Weinstein and Storkus
2016; Sato et al. 2011; Drayton et al. 2003).

Interestingly, a wide variety of signals can trigger the initial differentiation of
stromal cells and start the process of iBALT formation. For example, the admin-
istration of LPS to neonatal mice leads to a strong IL-17 response, which turns on
CXCL13 and promotes iBALT formation (Rangel-Moreno et al. 2011). In fact,
IL-17 seems to be involved in the formation of iBALT and other TLOs in numerous
contexts (Rangel-Moreno et al. 2011; Fleige et al. 2012, 2014; Eddens et al. 2017).
Another Th17-related cytokine, IL-22, which is involved in epithelial repair and
TLO formation in other tissues (Aujla and Kolls 2009; Barone et al. 2015; Pociask
et al. 2013; Rendon et al. 2013), may also play a role in iBALT formation, as B cell
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follicles are mildly reduced in size and number in the lungs of M. tuberculosis-
infected IL-22-deficient mice (Khader et al. 2011).

Th17-related molecules are not the only inducers of iBALT formation, as mice
infected with modified Vaccinia Ankara develop iBALT in an IL-17-independent
fashion (Fleige et al. 2012, 2014). Mice infected with influenza also develop
iBALT. In this case, however, type I IFN signaling is responsible for CXCL13
expression by lung fibroblasts and subsequent formation of B cell aggregates
(Denton et al. 2019b). Similarly, mice infected with Pneumocystis murina develop
iBALT in response to a mixed Th2 (IL-13) and Th17 (IL-17A) response, in which
CXCL13 expression by lung PDPN+

fibroblasts is dependent on the synergistic
effects of IL-13 and IL-17 on IL-6 (Eddens et al. 2017). The pulmonary adminis-
tration of particulates like alum triggers iBALT formation via macrophage cell
death and IL-1a release (Kuroda et al. 2016). Similarly, the IL-1-related cytokines,
IL-36 and IL-18, promote the formation of TLOs in colorectal cancer (Weinstein
et al. 2019) and iBALT formation in COPD patients (Briend et al. 2017). Taken
together, these data suggest that the first step of iBALT development depends on
the differentiation of stromal cells capable of recruiting and organizing leukocytes
via the production of chemokines like CXCL13 and that subsequently, the accu-
mulation of activated, LT-expressing lymphocytes generate a positive feedback
loop that maintains the structure.

Interestingly, the impairment of lymphatic drainage from the lungs is sufficient
to trigger the formation of iBALT (Reed et al. 2019). Because the lymphatic vessels
in the lungs of humans and mice lack smooth muscle cells in the lymphangions
responsible for collecting lymph (Reed et al. 2019), the lymph flow from the lung
depends on changes in the thoracic pressure produced by respiration. However,
mice with a platelet-specific deletion of CLEC2, a ligand for PDPN and highly
expressed on platelets, have impaired lymphatic flow from the lungs and sponta-
neously develop iBALT (Reed et al. 2019). Moreover, the ablation of CD11c+ cells,
presumably DCs, leads to the dissolution of iBALT structures (GeurtsvanKessel
et al. 2009). Although CD11c+ cell depletion affects cells other than DCs, including
activated B cells (Zhang et al. 2019; Winslow et al. 2017; Naradikian et al. 2016)
and some FDCs (Aziz et al. 1997), these studies suggest that DCs are important for
the homeostatic maintenance of iBALT. Consistent with this idea, the loss of CCR7
on CD11c+ cells leads to iBALT formation (Halle et al. 2009; Fleige et al. 2018),
perhaps because activated DCs accumulate in the lung. Together these data suggest
that DCs help maintain iBALT by providing LT signals to stromal cells (Muniz
et al. 2011). Interestingly, CCR7 also regulates the trafficking of regulatory CD4+ T
cells (Tregs), which are important for limiting inflammatory responses (Georgiev
et al. 2019). Neonatal mice lacking CCR7 spontaneously form iBALT due to
impaired Treg migration and loss of inflammatory control (Foo et al. 2015; Cowan
et al. 2013). However, once iBALT is formed, it recruits FoxP3+ Tregs (Li et al.
2019; Trujillo et al. 2010; Siemeni et al. 2019), which help limit local inflammatory
responses. These data indicate that once formed, iBALT is maintained by home-
ostatic mechanisms similar to those that maintain conventional SLOs.
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3 Role of iBALT in Immunity Against Infectious Diseases

The structure of iBALT suggests that it should promote primary immune responses
against pulmonary antigens. In fact, antigen-specific T cell and B cell responses are
initiated in iBALT, leading to B and T cell activation, germinal center formation,
and the differentiation of plasma cells and effector T cells (Halle et al. 2009;
Gregson et al. 1979; Shilling et al. 2013). The functional outcomes of these
responses are often dependent on the type of pathogen or antigen as well as the
quality of the resulting immune response. Below, we will summarize what we know
about the role of iBALT in regulating immunity to different classes of pathogens.

a. Mycobacterial and other bacterial infections

The development or expansion of iBALT is often associated with bacterial infec-
tions (Baluk et al. 2014a; Khader et al. 2011; Jupelli et al. 2013; Chiavolini et al.
2010; Linge et al. 2017). For example, rats infected with Pseudomonas aeruginosa
develop iBALT (Iwata and Sato 1991), as do pigs infected with Salmonella
oranienburg, Mycoplasma granularum, or hemolytic streptococcus (Jericho et al.
1971a, b). In mice, pulmonary infection with Pseudomonas aeruginosa or
Staphylococcus aureus promotes the development of iBALT, in part via the
expression of CXCL12, CXCL13, and IL-17A (Frija-Masson et al. 2017), similar to
that seen in other models.

A consistent feature of most bacterial infections is the recruitment of neutrophils,
which likely enhance iBALT formation in a variety of ways. For example, neu-
trophils express cytokines like APRIL that activate B cells (Tecchio et al. 2014).
Moreover, neutrophils secrete proteases and reactive oxygen species that trigger
epithelial and mesenchymal cell activation (Meyer-Hoffert and Wiedow 2011). In
fact, serine proteases made by neutrophils promote iBALT formation by causing
damage and triggering the expression of inflammatory chemokines (Solleti et al.
2016). Activated neutrophils also produce neutrophil extracellular traps (NETs),
which consist of granular components precipitated on ejected chromatin (Kaplan
and Radic 2012). The NETs help trap and kill bacteria, but also cause damage and
inflammation that facilitate iBALT formation (Sørensen and Borregaard 2016; Zhao
et al. 2015).

iBALT formation is also associated with infection by Mycobacterium tubercu-
losis, the causative agent of pulmonary tuberculosis, which kills more than a million
people per year worldwide and is rapidly acquiring antibiotic resistance (Orme et al.
2015). The course of disease is characterized by a temporary paralysis of DC
migration to the lung-draining lymph nodes (Curtis et al. 2015; Vanessa et al. 2015;
Lai et al. 2014; Roberts and Robinson 2014), which delays the generation of Th1
and Th17 responses (Doz et al. 2013; Demangel et al. 2002), thereby allowing the
bacilli to accumulate in infected macrophages (Khan et al. 2019; Kang et al. 2011;
Blomgran et al. 2012). Even when protective Th1 and Th17 responses are gener-
ated, M. tuberculosis survives, but is contained in a granuloma—a type of inducible
lymphoid structure with a central area of infected macrophages surrounded by
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activated T cells and B cells (Cadena et al. 2017). These activated B and T cells
often form iBALT surrounding the granulomas in M. tuberculosis-infected humans
(Zhang et al. 2011; Ulrichs et al. 2004), non-human primates (Ganchua et al. 2018),
and mice (Khader et al. 2011; Slight et al. 2013). Importantly, the presence of
iBALT is associated with the maintenance of latency and containment of infection,
whereas the absence of iBALT is associated with active disease (Ulrichs et al. 2004;
Slight et al. 2013).

Although protective immunity against M. tuberculosis is mediated by
IFNc-producing Th1 cells, more recent data suggest IL-17A is also required
(Khader et al. 2007, 2011; Doz et al. 2013; Martínez-Barricarte et al. 2018). IFN-c
activates macrophages and kills the bacilli, whereas IL-17A increases CXCL13
expression, which is required for the recruitment and organization of cellular
infiltrates (Khader et al. 2007, 2011; Martínez-Barricarte et al. 2018; Gopal et al.
2013). Immune responses that deviate from these pathways fail to effectively
control disease, as shown in mice previously exposed to Schistosoma mansoni egg
antigen (SEA), which triggers a mixed Th1/Th2 response and thereby shifts the
leukocyte infiltrate from B cell follicles to perivascular T cells and ultimately fails
to control M. tuberculosis (DiNardo et al. 2016; Monin et al. 2015). Thus, effective
immunity to M. tuberculosis requires the proper spatial positioning of cells in the
lung consistent with iBALT formation.

