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1. LYMPH NODE STRUCTURE AND DEVELOPMENT

Primary adaptive immune responses are initiated in secondary lymphoid organs,
such as spleen, lymph nodes, and Peyer’s patches. These lymphoid organs re-
cruit naive lymphocytes' as well as activated antigen-presenting cells (APCs)’,
and facilitate lymphocyte activation, expansion, and differentiation. For exam-
ple, infection of the lung with influenza virus leads to activation of pulmonary
dendritic cells, which engulf local antigens and traffic to the draining mediasti-
nal lymph node (MLN)’, where they home to the T cell area surrounding the
high endothelial venules (HEVs) (Figure 1). Naive B and T cells are constantly
recruited into the lymph node via these HEVs and rapidly become activated as
they encounter cognate antigen on APCs. Activated lymphocytes subsequently
expand and differentiate into effector cells. For T cells, this differentiation pri-
marily occurs in the T cell zone. In contrast, B cells rapidly expand and are se-
lected for high-affinity variants in the germinal centers (GCs) that develop on
the border between the T cell area and the B cell follicle. As the immune re-
sponse progresses, effector B and T cells leave the lymph node via the efferent
lymphatics, which drain into the blood via the thoracic duct. Once in the blood,
activated effector cells recirculate to sites of inflammation, including the origi-
nal site of infection in the lung, and use their effector functions to combat infec-
tion. An important point of this model is that, while infection occurs locally in
non-lymphoid organs, primary immune responses are initiated centrally in sec-
ondary lymphoid organs. This scheme is outlined in Figure 1.

*From the Trudeau Institute, Saranac Lake, New York 12983, USA.
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Figure 1. Secondary lymphoid organs acquire antigen and activated APCs from regional tissues and
initiate primary immune responses. APCs enter the lymph node via afferent lymphatics and home to
the T cell zone. Naive lymphocytes enter the lymph node via the HEVs and encounter antigen dis-
played on APCs. Effector lymphocytes leave the lymph node via efferent lymphatics.

Although there are similarities in the architecture of all secondary lymphoid
organs, their structure differs depending on their location and function’. For ex-
ample, the spleen samples antigens directly from the blood’, while regional
lymph nodes sample antigens from afferent lymphatics that drain regional tis-
sues’. In contrast, mucosal lymphoid tissues, such as Peyer’s patches and Nasal
Associated Lymphoid Tissue (NALT) have no afferent lymphatics and sample
antigens directly across the mucosal epithelium’. Therefore, each secondary
lymphoid organ is specialized to acquire antigen from the regional tissues that it
drains and to generate immune responses appropriate to those antigens.

Lymph node and Peyer's patch development occurs between day E11 of
gestation and birth’. The development of these organs is dependent on the lym-
photoxin (LT) signaling pathway and mice lacking LTo, LTB’, LTBR", or
NFxB-inducing kinase' fail to develop most lymph nodes and Peyer's patches.
Embryonic lymph node development is initiated by Lymphoid Tissue inducer
cells (LTi cells), which provide lymphotoxin to local LTBR-expressing mesen-
chymal cells at sites of future lymph node development”. In turn, signals from
the LTPR trigger mesenchymal cells to differentiate into mature stromal cells
that express the chemokines and adhesion molecules necessary to recruit and
maintain lymphocytes in mature lymph nodes”. In the absence of these
chemokines, particularly CXCL13"™", LTi cells fail to migrate to sites of future
lymph node formation and lymph nodes do not develop. Once formed, the archi-
tecture of secondary lymphoid organs is maintained by a positive feedback loop
between lymphotoxin and the homeostatic chemokines'". In fact, lymphotoxin-
dependent CXCL13 expression is required for maintenance of B cell follicles,
formation of germinal centers, and differentiation of follicular dendritic cells".
In contrast, CCL21 is expressed primarily on HEVs and promotes rolling arrest
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and migration across the vascular endothelium”, while CCL19 expression on
stromal cells is important for recruitment of T cells and activated APCs into the
T cell area”. Like the expression of CXCL13, the expression of CCL19 and
CCL21 is dependent on lymphotoxin'. Thus, lymphotoxin and homeostatic
chemokines are essential for both the development of secondary lymphoid or-
gans and for maintenance of proper lymphoid architecture.