Given the apparent protective effects of iBALT in the context of pulmonary
infections, it makes sense to develop pulmonary vaccines that also trigger iBALT
formation (Sanchez-Guzman et al. 2019). For example, pulmonary vaccination with
Francisella tularensis LPS as a vaccine antigen and recombinant Porin B as an
adjuvant promotes iBALT formation and germinal center development, leading to
significant titers of LPS-reactive IgG and IgM that, together with iBALT, protect
the immunized mice from subsequent challenge infection (Chiavolini et al. 2010).
Similarly, the pulmonary administration of protein nanoparticles promotes iBALT
formation in an antigen-non-specific fashion, leading to improved immune out-
comes following pulmonary infection with the intracellular bacteria Coxiella bur-
netii (Wiley et al. 2009). Thus, the formation of iBALT in response to
antigen-specific and antigen-non-specific stimuli provide subsequent protection
from bacterial infections.

b. Viral infections

Pulmonary infection with viruses, including influenza (GeurtsvanKessel et al. 2009;
Denton et al. 2019b; Richert et al. 2013), MVA (Fleige and Forster 2017; Fleige
et al. 2018; Mzinza et al. 2018), respiratory syncytial virus (RSV) (Auais et al.
2003), SARS coronavirus (Channappanavar et al. 2014) and adenovirus (Jericho
et al. 1971b), is often associated with the formation of iBALT. In mice, influenza
infection promotes iBALT formation, which supports germinal center responses
and the local differentiation of influenza-specific plasma cells (GeurtsvanKessel
et al. 2009; Rangel-Moreno et al. 2011), many of which differentiate locally, as the
disruption of iBALT two weeks after infection reduces local IgA production
(GeurtsvanKessel et al. 2009). Moreover, influenza-specific memory B cells in the
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lung are more broadly reactive against numerous strains of influenza (Adachi et al.
2015), suggesting that the BCR selection process in the germinal centers of iBALT
is qualitatively different than that in LNs. Moreover, mice with pre-existing iBALT
experience an accelerated, influenza-specific antibody response in the lung
(Rangel-Moreno et al. 2011; Wiley et al. 2009) and perform better than control
mice in terms of weight loss and viral titers. Interestingly, iBALT also forms in the
lungs of influenza-infected adult monkeys, but not in influenza-infected infants
(Holbrook et al. 2015), leading to poor antibody responses and increased pul-
monary damage in infants.

The presence of iBALT also provides a beneficial effect with SARS coronavirus,
which is cleared more rapidly in mice with iBALT by an accelerated antibody
response (Wiley et al. 2009). Similarly, mice that have iBALT induced as a result of
neonatal LPS exposure lose less weight and clear pneumovirus faster than mice
without iBALT (Foo et al. 2015). Importantly, CD4+ T cell response to pneu-
movirus is accelerated in mice with iBALT (Foo et al. 2015), suggesting that the
presence of iBALT in the lung leads to faster, more efficient pulmonary immune
responses that promote rapid viral clearance and reduce morbidity after infection.

Although a faster more robust immune response may be desirable for immunity
to many pathogens, some viruses elicit immune responses that are themselves the
primary cause of pathogenesis. For example, RSV causes acute bronchiolitis in
children and is linked to recurrent wheezing and asthma (Munywoki et al. 2013).
Interestingly, infection of CCR7-deficient mice with RSV leads to enhanced pro-
duction of IL-17 and IL-13 by CD4+ T cells and excessive mucus production
(Kallal et al. 2010). RSV-infected LTa-deficient mice, which lack conventional
lymphoid organs, also experience excessive IL-17 and IL-13 expression and
increased mucus production in the lung, suggesting that local immune responses in
iBALT are responsible for pathology (Kallal et al. 2010). Similar exacerbations of
pulmonary pathology are linked to the presence of iBALT in RSV-infected humans
(Johnson et al. 2007). The combination of a pulmonary allergic response and RSV
infection is particularly damaging in guinea pigs, which develop exacerbated
iBALT hyperplasia, goblet cell metaplasia, and airway hypersensitivity (Robinson
et al. 1997). Thus, in the context of RSV and perhaps other Th2-driven pulmonary
conditions, the presence of iBALT may exacerbate disease simply by driving
bigger, better faster immune responses that are more pathologic than protective.

c. Fungal infections

Mice infected with the opportunistic fungal pathogen, Pneumocystis, often generate
a mixed Th17/Th2 response. Importantly, the combination of IL-13 and IL-17
synergistically promotes the differentiation of pulmonary fibroblasts and their
expression of CXCL13, ultimately leading to iBALT formation (Eddens et al.
2017). Activated DCs also accumulate in the lungs of Pneumocystis-infected mice
and potentiate T cell priming to other pulmonary antigens (Swain et al. 2011). In
fact, prior infection with Pneumocystis enhances subsequent immunity to the
influenza virus, leading to the accelerated appearance of influenza-specific anti-
bodies and reduced expression of inflammatory cytokines in the bronchoalveolar
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lavage fluid, thereby reducing morbidity and accelerating viral clearance (Wiley and
Harmsen 2008). Thus, the formation of iBALT in response to one pathogen
enhances immunity to unrelated pathogens.

4 Role of iBALT in the Immune Response Against
Non-infectious Agents

a. Allergens

Allergic or atopic immune responses are mediated by inappropriate Th2 and/or
Th17 responses against non-pathogenic, environmental antigens, such as food
antigens (peanut, egg), arthropods (house dust mite, cockroach), and plant com-
ponents (pollen). The frequency of individuals developing severe allergies or
asthma is rapidly increasing for unknown reasons (Jappe et al. 2019). Allergic
responses typically involve a sensitization phase, in which allergen exposure primes
T cells, but does not cause symptoms (Pizzolla et al. 2016; Shilovskiy et al. 2019),
and a challenge phase, in which exposure to the same allergen caused an atopic
inflammatory response (Shinoda et al. 2017; Gregory and Lloyd 2011). In the lung,
chronic allergic responses promote airway remodeling, goblet cell hyperplasia and
excessive mucus production, ultimately leading to reductions in lung function
(Elieh Ali Komi and Bjermer 2019; Holt and Sly 2007) and obstructive leukocyte
infiltration (Lainez et al. 2019; Maselli and Hanania 2019).

Chronic or repetitive exposure to allergens can trigger iBALT formation (Guest
and Sell 2015). Hypersensitivity pneumonitis (sometimes called farmer’s lung) is a
classic example, in which repeated exposure to molds or other antigens in barn dust
leads to lung disease, in which iBALT features prominently (Suda et al. 1999). The
inflammatory milieu of allergic responses supports iBALT formation via numerous
mechanisms, including the combined expression of IL-13 and IL-17 that promote
stromal cell differentiation (Eddens et al. 2017). Moreover, Th2-related cytokines
like IL-5 promote the recruitment of eosinophils, which likely accelerate iBALT
formation by releasing granular contents including proteases and cytokines that in
turn cause damage and support cellular differentiation (Lee et al. 1997a; b). In fact,
this process can be mimicked by the overexpression of IL-5 in club cells (Lee et al.
1997a), which promotes eosinophil accumulation and iBAT formation in the
absence of exogenous antigen.

The presence of iBALT in the lungs might contribute to the development of
allergies by preferentially recruiting Th2 memory cells into the lung (Fleige et al.
2018; Shinoda et al. 2016), by increasing the concentration of IL-33 due to the
differentiation of new lymphatic endothelial cells (Shinoda et al. 2016, 2017), or by
supporting germinal centers that produce IgE+ or IgG1+ plasma cells (Chvatchko
et al. 1996). In fact, iBALT may generally exacerbate atopic inflammation by
supporting bigger, better, faster (albeit inappropriate) immune responses in the
lung. One way to accomplish this goal would be to recruit Gata3+CXCR5+ T
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follicular helper (Tfh13) cells to iBALT (Noble and Zhao 2016). Tfh13 cells
strongly produce IL-4, IL-5, and IL-13, but not IL-21, conditions that support B cell
differentiation into antibody-secreting cells that make IgG1 or high-affinity IgE
(Gowthaman et al. 2019).

Although repeated allergen exposure can lead to eosinophil recruitment, mucus
production, and IgE secretion, thereby promoting allergic inflammation and
pathology, these same activities should help control parasitic infection. In fact, mice
pre-sensitized with house dust mite extract developed iBALT areas, recruited
eosinophils, and expressed high levels of IL-4, IL-13, and IL-33 in the lungs, which
together acted to prevent the maturation of Ascaris larvae, whereas mice not
pre-sensitized with house dust mite failed to prevent larval development
(Gazzinelli-Guimaraes et al. 2019). These data suggest that although Th2-driven
iBALT formation may enhance atopic responses and promote pulmonary inflam-
mation, it may also be beneficial in the clearance of pulmonary parasites.

b. Self-antigens: the good and the bad, can we tell them apart?