2. ROLE OF LOCAL LYMPHOID ORGANS IN
PULMONARY IMMUNITY

Despite the important role of secondary lymphoid organs in initiating primary
immune responses, there are some indications that naive lymphocytes can be
primed locally in non-lymphoid tissues. For example, adoptively transferred
naive OTII TCR transgenic CD4 T cells can be primed by intranasal challenge
with OVA in LTa" hosts”. Since LTor” mice lack all lymph nodes and Peyer's
patches, these data suggest that the transferred T cells are primed directly in the
lung tissue by pulmonary DCs. We also used LTa.” mice in our initial studies to
address whether conventional secondary lymphoid organs were required for
immune responses to influenza”. As expected based on studies showing that
LTo” mice are unable to generate primary immune responses to a variety of
infectious agents™ ', we found that LT mice are more susceptible than nor-
mal mice to influenza. However, even though the onset of immunity is slightly
delayed, LTo;” mice make robust immune responses to influenza”. For exam-
ple, although the initial CD8 T cell response is slightly delayed, normal numbers
of influenza-specific CD8 T cells are eventually generated that have normal cy-
totoxic activity and make normal levels of IFNY upon restimulation. The B cell
response is also slightly delayed, but ultimately produces above-normal levels of
influenza-specific IgM and slightly below normal levels of influenza-specific
IgG. Together, the T and B cell responses of LTo” mice clear influenza virus
from the lungs with only a slight delay”. Thus, primary immune responses to
influenza are intact in LTo™ mice, despite their lack of lymph nodes.

2.1. Structure and Function of Nasal-Associated Lymphoid
Tissue (NALT)

Given that LTot" mice are also able to make an immune response to another
respiratory virus, yHerpesvirus-68*, we hypothesized that there is something
unique about the respiratory tract that allows primary immune responses to oc-
cur in the absence of lymph nodes. One possibility is that some secondary lym-
phoid organs remain in the respiratory tract of LTo;” mice. Since the loss of all
conventional lymph nodes is extensively documented in LTo;"” mice®, we exam-
ined whether the development of NALT is disrupted by the loss of LTa. Sur-
prisingly, we showed that, unlike all other lymph nodes and Peyer’s patches,
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NALT develops independently of LTo. signaling”. However, despite the ability
of NALT to bypass LTa for its development, the structure and function of
NALT is severely compromised in the absence of LTa*. The NALT of LTor”
mice is lymphopenic, lacks B cell follicles, follicular dendritic cells and HEVs,
and is unable to initiate B and T cell responses to intranasal antigens. However,
both the structure and immune function of NALT can be restored by reconstitu-
tion of LTo” mice with normal bone marrow”. Since conventional lymph nodes
and Peyer's patches are not restored by reconstitution with normal cells’, this
suggests either that the basic scaffolding of NALT is formed independently of
LTa, or that the development of NALT is not confined to an early developmen-
tal window. In either case, the development of NALT is unlike that of other sec-
ondary lymphoid organs.

The severely compromised structure and function of NALT in LTa” mice
also suggests that LTo may control the proper expression of homeostatic
chemokines in NALT as it does in the spleen. We investigated this possibility
and found that, indeed, LT is required for the expression of CXCL13, CCL19,
and CCL21 in NALT and that the loss of these chemokines is responsible for the
disrupted architecture and impaired function of NALT in LTo” mice™. For ex-
ample, the architecture of NALT is severely disrupted and both B cell and T cell
responses are impaired in LTo.” mice. In contrast, only B cell responses are
impaired in CXCL13™" mice and only T cell responses are impaired in plt/plt
mice, which lack both CCL19 and CCL21%. Thus, the structural and functional
defects in LTar” NALT can be directly traced to impaired chemokine expres-
sion. These data are consistent with the severely reduced expression of
CXCL13, CCL19, and CCL21", the compromised lymphoid architecture”, and
impaired function™ of spleens in LTo" mice.