TLOs, including iBALT, are often formed around tumors, in transplanted organs
and in the target organs of autoimmune responses. For example, the presence of
iBALT near tumor nests in patients with non-small-cell lung cancer (NSCLC)
correlates with a better prognosis (Dieu-Nosjean et al. 2016). Within iBALT, higher
numbers of DCs in close proximity to tumor cells (Dieu-Nosjean et al. 2008), the
presence of Tbet+CD4+ T cells (Goc et al. 2014), and the frequency of
CD161+CD4+ T cells (Braud et al. 2018), all indicate an active anti-tumor response
and correlate with better clinical outcomes. For some tumors, including breast
cancer (Peske et al. 2015), ovarian cancer (Kroeger et al. 2016; Truxova et al.
2018), and NSCLC (Germain et al. 2014), the presence of TLOs is associated with a
favorable prognosis, whereas in tumors like colorectal cancer, the chronic inflam-
mation associated with TLO formation is also linked to tumorigenesis (Weinstein
et al. 2019).

TLO development is initially triggered inflammatory responses that promote the
activation and differentiation of mesenchymal cells and trigger the expression of
CXCL13. In tumor that lack microbial components, inflammatory signals might
come from the release of danger-associated molecular patterns (DAMPs), such as
IL-1a (Kuroda et al. 2016), IL-18 (Briend et al. 2017), or IL-36c (Weinstein et al.
2017). Increased CXCL13 expression and the recruitment of LT-expressing lym-
phocytes promote the expression of ICAM, VCAM, PNAd, and CCL21 in blood
endothelial cells (BEC) and reinforce the recruitment of more LT-bearing cells. The
continuous signaling of LTab-LTbR activates the non-canonical NF-kB pathway
and leads to the differentiation of BEC into PNAd+ HEV (Ager 2017). Can the
process of HEV development be exploited to improve immune responses against
tumor cells? In this regard, VEGFR2 blockade prevents angiogenesis in tumors, but
also induces PD-L1 expression by tumor cells, thus impairing anti-tumor immunity.
However, the combined blockade of VEGFR2 and PD-L1 antibody maintained
anti-tumor immunity and promoted the differentiation of BEC into HEVs by the
constant influx of activated LT-expressing lymphocytes (Allen et al. 2017). Thus,
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the mechanisms that regulate lymphocyte recruitment and TLO formation can be
exploited for therapeutic benefit.

In contrast to the beneficial effect of local immunity against tumors, local
immune responses against organ transplants, including transplanted lungs, can lead
to graft rejection (Kumar et al. 2018). Not surprisingly the formation of iBALT with
active germinal centers is indicative of an ongoing immune response against
transplanted lungs and is associated with the development of antibody-mediated
rejection (Gauthier et al. 2019; Shenoy et al. 2012; Hasegawa et al. 1999).
Interestingly, this process can be prevented by the recruitment of Tregs, which
suppress germinal center formation in iBALT and prevent allo-antibody production
(Li et al. 2019). The switch from immunity to tolerance is mediated by the blockade
of costimulatory signals through CD40 and CD28. Moreover, once Tregs are
recruited to iBALT areas in the transplanted lung, it can be re-transplanted to
another recipient without rejection (Li et al. 2019)! Importantly, CXCR5+ Tregs in
limiting lung rejection after chronic GVHD were demonstrated in B10.BR mice
receiving lungs from C57BL/6 donors (McDonald-Hyman et al. 2016). In the
recipient B10.BR mice, lung transplants improved their function and reduced the
number of T follicular helper cells when receiving a passive transfer of CXCR5+

Tregs but not with CXCR5− Tregs. Overall these studies suggest that iBALT
facilitates the entry and interaction of CXCR5+ lymphocytes and that the type of
local immune response depends on the lymphocyte subsets recruited (Li et al. 2019;
McDonald-Hyman et al. 2016; Flynn et al. 2014).

Furthermore, in autoimmune diseases like rheumatoid arthritis (RA) and
Wegener’s granulomatosis (WG), iBALT can develop in the lungs and its occur-
rence is associated with a chronic and worsening status of the disease (Shilling et al.
2013). For instance, in RA increased concentration of serum rheumatoid factor
(IgM antibodies directed against IgG Fc portion) correlates with the appearance of
rheumatoid pulmonary vasculitis and TLO in the lungs (Rangel-Moreno et al.
2006). In Wegener’s granulomatosis (WG), lymphocytes in the lungs can form
diffuse infiltrates, but also can form structured iBALT and form germinal centers
(Shilling et al. 2013). The pronounced infiltration of granulocytes is characteristic
of a Th17-driven disease and is consistent with the role of IL-17 in promoting
iBALT formation.

5 Conclusion

Like many tertiary lymphoid organs, iBALT forms in response to a variety of
inflammatory stimuli that converge on the differentiation of specialized stromal
cells, the expression of homeostatic chemokines and the recruitment and organi-
zation of activated lymphocytes. Once formed, iBALT participates in local, pul-
monary immune responses by collecting antigen and APCs and supporting B and T
cell responses. The biological outcome of those immune responses is on the type of
antigen or pathogen and may be modified by the presence of iBALT by changing
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the kinetics or magnitude of the resulting immune response, which may be bene-
ficial or harmful depending on the context. Thus, understanding the mechanisms
that control iBALT formation and function should give us insights into ways to
improve immunity to pathogens and malignancy and to dampen atopic or inflam-
matory diseases.

References

Adachi Y, Onodera T, Yamada Y, Daio R, Tsuiji M, Inoue T, Kobayashi K, Kurosaki T, Ato M,
Takahashi Y (2015) Distinct germinal center selection at local sites shapes memory B cell
response to viral escape. J Exp Med 212:1709–1723

Ager A (2017) High endothelial venules and other blood vessels: critical regulators of lymphoid
organ development and function. Front Immunol 8:45

Allen E, Jabouille A, Rivera LB, Lodewijckx I, Missiaen R, Steri V, Feyen K, Tawney J,
Hanahan D, Michael IP, Bergers G (2017) Combined antiangiogenic and anti-PD-L1 therapy
stimulates tumor immunity through HEV formation. Sci Transl Med 9

Astarita JL, Cremasco V, Fu J, Darnell MC, Peck JR, Nieves-Bonilla JM, Song K, Kondo Y,
Woodruff MC, Gogineni A, Onder L, Ludewig B, Weimer RM, Carroll MC, Mooney DJ,
Xia L, Turley SJ (2015) The CLEC-2-podoplanin axis controls the contractility of fibroblastic
reticular cells and lymph node microarchitecture. Nat Immunol 16:75–84

Auais A, Adkins B, Napchan G, Piedimonte G (2003) Immunomodulatory effects of sensory
nerves during respiratory syncytial virus infection in rats. Am J Physiol Lung Cell Mol Physiol
285:L105–L113

Aujla SJ, Kolls JK (2009) IL-22: a critical mediator in mucosal host defense. J Mol Med (Berl)
87:451–454

Aziz KE, McCluskey PJ, Wakefield D (1997) Characterisation of follicular dendritic cells in labial
salivary glands of patients with primary Sjögren syndrome: comparison with tonsillar
lymphoid follicles. Ann Rheum Dis 56:140–143

Baluk P, Yao LC, Feng J, Romano T, Jung SS, Schreiter JL, Yan L, Shealy DJ, McDonald DM
(2009) TNF-alpha drives remodeling of blood vessels and lymphatics in sustained airway
inflammation in mice. J Clin Invest 119:2954–2964

Baluk P, Hogmalm A, Bry M, Alitalo K, Bry K, McDonald DM (2013) Transgenic overexpression
of interleukin-1b induces persistent lymphangiogenesis but not angiogenesis in mouse airways.
Am J Pathol 182:1434–1447

Baluk P, Adams A, Phillips K, Feng J, Hong YK, Brown MB, McDonald DM (2014a) Preferential
lymphatic growth in bronchus-associated lymphoid tissue in sustained lung inflammation.
Am J Pathol 184:1577–1592

Baluk P, Phillips K, Yao LC, Adams A, Nitschké M, McDonald DM (2014b) Neutrophil
dependence of vascular remodeling after mycoplasma infection of mouse airways. Am J Pathol
184:1877–1889

Baratin M, Foray C, Demaria O, Habbeddine M, Pollet E, Maurizio J, Verthuy C, Davanture S,
Azukizawa H, Flores-Langarica A, Dalod M, Lawrence T (2015) Homeostatic NF-kappaB
signaling in steady-state migratory dendritic cells regulates immune homeostasis and tolerance.
Immunity 42:627–639

Barone F, Nayar S, Campos J, Cloake T, Withers DR, Toellner KM, Zhang Y, Fouser LFisher B,
Bowman S, Rangel-Moreno J, Garcia-Hernandez ML, Randall TD, Lucchesi D,
Bombardieri M, Pitzalis C, Luther SA, Buckley CD (2015) IL-22 regulates lymphoid
chemokine production and assembly of tertiary lymphoid organs. Proc Natl Acad Sci USA
112:11024–11029

34 A. Silva-Sanchez and T. D. Randall



Berrih-Aknin S, Ragheb S, Le Panse R, Lisak RP (2013) Ectopic germinal centers, BAFF and
anti-B-cell therapy in myasthenia gravis. Autoimmun Rev 12:885–893

Blomgran R, Desvignes L, Briken V, Ernst JD (2012) Mycobacterium tuberculosis inhibits
neutrophil apoptosis, leading to delayed activation of naive CD4 T cells. Cell Host Microbe
11:81–90

Botelho FM, Rangel-Moreno J, Fritz D, Randall TD, Xing Z, Richards CD (2013) Pulmonary
expression of oncostatin M (OSM) promotes inducible BALT formation independently of IL-6,
despite a role for IL-6 in OSM-driven pulmonary inflammation. J Immunol 191:1453–1464

Bouton MC, Boulaftali Y, Richard B, Arocas V, Michel JB, Jandrot-Perrus M (2012) Emerging
role of serpinE2/protease nexin-1 in hemostasis and vascular biology. Blood 119:2452–2457

Braud VM, Biton J, Becht E, Knockaert S, Mansuet-Lupo A, Cosson E, Damotte D, Alifano M,
Validire P, Anjuère F, Cremer I, Girard N, Gossot D, Seguin-Givelet A, Dieu-Nosjean MC,
Germain C (2018) Expression of LLT1 and its receptor CD161 in lung cancer is associated
with better clinical outcome. Oncoimmunology 7:e1423184

Briend E, Ferguson GJ, Mori M, Damera G, Stephenson K, Karp NA, Sethi S, Ward CK,
Sleeman MA, Erjefält JS, Finch DK (2017) IL-18 associated with lung lymphoid aggregates
drives IFNc production in severe COPD. Respir Res 18:159

Browning JL, Allaire N, Ngam-Ek A, Notidis E, Hunt J, Perrin S, Fava RA (2005)
Lymphotoxin-beta receptor signaling is required for the homeostatic control of HEV
differentiation and function. Immunity 23:539–550

Cadena AM, Fortune SM, Flynn JL (2017) Heterogeneity in tuberculosis. Nat Rev Immunol
17:691–702

Carlsen HS, Baekkevold ES, Johansen FE, Haraldsen G, Brandtzaeg P (2002) B cell attracting
chemokine 1 (CXCL13) and its receptor CXCR5 are expressed in normal and aberrant gut
associated lymphoid tissue. Gut 51:364–371

Channappanavar R, Fett C, Zhao J, Meyerholz DK, Perlman S (2014) Virus-specific memory
CD8 T cells provide substantial protection from lethal severe acute respiratory syndrome
coronavirus infection. J Virol 88:11034–11044

Chiavolini D, Rangel-Moreno J, Berg G, Christian K, Oliveira-Nascimento L, Weir S, Alroy J,
Randall TD, Wetzler LM (2010) Bronchus-associated lymphoid tissue (BALT) and survival in
a vaccine mouse model of tularemia. PLoS ONE 5:e11156

Chvatchko Y, Kosco-Vilbois MH, Herren S, Lefort J, Bonnefoy JY (1996) Germinal center
formation and local immunoglobulin E (IgE) production in the lung after an airway antigenic
challenge. J Exp Med 184:2353–2360

Ciccia F, Rizzo A, Maugeri R, Alessandro R, Croci S, Guggino G, Cavazza A, Raimondo S,
Cannizzaro A, Iacopino DG, Salvarani C, Triolo G (2017) Ectopic expression of CXCL13,
BAFF, APRIL and LT-b is associated with artery tertiary lymphoid organs in giant cell
arteritis. Ann Rheum Dis 76:235–243

Cowan JE, Parnell SM, Nakamura K, Caamano JH, Lane PJ, Jenkinson EJ, Jenkinson WE,
Anderson G (2013) The thymic medulla is required for Foxp3+ regulatory but not
conventional CD4+ thymocyte development. J Exp Med 210:675–681

Cupedo T, Jansen W, Kraal G, Mebius RE (2004) Induction of secondary and tertiary lymphoid
structures in the skin. Immunity 21:655–667

Curtis J, Luo Y, Zenner HL, Cuchet-Lourenço D, Wu C, Lo K, Maes M, Alisaac A, Stebbings E,
Liu JZ, Kopanitsa L, Ignatyeva O, Balabanova Y, Nikolayevskyy V, Baessmann I, Thye T,
Meyer CG, Nürnberg P, Horstmann RD, Drobniewski F, Plagnol V, Barrett JC, Nejentsev S
(2015) Susceptibility to tuberculosis is associated with variants in the ASAP1 gene encoding a
regulator of dendritic cell migration. Nat Genet 47:523–527

Das A, Kole L, Wang L, Barrios R, Moorthy B, Jaiswal AK (2006) BALT development and
augmentation of hyperoxic lung injury in mice deficient in NQO1 and NQO2. Free Radic Biol
Med 40:1843–1856

Demangel C, Bertolino P, Britton WJ (2002) Autocrine IL-10 impairs dendritic cell (DC)-derived
immune responses to mycobacterial infection by suppressing DC trafficking to draining lymph
nodes and local IL-12 production. Eur J Immunol 32:994–1002

Role of iBALT in Respiratory Immunity 35



Denton AE, Carr EJ, Magiera LP, Watts AJB, Fearon DT (2019) Embryonic FAP. J Exp Med
Denton AE, Innocentin S, Carr EJ, Bradford BM, Lafouresse F, Mabbott NA, Mörbe U,

Ludewig B, Groom JR, Good-Jacobson KL, Linterman MA (2019b) Type I interferon induces
CXCL13 to support ectopic germinal center formation. J Exp Med 216:621–637

Dieu-Nosjean MC, Antoine M, Danel C, Heudes D, Wislez M, Poulot V, Rabbe N, Laurans L,
Tartour E, de Chaisemartin L, Lebecque S, Fridman WH, Cadranel J (2008) Long-term
survival for patients with non-small-cell lung cancer with intratumoral lymphoid structures.
J Clin Oncol 26:4410–4417

Dieu-Nosjean MC, Giraldo NA, Kaplon H, Germain C, Fridman WH, Sautès-Fridman C (2016)
Tertiary lymphoid structures, drivers of the anti-tumor responses in human cancers. Immunol
Rev 271:260–275

DiNardo AR, Mace EM, Lesteberg K, Cirillo JD, Mandalakas AM, Graviss EA, Orange JS,
Makedonas G (2016) Schistosome soluble egg antigen decreases Mycobacterium tuberculosis-
specific CD4+ T-cell effector function with concomitant arrest of macrophage phago-lysosome
maturation. J Infect Dis 214:479–488

Ding J, Zhang W, Haskett S, Pellerin A, Xu S, Petersen B, Jandreski L, Hamann S, Reynolds TL,
Zheng TS, Mingueneau M (2016) BAFF overexpression increases lymphocytic infiltration in
Sjögren’s target tissue, but only inefficiently promotes ectopic B-cell differentiation. Clin
Immunol 169:69–79

Doz E, Lombard R, Carreras F, Buzoni-Gatel D, Winter N (2013) Mycobacteria-infected dendritic
cells attract neutrophils that produce IL-10 and specifically shut down Th17 CD4 T cells
through their IL-10 receptor. J Immunol 191:3818–3826

Drayton DL, Ying X, Lee J, Lesslauer W, Ruddle NH (2003) Ectopic LT alpha beta directs
lymphoid organ neogenesis with concomitant expression of peripheral node addressin and a
HEV-restricted sulfotransferase. J Exp Med 197:1153–1163

Eddens T, Elsegeiny W, Garcia-Hernadez ML, Castillo P, Trevejo-Nunez G, Serody K,
Campfield BT, Khader SA, Chen K, Rangel-Moreno J, Kolls JK (2017) Pneumocystis-driven
inducible bronchus-associated lymphoid tissue formation requires Th2 and Th17 immunity.
Cell Rep 18:3078–3090

Elieh Ali Komi, D. and Bjermer, L. (2019) Mast cell-mediated orchestration of the immune
responses in human allergic asthma: current insights. Clin Rev Allergy Immunol 56:234–247

Flajnik MF (2002) Comparative analyses of immunoglobulin genes: surprises and portents. Nat
Rev Immunol 2:688–698