2.2. Pulmonary Immune Responses in the Absence of Secondary
Lymphoid Organs

Although it is clear that NALT can develop in the absence of LTa., the inability
of NALT to support B and T cell responses in LTo;” mice suggest that immune
responses to influenza can be initiated in a location other than NALT. To test
this possibility, we next examined whether immune responses are intact in mice
that lacked secondary lymphoid organs, but express LTo”. In these experiments,
we splenectomized and irradiated LTor” mice and reconstituted them with nor-
mal bone marrow. These mice, which lack spleen, all lymph nodes, and Peyer’s
patches, are referred to as Spleen, Lymph node, and Peyer’s patch-deficient
mice (SLP mice). As controls, we reconstituted C57BL/6 mice with C57BL/6
bone marrow to generate WT mice (Figure 2A). After reconstitution, these mice
were infected with influenza and assayed for T and B cell responses. As shown
in Figure 2B, CDS cells specific for influenza nucleoprotein,, ., (NP) are easily
identified in the lungs of WT animals on day 9, the peak of the CD8 T cell re-
sponse to influenza in normal mice”. Influenza-specific CDS8 cells are also de-
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tected in the lungs of SLP mice, although at a lower frequency than in WT mice
(Figure 2B). To determine whether influenza-specific CD8 T cells ever accumu-
lated to normal levels in SLP mice, we followed the kinetics of the CD8 T cell
response. As expected, the number of influenza-specific CD8 T cells peaked in
the Iungs of WT mice on day 9 and then declined (Figure 2C). Despite the de-
layed appearance of influenza-specific CD8 T cells in the lungs of SLP mice, the
number of influenza-specific CD8 T cells in the lungs of SLP mice reached WT
levels by day 14 (Figure 2C). Thus, influenza-specific CD8 T cells are primed in
the absence of conventional lymphoid organs, albeit with a slight delay.
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Figure 2. Respiratory immune responses are intact in the absence of conventional lymphoid organs.
(A) C57BL/6 mice or splenectomized LTo." recipient mice were lethally irradiated and reconstituted
with bone marrow from C57BL/6 donors. Reconstituted C57BL/6 mice are referred to as WT mice.
Splenectomized and reconstituted LTor”™ mice lack Spleen, Lymph nodes and Peyer’s patches and
are referred to as SLP mice. (B) Chimeric mice were infected with influenza and nucleoprotein
(NP)-specific CD8 cells were identified by tetramer binding. (C) The combined number of
CD8'CD62L"H-2D"PA,,, .., and CD8'CD62L"H-2D"NP,, ., tetramer-binding T cells in the lungs
was determined by flow cytometry. (D) The serum titers of influenza-specific IgM and IgG were
determined by influenza-specific ELISA. (E) CD19°'FAS'PNA" germinal center B cells were identi-
fied in the lungs and draining lymph nodes (MLNs). The plots shown were gated on CD19" cells and

the FAS"PNA" germinal center B cells are circled.

We also determined whether humoral immune responses were generated in
SLP mice”. As shown in Figure 2D, influenza-specific IgM and IgG are pro-
duced in SLP mice, although the titers of IgM are reduced and the appearance of
IgG is delayed. Since isotype switching in B cells usually occurs in germinal
centers, which facilitate the proliferation and selection of B cells that produce
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high-affinity neutralizing antibody™, we tested whether B cells with a germinal
center phenotype could be found in SLP mice. As shown in Figure 2E, germinal
center B cells are found in the lungs of both WT and SLP mice on day 14 after
infection. This was somewhat surprising, as germinal centers are normally found
in highly organized lymphoid tissues, such as lymph nodes or spleen. These data
demonstrate that the formation of germinal center B cells and the production of
influenza-specific isotype-switched antibody are not dependent on the presence
of peripheral lymphoid tissues, and suggest that the lung itself is competent to
initiate and maintain influenza-specific B cell responses.

2.3. Structure and Function of Bronchus-Associated Lymphoid
Tissue (BALT)

The presence of B cells with a germinal center phenotype in the lungs of WT
and SLP mice suggests that organized lymphoid tissues can be formed in the
lung. Since the lungs of normal uninfected mice typically do not contain organ-
ized lymphoid tissue, we wanted to know whether influenza infection induces
the formation of organized lymphoid structures. To test this we infected mice
with influenza and analyzed thick sections of lungs for the presence of organized
lymphoid tissues on day 7 post-infection. As shown in Figure 3A-B, organized
lymphoid tissues are found in the lungs of mice previously infected with influ-
enza. The majority of the cells in these areas are B cells, which are organized
into follicles and are surrounded by T cells (Figure 3A-B). In areas where sev-
eral B cell follicles are clustered, the interfollicular regions develop T cell zones
that contain both CD4 and CDS8 T cells as well as CD11c expressing dendritic
cells”. Our published studies also show that the B cell follicles in the lung are
centered on CD21-expressing follicular dendritic cells and that some B cell fol-
licles even have well-defined germinal centers”. Proliferating CD8 T cells are
found in the interfollicular T cell areas, while proliferating CD4 T cells are ob-
served in the interfollicular area and in the germinal center in close proximity to
rapidly proliferating B cells”. These data demonstrate that infection triggers the
development of organized lymphoid tissues in the lung that have all of the char-
acteristics of secondary lymphoid organs. We have termed these structures "in-
ducible Bronchus Associated Lymphoid Tissue" or iBALT.