Fleige H, Forster R (2017) Induction and analysis of bronchus-associated lymphoid tissue.
Methods Mol Biol 1559:185–198

Fleige H, Haas JD, Stahl FR, Willenzon S, Prinz I, Forster R (2012) Induction of BALT in the
absence of IL-17. Nat Immunol 13, 1; author reply 2

Fleige H, Ravens S, Moschovakis GL, Bolter J, Willenzon S, Sutter G, Haussler S, Kalinke U,
Prinz I, Forster R (2014) IL-17-induced CXCL12 recruits B cells and induces follicle formation
in BALT in the absence of differentiated FDCs. J Exp Med 211:643–651

Fleige H, Bosnjak B, Permanyer M, Ristenpart J, Bubke A, Willenzon S, Sutter G, Luther SA,
Förster R (2018) Manifold roles of CCR7 and its ligands in the induction and maintenance of
bronchus-associated lymphoid tissue. Cell Rep 23:783–795

Fletcher AL, Malhotra D, Acton SE, Lukacs-Kornek V, Bellemare-Pelletier A, Curry M,
Armant M, Turley SJ (2011) Reproducible isolation of lymph node stromal cells reveals
site-dependent differences in fibroblastic reticular cells. Front Immunol 2:35

Flynn R, Du J, Veenstra RG, Reichenbach DK, Panoskaltsis-Mortari A, Taylor PA, Freeman GJ,
Serody JS, Murphy WJ, Munn DH, Sarantopoulos S, Luznik L, Maillard I, Koreth J, Cutler C,
Soiffer RJ, Antin JH, Ritz J, Dubovsky JA, Byrd JC, MacDonald KP, Hill GR, Blazar BR
(2014) Increased T follicular helper cells and germinal center B cells are required for cGVHD
and bronchiolitis obliterans. Blood 123:3988–3998

Foo SY, Zhang V, Lalwani A, Lynch JP, Zhuang A, Lam CE, Foster PS, King C, Steptoe RJ,
Mazzone SB, Sly PD, Phipps S (2015) Regulatory T cells prevent inducible BALT formation
by dampening neutrophilic inflammation. J Immunol 194:4567–4576

36 A. Silva-Sanchez and T. D. Randall



Frija-Masson J, Martin C, Regard L, Lothe MN, Touqui L, Durand A, Lucas B, Damotte D,
Alifano M, Fajac I, Burgel PR (2017) Bacteria-driven peribronchial lymphoid neogenesis in
bronchiectasis and cystic fibrosis. Eur Respir J 49

Furtado GC, Pacer ME, Bongers G, Benezech C, He Z, Chen L, Berin MC, Kollias G,
Caamano JH, Lira SA (2014) TNFalpha-dependent development of lymphoid tissue in the
absence of RORgammat(+) lymphoid tissue inducer cells. Mucosal Immunol 7:602–614

Ganchua SKC, Cadena AM, Maiello P, Gideon HP, Myers AJ, Junecko BF, Klein EC, Lin PL,
Mattila JT, Flynn JL (2018) Lymph nodes are sites of prolonged bacterial persistence during
Mycobacterium tuberculosis infection in macaques. PLoS Pathog 14:e1007337

Gauthier JM, Harrison MS, Krupnick AS, Gelman AE, Kreisel D (2019) The emerging role of
regulatory T cells following lung transplantation. Immunol Rev

Gazzinelli-Guimaraes PH, de Queiroz Prado R, Ricciardi A, Bonne-Année S, Sciurba J,
Karmele EP, Fujiwara RT, Nutman TB (2019) Allergen presensitization drives an
eosinophil-dependent arrest in lung-specific helminth development. J Clin Invest 130:3686–
3701

Gentek R, Bajenoff M (2017) Lymph node stroma dynamics and approaches for their
visualization. Trends Immunol 38:236–247

Gentilini MV, Nunez GG, Roux ME, Venturiello SM (2011) Trichinella spiralis infection rapidly
induces lung inflammatory response: the lung as the site of helminthocytotoxic activity.
Immunobiology 216:1054–1063

Georgiev P, Charbonnier LM, Chatila TA (2019) Regulatory T cells: the many faces of Foxp3.
J Clin Immunol 39:623–640

Germain C, Gnjatic S, Tamzalit F, Knockaert S, Remark R, Goc J, Lepelley A, Becht E,
Katsahian S, Bizouard G, Validire P, Damotte D, Alifano M, Magdeleinat P, Cremer I,
Teillaud JL, Fridman WH, Sautès-Fridman C, Dieu-Nosjean MC (2014) Presence of B cells in
tertiary lymphoid structures is associated with a protective immunity in patients with lung
cancer. Am J Respir Crit Care Med 189:832–844

GeurtsvanKessel CH, Willart MA, Bergen IM, van Rijt LS, Muskens F, Elewaut D, Osterhaus AD,
Hendriks R, Rimmelzwaan GF, Lambrecht BN (2009) Dendritic cells are crucial for
maintenance of tertiary lymphoid structures in the lung of influenza virus-infected mice. J Exp
Med 206:2339–2349

Girard JP, Moussion C, Forster R (2012) HEVs, lymphatics and homeostatic immune cell
trafficking in lymph nodes. Nat Rev Immunol 12:762–773

Goc J, Germain C, Vo-Bourgais TK, Lupo A, Klein C, Knockaert S, de Chaisemartin L,
Ouakrim H, Becht E, Alifano M, Validire P, Remark R, Hammond SA, Cremer I, Damotte D,
Fridman WH, Sautès-Fridman C, Dieu-Nosjean MC (2014) Dendritic cells in tumor-associated
tertiary lymphoid structures signal a Th1 cytotoxic immune contexture and license the positive
prognostic value of infiltrating CD8+ T cells. Cancer Res 74:705–715

Gopal R, Rangel-Moreno J, Slight S, Lin Y, Nawar HF, Fallert Junecko BA, Reinhart TA, Kolls J,
Randall TD, Connell TD, Khader SA (2013) Interleukin-17-dependent CXCL13 mediates
mucosal vaccine-induced immunity against tuberculosis. Mucosal Immunol 6:972–984

Gowthaman U, Chen JS., Zhang B, Flynn WF, Lu Y, Song W, Joseph J, Gertie JA, Xu L,
Collet MA, Grassmann JDS, Simoneau T, Chiang D, Berin MC, Craft JE, Weinstein JS,
Williams A, Eisenbarth SC (2019) Identification of a T follicular helper cell subset that drives
anaphylactic IgE. Science 365

Gregory LG, Lloyd CM (2011) Orchestrating house dust mite-associated allergy in the lung.
Trends Immunol 32:402–411

Gregson RL, Davey MJ, Prentice DE (1979) The response of rat bronchus-associated lymphoid
tissue to local antigenic challenge. Br J Exp Pathol 60:471–482

Guedj K, Khallou-Laschet J, Clement M, Morvan M, Gaston AT, Fornasa G, Dai J,
Gervais-Taurel M, Eberl G, Michel JB, Caligiuri G, Nicoletti A (2014) M1 macrophages act
as LTbetaR-independent lymphoid tissue inducer cells during atherosclerosis-related lymphoid
neogenesis. Cardiovasc Res 101:434–443

Role of iBALT in Respiratory Immunity 37



Guest IC, Sell S (2015) Bronchial lesions of mouse model of asthma are preceded by immune
complex vasculitis and induced bronchial associated lymphoid tissue (iBALT). Lab Invest
95:886–902

Halle S, Dujardin HC, Bakocevic N, Fleige H, Danzer H, Willenzon S, Suezer Y, Hammerling G,
Garbi N, Sutter G, Worbs T, Forster R (2009) Induced bronchus-associated lymphoid tissue
serves as a general priming site for T cells and is maintained by dendritic cells. J Exp Med
206:2593–2601

Hasegawa T, Iacono A, Yousem SA (1999) The significance of bronchus-associated lymphoid
tissue in human lung transplantation: is there an association with acute and chronic rejection?
Transplantation 67:381–385

Herzog BH, Fu J, Wilson SJ, Hess PR, Sen A, McDaniel JM, Pan Y, Sheng M, Yago T,
Silasi-Mansat R, McGee S, May F, Nieswandt B, Morris AJ, Lupu F, Coughlin SR,
McEver RP, Chen H, Kahn ML, Xia L (2013) Podoplanin maintains high endothelial venule
integrity by interacting with platelet CLEC-2. Nature 502:105–109

Holbrook BC, Hayward SL, Blevins LK, Kock N, Aycock T, Parks GD, Alexander-Miller MA
(2015) Nonhuman primate infants have an impaired respiratory but not systemic IgG antibody
response following influenza virus infection. Virology 476:124–133

Holt PG (1993) Development of bronchus associated lymphoid tissue (BALT) in human lung
disease: a normal host defence mechanism awaiting therapeutic exploitation? Thorax 48:1097–
1098

Holt PG, Sly PD (2007) Th2 cytokines in the asthma late-phase response. The Lancet 370:1396–
1398

Hwang JY, Randall TD, Silva-Sanchez A (2016) Inducible bronchus-associated lymphoid tissue:
taming inflammation in the lung. Front Immunol 7:258

Iwata M, Sato A (1991) Morphological and immunohistochemical studies of the lungs and
bronchus-associated lymphoid tissue in a rat model of chronic pulmonary infection with
Pseudomonas aeruginosa. Infect Immun 59:1514–1520

Jappe U, Schwager C, Schromm AB, González Roldán N, Stein K, Heine H, Duda KA (2019)
Lipophilic allergens, different modes of allergen-lipid interaction and their impact on asthma
and allergy. Front Immunol 10:122

Jericho KW, Austwick PK, Hodges RT, Dixon JB (1971a) Intrapulmonary lymphoid tissue of pigs
exposed to aerosols of carbon particles, of Salmonella oranienburg, of Mycoplasma
granularum, and to an oral inoculum of larvae of Metastrongylus apri. J Comp Pathol
81:13–21

Jericho KW, Derbyshire JB, Jones JE (1971b) Intrapulmonary lymphoid tissue of pigs exposed to
aerosols of haemolytic streptococcus group L and porcine adenovirus. J Comp Pathol 81:1–11

Johnson JE, Gonzales RA, Olson SJ, Wright PF, Graham BS (2007) The histopathology of fatal
untreated human respiratory syncytial virus infection. Mod Pathol 20:108–119

Jupelli M, Shimada K, Chiba N, Slepenkin A, Alsabeh R, Jones HD, Peterson E, Chen S,
Arditi M, Crother TR (2013) Chlamydia pneumoniae infection in mice induces chronic lung
inflammation, iBALT formation, and fibrosis. PLoS ONE 8:e77447

Kallal LE, Hartigan AJ, Hogaboam CM, Schaller MA, Lukacs NW (2010) Inefficient lymph node
sensitization during respiratory viral infection promotes IL-17-mediated lung pathology.
J Immunol 185:4137–4147

Kang DD, Lin Y, Moreno JR, Randall TD, Khader SA (2011) Profiling early lung immune
responses in the mouse model of tuberculosis. PLoS ONE 6:e16161

Kaplan MJ, Radic M (2012) Neutrophil extracellular traps: double-edged swords of innate
immunity. J Immunol 189:2689–2695

Khader SA, Bell GK, Pearl JE, Fountain JJ, Rangel-Moreno J, Cilley GE, Shen F, Eaton SM,
Gaffen SL, Swain SL, Locksley RM, Haynes L, Randall TD, Cooper AM (2007) IL-23 and
IL-17 in the establishment of protective pulmonary CD4+ T cell responses after vaccination
and during Mycobacterium tuberculosis challenge. Nat Immunol 8:369–377

38 A. Silva-Sanchez and T. D. Randall



Khader SA, Guglani L, Rangel-Moreno J, Gopal R, Junecko BA, Fountain JJ, Martino C, Pearl JE,
Tighe M, Lin YY, Slight S, Kolls JK, Reinhart TA, Randall TD, Cooper AM (2011) IL-23 is
required for long-term control of Mycobacterium tuberculosis and B cell follicle formation in
the infected lung. J Immunol 187:5402–5407

Khan A, Singh VK, Hunter RL, Jagannath C (2019) Macrophage heterogeneity and plasticity in
tuberculosis. J Leukoc Biol 106:275–282

Kocks JR, Davalos-Misslitz AC, Hintzen G, Ohl L, Forster R (2007) Regulatory T cells interfere
with the development of bronchus-associated lymphoid tissue. J Exp Med 204:723–734

Kroeger DR, Milne K, Nelson BH (2016) Tumor-infiltrating plasma cells are associated with
tertiary lymphoid structures, cytolytic T-cell responses, and superior prognosis in ovarian
cancer. Clin Cancer Res 22:3005–3015

Kumar S, Leigh ND, Cao X (2018) The role of co-stimulatory/co-inhibitory signals in graft-vs.-
host disease. Front Immunol 9:3003

Kuroda E, Ozasa K, Temizoz B, Ohata K, Koo CX, Kanuma T, Kusakabe T, Kobari S, Horie M,
Morimoto Y, Nakajima S, Kabashima K, Ziegler SF, Iwakura Y, Ise W, Kurosaki T,
Nagatake T, Kunisawa J, Takemura N, Uematsu S, Hayashi M, Aoshi T, Kobiyama K,
Coban C, Ishii KJ (2016) Inhaled fine particles induce alveolar macrophage death and
interleukin-1a release to promote inducible bronchus-associated lymphoid tissue formation.
Immunity 45:1299–1310

Lai R, Jeyanathan M, Shaler CR, Damjanovic D, Khera A, Horvath C, Ashkar AA, Xing Z (2014)
Restoration of innate immune activation accelerates Th1-cell priming and protection following
pulmonary mycobacterial infection. Eur J Immunol 44:1375–1386

Lainez S, Court-Fortune I, Vercherin P, Falchero L, Didi T, Beynel P, Piperno D, Frappe E,
Froudarakis M, Vergnon JM, Devouassoux G (2019) Clinical ACO phenotypes: description of
a heterogeneous entity. Respir Med Case Rep 28:100929

Lee JJ, McGarry MP, Farmer SC, Denzler KL, Larson KA, Carrigan PE, Brenneise IE,
Horton MA, Haczku A, Gelfand EW, Leikauf GD, Lee NA (1997a) Interleukin-5 expression in
the lung epithelium of transgenic mice leads to pulmonary changes pathognomonic of asthma.
J Exp Med 185:2143–2156

Lee NA, McGarry MP, Larson KA, Horton MA, Kristensen AB, Lee JJ (1997b) Expression of
IL-5 in thymocytes/T cells leads to the development of a massive eosinophilia, extramedullary
eosinophilopoiesis, and unique histopathologies. J Immunol 158:1332–1344

Li W, Gauthier JM, Higashikubo R, Hsiao HM, Tanaka S, Vuong L, Ritter JH, Tong AY,
Wong BW, Hachem RR, Puri V, Bharat A, Krupnick AS, Hsieh CS, Baldwin WM, Kelly FL,
Palmer SM, Gelman AE, Kreisel D (2019) Bronchus-associated lymphoid tissue-resident
Foxp3+ T lymphocytes prevent antibody-mediated lung rejection. J Clin Invest 129:556–568

Linge I, Dyatlov A, Kondratieva E, Avdienko V, Apt A, Kondratieva T (2017) B-lymphocytes
forming follicle-like structures in the lung tissue of tuberculosis-infected mice: dynamics,
phenotypes and functional activity. Tuberculosis (Edinb) 102:16–23

Lu TT, Browning JL (2014) Role of the lymphotoxin/LIGHT system in the development and
maintenance of reticular networks and vasculature in lymphoid tissues. Front Immunol 5:47

Luther SA, Ansel KM, Cyster JG (2003) Overlapping roles of CXCL13, interleukin 7 receptor
alpha, and CCR7 ligands in lymph node development. J Exp Med 197:1191–1198

Marinkovic T, Garin A, Yokota Y, Fu YX, Ruddle NH, Furtado GC, Lira SA (2006) Interaction of
mature CD3+ CD4+ T cells with dendritic cells triggers the development of tertiary lymphoid
structures in the thyroid. J Clin Invest 116:2622–2632

Martinet L, Filleron T, Le Guellec S, Rochaix P, Garrido I, Girard JP (2013) High endothelial
venule blood vessels for tumor-infiltrating lymphocytes are associated with lymphotoxin
b-producing dendritic cells in human breast cancer. J Immunol 191:2001–2008

Martínez-Barricarte R, Markle JG, Ma CS, Deenick EK, Ramírez-Alejo N, Mele F, Latorre D,
Mahdaviani SA, Aytekin C, Mansouri D, Bryant VL, Jabot-Hanin F, Deswarte C, Nieto-Patlán
A, Surace L, Kerner G, Itan Y, Jovic S, Avery DT, Wong N, Rao G, Patin E, Okada S, Bigio B,
Boisson B, Rapaport F, Seeleuthner Y, Schmidt M, Ikinciogullari A, Dogu F, Tanir G,
Tabarsi P, Bloursaz MR, Joseph JK, Heer A, Kong XF, Migaud M, Lazarov T, Geissmann F,

Role of iBALT in Respiratory Immunity 39



Fleckenstein B, Arlehamn CL, Sette A, Puel A, Emile JF, van de Vosse E, Quintana-Murci L,
Di Santo JP, Abel L, Boisson-Dupuis S, Bustamante J, Tangye SG, Sallusto F, Casanova JL
(2018) Human IFN-c immunity to mycobacteria is governed by both IL-12 and IL-23. Sci
Immunol 3