Although it is clear that organized lymphoid tissues can be formed in the
lung and that these tissues are capable of supporting immune responses, it is not
clear whether these tissues represent true secondary lymphoid organs or whether
they are tertiary lymphoid tissues that are formed only in response to inflamma-
tion or infection. Bronchus Associated Lymphoid Tissue (BALT) was originally
described as a mucosal lymphoid tissue found along the upper bronchi of the
respiratory tract in pigs and rabbits™. In these studies, BALT appears very
similar to Peyer’s patches, with prominent lymphoid follicles underneath a spe-
cialized dome epithelium™*. However, unlike classically defined BALT, which
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Figure 3 (see color insert). The structure of iBALT in murine and human lungs. (A-B) C57BL/6
mice were infected with influenza and 100-uM sections were prepared from lungs 3 weeks after
infection and stained with antibodies to B220 (green) and CD3 (red). The brightness of the green
channel was increased so that the autofluorescence of the airways and blood vessels would be visi-
ble. (C-D) Sections of a lung biopsy from a patient with follicular bronchiolitis associated with
Rheumatoid Arthritis were stained with antibodies to CD20 (green) and PCNA (red) to identify
proliferating B cells (C) and with antibodies to CD21 (red) to identify follicular dendritic cell net-
works (D). Sections C and D are counterstained with DAPI (blue).
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develops during embryogenesis and is generated and maintained in the absence
of antigen™, iBALT in both mouse and humans appears to be formed only after
infection or inflammation™™ and is found in numerous places along the upper
and lower bronchi and even in the interstitial areas of the lung. In fact, the spo-
radic appearance of BALT-like areas in humans and mice has led some investi-
gators to doubt whether BALT is an important secondary lymphoid tissue in
these species”. However, transgenic mice that express various cytokines in the
lung develop iBALT™, as do mice and humans prone to autoimmune dis-
eases’"* or humans with recurrent or chronic respiratory infections™*'. For ex-
ample, B cell follicles are easily observed in the lungs of a patient with follicular
bronchiolitis associated with Rheumatoid Arthritis (Figure 3D-E). These B cell
follicles support B cell proliferation and are centered on CD21-expressing fol-
licular dendritic cells just as they are in murine lungs”. Thus, iBALT has a simi-
lar structure in both murine and human lungs, and its formation is probably trig-
gered by similar mechanisms.

Although the cellular and molecular mechanisms that lead to iBALT forma-
tion are not known, similar ectopic lymphoid tissues often form at sites of
chronic inflammation, such as in rheumatoid joints” . Some investigators have
termed this process “lymphoid neogenesis” and suggest that chronic inflamma-
tion is responsible for the appearance of lymphoid tissues in a variety of sites™".
Thus, iBALT is probably another example of an ectopic lymphoid tissue that
develops upon local inflammation triggered by infection or autoimmunity. As in
the development of conventional lymphoid organs, lymphotoxin and the homeo-
static chemokines appear to play a role in the development of ectopic lymphoid
tissues”. For example, the transgenic expression of CXCL13, CCL21, or LT in
the pancreas results in the development of lymphoid tissue in this organ™™,
complete with B and T cell areas, follicular dendritic cells (FDCs), and high
endothelial venules (HEVs). Since homeostatic chemokines are clearly impor-
tant for both the development and the organization of ectopic lymphoid tissues,
we tested whether the expression of these chemokines is induced upon influenza
infection of the lung. As expected, CXCL13 mRNA is not expressed in normal
uninfected lungs”. However, it is rapidly induced upon infection with influenza
virus and is maintained after infection is resolved. We also demonstrated that the
expression of CXCL13 and CCL21 proteins co-localize with the B and T cell
areas observed in the lung”. The majority of CXCL13 protein expression local-
izes to the follicular area that contains B cells and follicular dendritic cells. In
contrast, CCL21 expression is observed on vascular endothelium as well as on
reticular cells around the edge of the follicles and in the interfollicular areas”.
These areas are similar to where CD11c¢" dendritic cells and T cells are found.
Finally, we observed that PNAd, the peripheral lymph node addressin, is ex-
pressed on vascular endothelial cells in the areas of iBALT surrounding the B
cell follicles”. These data demonstrate that the lymphoid areas of the lung that
form after infection are not simply accumulations of effector cells that are
primed in conventional lymphoid organs. Instead, these newly formed lymphoid
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tissues express chemokines and homing receptors necessary to recruit naive
lymphocytes and to organize them into structures that support lymphocyte prim-
ing and differentiation.