Maselli DJ, Hanania NA (2019) Management of asthma COPD overlap. Ann Allergy Asthma
Immunol

McDonald-Hyman C, Flynn R, Panoskaltsis-Mortari A, Peterson N, MacDonald KP, Hill GR,
Luznik L, Serody JS, Murphy WJ, Maillard I, Munn DH, Turka LA, Koreth J, Cutler CS,
Soiffer RJ, Antin JH, Ritz J, Blazar BR (2016) Therapeutic regulatory T-cell adoptive transfer
ameliorates established murine chronic GVHD in a CXCR5-dependent manner. Blood
128:1013–1017

Mebius RE, Bauer J, Twisk AJ, Brevé J, Kraal G (1991a) The functional activity of high
endothelial venules: a role for the subcapsular sinus macrophages in the lymph node.
Immunobiology 182:277–291

Mebius RE, Streeter PR, Brevé J, Duijvestijn AM, Kraal G (1991b) The influence of afferent
lymphatic vessel interruption on vascular addressin expression. J Cell Biol 115:85–95

Meyer-Hoffert U, Wiedow O (2011) Neutrophil serine proteases: mediators of innate immune
responses. Curr Opin Hematol 18:19–24

Monin L, Griffiths KL, Lam WY, Gopal R, Kang DD, Ahmed M, Rajamanickam A, Cruz-Lagunas
A, Zúñiga J, Babu S, Kolls JK, Mitreva M, Rosa BA, Ramos-Payan R, Morrison TE,
Murray PJ, Rangel-Moreno J, Pearce EJ, Khader SA (2015) Helminth-induced arginase-1
exacerbates lung inflammation and disease severity in tuberculosis. J Clin Invest 125:4699–
4713

Mounzer RH, Svendsen OS, Baluk P, Bergman CM, Padera TP, Wiig H, Jain RK, McDonald DM,
Ruddle NH (2010) Lymphotoxin-alpha contributes to lymphangiogenesis. Blood 116:2173–
2182

Moussion C, Girard JP (2011) Dendritic cells control lymphocyte entry to lymph nodes through
high endothelial venules. Nature 479:542–546

Moyron-Quiroz JE, Rangel-Moreno J, Kusser K, Hartson L, Sprague F, Goodrich S,
Woodland DL, Lund FE, Randall TD (2004) Role of inducible bronchus associated lymphoid
tissue (iBALT) in respiratory immunity. Nat Med 10:927–934

Muniz LR, Pacer ME, Lira SA, Furtado GC (2011) A critical role for dendritic cells in the
formation of lymphatic vessels within tertiary lymphoid structures. J Immunol 187:828–834

Munywoki PK, Ohuma EO, Ngama M, Bauni E, Scott JA, Nokes DJ (2013) Severe lower
respiratory tract infection in early infancy and pneumonia hospitalizations among children,
Kenya. Emerg Infect Dis 19:223–229

Mzinza DT, Fleige H, Laarmann K, Willenzon S, Ristenpart J, Spanier J, Sutter G, Kalinke U,
Valentin-Weigand P, Förster R (2018) Application of light sheet microscopy for qualitative and
quantitative analysis of bronchus-associated lymphoid tissue in mice. Cell Mol Immunol
15:875–887

Naradikian MS, Myles A, Beiting DP, Roberts KJ, Dawson L, Herati RS, Bengsch B,
Linderman SL, Stelekati E, Spolski R, Wherry EJ, Hunter C, Hensley SE, Leonard WJ,
Cancro MP (2016) Cutting edge: IL-4, IL-21, and IFN-c interact to govern T-bet and CD11c
expression in TLR-activated B cells. J Immunol 197:1023–1028

Neely HR, Flajnik MF (2016) Emergence and evolution of secondary lymphoid organs. Annu Rev
Cell Dev Biol 32:693–711

Noble A, Zhao J (2016) Follicular helper T cells are responsible for IgE responses to Der p 1
following house dust mite sensitization in mice. Clin Exp Allergy 46:1075–1082

Orme IM, Robinson RT, Cooper AM (2015) The balance between protective and pathogenic
immune responses in the TB-infected lung. Nat Immunol 16:57–63

Otsuki Y, Ito Y, Magari S (1989) Lymphocyte subpopulations in high endothelial venules and
lymphatic capillaries of bronchus-associated lymphoid tissue (BALT) in the rat. Am J Anat
184:139–146

40 A. Silva-Sanchez and T. D. Randall



Peske JD, Thompson ED, Gemta L, Baylis RA, Fu YX, Engelhard VH (2015) Effector
lymphocyte-induced lymph node-like vasculature enables naive T-cell entry into tumours and
enhanced anti-tumour immunity. Nat Commun 6:7114

Pizzolla A, Oh DY, Luong S, Prickett SR, Henstridge DC, Febbraio MA, O’Hehir RE,
Rolland JM, Hardy CL (2016) High fat diet inhibits dendritic cell and t cell response to
allergens but does not impair inhalational respiratory tolerance. PLoS ONE 11:e0160407

Pociask DA, Scheller EV, Mandalapu S, McHugh KJ, Enelow RI, Fattman CL, Kolls JK,
Alcorn JF (2013) IL-22 is essential for lung epithelial repair following influenza infection.
Am J Pathol 182:1286–1296

Rangel-Moreno J, Hartson L, Navarro C, Gaxiola M, Selman M, Randall TD (2006) Inducible
bronchus-associated lymphoid tissue (iBALT) in patients with pulmonary complications of
rheumatoid arthritis. J Clin Invest 116:3183–3194

Rangel-Moreno J, Moyron-Quiroz JE, Hartson L, Kusser K, Randall TD (2007) Pulmonary
expression of CXC chemokine ligand 13, CC chemokine ligand 19, and CC chemokine ligand
21 is essential for local immunity to influenza. Proc Natl Acad Sci USA 104:10577–10582

Rangel-Moreno J, Carragher DM, de la Luz Garcia-Hernandez M, Hwang JY, Kusser K,
Hartson L, Kolls JK, Khader SA, Randall TD (2011) The development of inducible
bronchus-associated lymphoid tissue depends on IL-17. Nat Immunol 12:639–646

Reed HO, Wang L, Sonett J, Chen M, Yang J, Li L, Aradi P, Jakus Z, D’Armiento J,
Hancock WW, Kahn ML (2019) Lymphatic impairment leads to pulmonary tertiary lymphoid
organ formation and alveolar damage. J Clin Invest 129:2514–2526

Rendon JL, Li X, Akhtar S, Choudhry MA (2013) Interleukin-22 modulates gut epithelial and
immune barrier functions following acute alcohol exposure and burn injury. Shock 39:11–18

Richert LE, Harmsen AL, Rynda-Apple A, Wiley JA, Servid AE, Douglas T, Harmsen AG (2013)
Inducible bronchus-associated lymphoid tissue (iBALT) synergizes with local lymph nodes
during antiviral CD4+ T cell responses. Lymphat Res Biol 11:196–202

Roberts LL, Robinson CM (2014) Mycobacterium tuberculosis infection of human dendritic cells
decreases integrin expression, adhesion and migration to chemokines. Immunology 141:39–51

Robinson PJ, Hegele RG, Schellenberg RR (1997) Allergic sensitization increases airway
reactivity in guinea pigs with respiratory syncytial virus bronchiolitis. J Allergy Clin Immunol
100:492–498

Rodda LB, Bannard O, Ludewig B, Nagasawa T, Cyster JG (2015) Phenotypic and morphological
properties of germinal center dark Zone Cxcl12-expressing reticular cells. J Immunol
195:4781–4791

Sanchez-Guzman D, Le Guen P, Villeret B, Sola N, Le Borgne R, Guyard A, Kemmel A,
Crestani B, Sallenave JM, Garcia-Verdugo I (2019) Silver nanoparticle-adjuvanted vaccine
protects against lethal influenza infection through inducing BALT and IgA-mediated mucosal
immunity. Biomaterials 217:119308

Sato J, Chida K, Suda T, Sato A, Nakamura H (2000) Migratory patterns of thoracic duct
lymphocytes into bronchus-associated lymphoid tissue of immunized rats. Lung 178:295–308

Sato M, Hirayama S, Matsuda Y, Wagnetz D, Hwang DM, Guan Z, Liu M, Keshavjee S (2011)
Stromal activation and formation of lymphoid-like stroma in chronic lung allograft
dysfunction. Transplantation 91:1398–1405

Shenoy KV, Solomides C, Cordova F, Rogers TJ, Ciccolella D, Criner GJ (2012) Low CD4/CD8
ratio in bronchus-associated lymphoid tissue is associated with lung allograft rejection.
J Transplant 2012:928081

Shilling RA, Williams JW, Perera J, Berry E, Wu Q, Cummings OW, Sperling AI, Huang H
(2013) Autoreactive T and B cells induce the development of bronchus-associated lymphoid
tissue in the lung. Am J Respir Cell Mol Biol 48:406–414

Shilovskiy IP, Sundukova MS, Babakhin A, Gaisina AR, Maerle AV, Sergeev IV, Nikolskiy AA,
Barvinckaya ED, Kovchina VI, Kudlay DA, Nikonova AA, Khaitov MR (2019) Experimental
protocol for development of adjuvant-free murine chronic model of allergic asthma. J Immunol
Methods 468:10–19

Role of iBALT in Respiratory Immunity 41



Shinoda K, Hirahara K, Iinuma T, Ichikawa T, Suzuki AS, Sugaya K, Tumes DJ, Yamamoto H,
Hara T, Tani-Ichi S, Ikuta K, Okamoto Y, Nakayama T (2016) Thy1+ IL-7+ lymphatic
endothelial cells in iBALT provide a survival niche for memory T-helper cells in allergic
airway inflammation. Proc Natl Acad Sci USA 113:E2842–E2851

Shinoda K, Hirahara K, Nakayama T (2017) Maintenance of pathogenic Th2 cells in allergic
disorders. Allergol Int 66:369–376

Siemeni T, Knöfel AK, Ius F, Sommer W, Salman J, Böthig D, Falk CS, Tudorache I, Haverich A,
Warnecke G (2019) Transplant arteriosclerosis in humanized mice reflects chronic lung
allograft dysfunction and is controlled by regulatory T cells. J Thorac Cardiovasc Surg
157:2528–2537

Slight SR, Rangel-Moreno J, Gopal R, Lin Y, Fallert Junecko BA, Mehra S, Selman M,
Becerril-Villanueva E, Baquera-Heredia J, Pavon L, Kaushal D, Reinhart TA, Randall TD,
Khader SA (2013) CXCR5+ T helper cells mediate protective immunity against tuberculosis.
J Clin Invest 123:712–726

Solleti SK, Srisuma S, Bhattacharya S, Rangel-Moreno J, Bijli KM, Randall TD, Rahman A,
Mariani TJ (2016) Serpine2 deficiency results in lung lymphocyte accumulation and
bronchus-associated lymphoid tissue formation. FASEB J 30:2615–2626

Sørensen OE, Borregaard N (2016) Neutrophil extracellular traps—the dark side of neutrophils.
J Clin Invest 126:1612–1620

Stahl FR, Heller K, Halle S, Keyser KA, Busche A, Marquardt A, Wagner K, Boelter J,
Bischoff Y, Kremmer E, Arens R, Messerle M, Forster R (2013) Nodular inflammatory foci are
sites of T cell priming and control of murine cytomegalovirus infection in the neonatal lung.
PLoS Pathog 9:e1003828

Suda T, Chida K, Hayakawa H, Imokawa S, Iwata M, Nakamura H, Sato A (1999) Development
of bronchus-associated lymphoid tissue in chronic hypersensitivity pneumonitis. Chest
115:357–363

Swain SD, Meissner N, Han S, Harmsen A (2011) Pneumocystis infection in an immunocom-
petent host can promote collateral sensitization to respiratory antigens. Infect Immun 79:1905–
1914

Tecchio C, Micheletti A, Cassatella MA (2014) Neutrophil-derived cytokines: facts beyond
expression. Front Immunol 5:508

Trujillo G, Hartigan AJ, Hogaboam CM (2010) T regulatory cells and attenuated bleomycin-
induced fibrosis in lungs of CCR7-/-mice. Fibrogenesis Tissue Repair 3:18

Truxova I, Kasikova L, Hensler M, Skapa P, Laco J, Pecen L, Belicova L, Praznovec I,
Halaska MJ, Brtnicky T, Salkova E, Rob L, Kodet R, Goc J, Sautes-Fridman C, Fridman WH,
Ryska A, Galluzzi L, Spisek R, Fucikova J (2018) Mature dendritic cells correlate with
favorable immune infiltrate and improved prognosis in ovarian carcinoma patients.
J Immunother Cancer 6:139

Ulrichs T, Kosmiadi GA, Trusov V, Jörg S, Pradl L, Titukhina M, Mishenko V, Gushina N,
Kaufmann SH (2004) Human tuberculous granulomas induce peripheral lymphoid follicle-like
structures to orchestrate local host defence in the lung. J Pathol 204:217–228

Vanessa KH, Julia MG, Wenwei L, Michelle AL, Zarina ZR, Lina LH, Sylvie A (2015) Absence
of Annexin A1 impairs host adaptive immunity against Mycobacterium tuberculosis in vivo.
Immunobiology 220:614–623

Venturiello SM, Verzoletti ML, Costantino SN, Forastiero MA, Roux ME (2007) Early pulmonary
response in rats infected with Trichinella spiralis. Parasitology 134:281–288

Weinstein AM, Storkus WJ (2016) Biosynthesis and functional significance of peripheral node
addressin in cancer-associated TLO. Front Immunol 7:301

Weinstein AM, Chen L, Brzana EA, Patil PR, Taylor JL, Fabian KL, Wallace CT, Jones SD,
Watkins SC, Lu B, Stroncek DF, Denning TL, Fu YX, Cohen PA, Storkus WJ (2017) Tbet and
IL-36c cooperate in therapeutic DC-mediated promotion of ectopic lymphoid organogenesis in
the tumor microenvironment. Oncoimmunology 6:e1322238

42 A. Silva-Sanchez and T. D. Randall



Weinstein AM, Giraldo NA, Petitprez F, Julie C, Lacroix L, Peschaud F, Emile JF, Marisa L,
Fridman WH, Storkus WJ, Sautès-Fridman C (2019) Association of IL-36c with tertiary
lymphoid structures and inflammatory immune infiltrates in human colorectal cancer. Cancer
Immunol Immunother 68:109–120

Wendland M, Willenzon S, Kocks J, Davalos-Misslitz AC, Hammerschmidt SI, Schumann K,
Kremmer E, Sixt M, Hoffmeyer A, Pabst O, Forster R (2011) Lymph node T cell homeostasis
relies on steady state homing of dendritic cells. Immunity 35:945–957

Wiley JA, Harmsen AG (2008) Pneumocystis infection enhances antibody-mediated resistance to
a subsequent influenza infection. J Immunol 180:5613–5624

Wiley JA, Richert LE, Swain SD, Harmsen A, Barnard DL, Randall TD, Jutila M, Douglas T,
Broomell C, Young M, Harmsen A (2009) Inducible bronchus-associated lymphoid tissue
elicited by a protein cage nanoparticle enhances protection in mice against diverse respiratory
viruses. PLoS ONE 4:e7142

Winslow GM, Papillion AM, Kenderes KJ, Levack RC (2017) CD11c+ T-bet+ memory B cells:
Immune maintenance during chronic infection and inflammation? Cell Immunol 321:8–17

Yu P, Wang Y, Chin RK, Martinez-Pomares L, Gordon S, Kosco-Vibois MH, Cyster J, Fu YX
(2002) B cells control the migration of a subset of dendritic cells into B cell follicles via CXC
chemokine ligand 13 in a lymphotoxin-dependent fashion. J Immunol 168:5117–5123

Zhang M, Wang Z, Graner MW, Yang L, Liao M, Yang Q, Gou J, Zhu Y, Wu C, Liu H, Zhou B,
Chen X (2011) B cell infiltration is associated with the increased IL-17 and IL-22 expression in
the lungs of patients with tuberculosis. Cell Immunol 270:217–223

Zhang W, Zhang H, Liu S, Xia F, Kang Z, Zhang Y, Liu Y, Xiao H, Chen L, Huang C, Shen N,
Xu H, Li F (2019) Excessive CD11c. Proc Natl Acad Sci USA 116:18550–18560

Zhao Y, Olonisakin TF, Xiong Z, Hulver M, Sayeed S, Yu MT, Gregory AD, Kochman EJ,
Chen BB, Mallampalli RK, Sun M, Silverstein RL, Stolz DB, Shapiro SD, Ray A, Ray P,
Lee JS (2015) Thrombospondin-1 restrains neutrophil granule serine protease function and
regulates the innate immune response during Klebsiella pneumoniae infection. Mucosal
Immunol 8:896–905

Role of iBALT in Respiratory Immunity 43


	191 Role of iBALT in Respiratory Immunity
	Abstract
	1 Introduction
	2 Mechanisms Leading to iBALT Formation: A Rainbow of Options
	3 Role of iBALT in Immunity Against Infectious Diseases
	4 Role of iBALT in the Immune Response Against Non-infectious Agents
	5 Conclusion
	References