2.4. Does iBALT Confer Antiinflammatory Properties on Local
Immune Responses?

The data above showed that B and T cell immune responses to influenza can be
primed in iBALT in mice that lacked conventional lymphoid organs”. However,
the delayed B and T cell responses observed in these mice also suggest that im-
munity in these mice may not be as effective in the absence of normal secondary
lymphoid organs. In fact, viral clearance is effective, but somewhat delayed in
mice lacking lymphoid tissues”. Interestingly, the delayed viral clearance did
not result in increased morbidity and mortality, and SLP mice actually survived
higher doses of influenza significantly better than did WT mice”. Furthermore,
when infected with lower doses of virus that both WT and SLP mice could sur-
vive (240 and 50 EIU), the SLP mice exhibited substantially less morbidity
throughout the experiment. Thus, the lack of peripheral lymphoid organs does
not result in increased susceptibility to influenza but, instead, significantly in-
creases the ability of these mice to survive infection with normally lethal doses
of virus. These data are very surprising and somewhat difficult to explain. If the
SLP mice make delayed immune responses and are less efficient at clearing vi-
rus, why do they exhibit less morbidity and mortality? One possibility is that,
because the overall magnitude of the immune response is smaller in SLP mice,
there is less immunopathology. Another possibility is that lymphocytes primed
exclusively in iBALT produce antiinflammatory cytokines. These possibilities
are currently being investigated.

3. CONCLUSIONS AND FUTURE DIRECTIONS

The data presented here suggest that the current paradigm, in which primary
adaptive immune responses are generated exclusively in conventional lymphoid
organs, such as spleen, lymph node and Peyer's patches, should be modified to
include a role for locally induced lymphoid tissues, such as iBALT. In this new
model, infection and inflammation activate local APCs, which traffic to pre-
existing lymphoid organs and initiate primary immune responses. At the same
time, infection and inflammation trigger the formation of local lymphoid tissues,
such as iBALT, at the site of inflammation (Figure 4). These local lymphoid
tissues are fully capable of initiating primary immune responses and of expand-
ing effector cells that were primed in conventional lymphoid organs. The gen-
eration of primary immune responses in these local tissues may be slightly de-
layed relative to that in conventional lymphoid organs, because it takes time for
the local tissues to develop the appropriate architecture that will recruit and
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prime naive lymphocytes. However, once local lymphoid tissues are formed, we
predict that they will initiate primary immune responses to new antigens even
faster than conventional lymphoid organs due to their close proximity to antigen.
In the case of immune responses to infectious agents, this faster response will
likely be beneficial. However, in the case of immune responses to local autoan-
tigens, faster responses may be harmful and may exacerbate local pathology.

antigen
APCs

infection

antibodies
effector cells

Figure 4. Local infection in the lung triggers the development of iBALT. iBALT has the structure of
an ectopic lymphoid tissue, with B cell follicles, germinal centers, HEVs, and T cell areas. In concert
with conventional lymphoid organs, iBALT acts as a secondary lymphoid tissue that facilitates local
immune responses.

Despite the demonstration that local lymphoid tissues like iBALT are func-
tional, numerous questions remain about how they actually work. For example,
do lymphocytes primed in iBALT have different effector functions than those
primed in the lymph nodes that drain the lung? Can APCs traffic from the air-
ways directly to areas of iBALT? Do lymphocytes primed in iBALT traffic di-
rectly into the airways, or do they have to exit iBALT via efferent lymphatics
and re-enter the lung from the blood? What are the mechanisms that trigger
iBALT formation? How long does iBALT persist in the lung after the initial
inflammation is resolved? Finally, does the presence of iBALT in human lungs
provide an overall benefit or detriment to the individual?
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