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Inducible Bronchus-Associated Lymphoid Tissue (iBALT)
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Abstract

Background: Exposure of the lungs to an antigen or pathogen elicits the formation of lymphoid satellite islands
termed inducible bronchus-associated lymphoid tissue (iBALT). However, little is known about how the pres-
ence of iBALT, induced by a stimulus unrelated to the subsequent challenge agent, influences systemic immunity
in distal locations, whether it be independently, antagonistically, or synergistically. Here, we determined the
kinetics of the influenza-specific responses in the iBALT, tracheobronchial lymph node (TBLN), and spleen of
mice with and without pre-formed iBALT.
Methods and Results: Mice with VLP-induced iBALT or no pre-formed iBALT were challenged with influenza.
We found that, as we have previously described, those mice whose lungs contained pre-formed iBALT were
protected from morbidity, and furthermore, that these mice had increased dendritic cell, and alveolar macro-
phage accumulation in both the iBALT and TBLNs. This translated to similarly accelerated kinetics and inten-
sified influenza-specific CD4+, but not CD8+ T cell responses in the iBALT, TBLN, and spleen. This expansion
was then followed by a more rapid T cell contraction in all lymphoid tissues in the mice with pre-formed iBALT.
Conclusions: Thus, iBALT itself may not be responsible for the accelerated primary immune response we
observe in mice with pre-formed iBALT, but may contribute to an overall accelerated local and systemic primary
CD4+, but not CD8+ T cell response. Furthermore, less damaging immune responses observed in mice with pre-
formed iBALT may be due to a quicker contraction of CD4+ T cell responses in both local and systemic
secondary lymphoid tissue.

Introduction

The immune response in the lung is dogmatically ini-
tiated when sentinel airway dendritic cells (DCs) sample

and internalize inhaled antigens or pathogens and then mi-
grate through the afferent lymphatics to the local lymph
node.2–6 Within the lymph node, newly migrated DCs present
their antigens to T cells which then migrate, as effectors, back
to the site of infection. Interestingly however, recent evidence
has revealed that an immune educated lung, like other mu-
cosal tissues, may in fact be an effector site that is capable of
clearing pathogens independently from the lymph node,7–10

thus suggesting that a second pathway for the initiation and
execution of respiratory immunity exists. In this regard, the
exposure of the lung to an antigen often elicits the formation
of local lymphoid satellite islands termed inducible bronchus-

associated lymphoid tissue (iBALT). Organized iBALT is
usually found in areas around the bronchioles and adjacent to
arteries, and has been reported to be induced in response to
diverse respiratory stimuli, including viral infection,8 neona-
tal exposure to inhaled LPS,11 toll-like receptor ligands,12

small proteins,1,13, cigarette smoke,14,15 or as a result of certain
autoimmune disorders.16,17 Importantly, we have previously
shown that exposure of the lungs to nonreplicative virus-like
particles (VLPs) also induces the formation of iBALT.1

Structurally, iBALT (and other tertiary lymphoid tissues18)
are organized similarly to a lymph node, with antigen pre-
senting cells,10,19 high endothelial venules (HEV’s),20 and
germinal center B cells surrounded by follicular dendritic
cells, and T follicular helper cell zones.1,8,21 iBALT may also
serve as a site of viral antigen persistence, providing a niche
for resting memory lymphocytes that are important in
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subsequent pathogen exposures.7 Mice with pre-formed
iBALT are known to mount accelerated primary immune re-
sponses which tend to be less damaging;1,8 however, it is not
known whether those effects are strictly the result of a local
response in the iBALT, or the iBALT affecting other local or
systemic lymphoid tissues. Here, we have specifically mi-
crodissected areas of live iBALT from whole lung tissue to
show that iBALT, which was induced to develop in response
to the intranasal instillation of VLPs, modulated the local lung
microenvironment to accelerate the clearance of the influenza
virus. Furthermore, the kinetics of responses in the iBALT
were similar to those observed in the tracheobronchial lymph
node (TBLN) and spleen. These early responses were facili-
tated by the local accumulation of DCs and alveolar macro-
phages (AMs), specifically in iBALT areas, and were followed
by an accelerated expansion and contraction of influenza-
specific CD4 + T cells the iBALT, TBLN, and spleen.

Interestingly, CD8 + T cell responses did not appear to be
altered by the presence of pre-formed iBALT. Thus, by uti-
lizing VLPs to prime the lungs, we show that mice, which
have not been previously exposed to influenza proteins, were
highly efficient at clearing influenza virus, suggesting a role
for synergistic effects of iBALT with systemic immunity. Im-
portantly, it has been proposed by us,1,21 and others,13,22–25

that harnessing the function of iBALT may pose an important
clinical approach to the augmentation of pathogen clearance.

Methods

Virus-like particle production and purification

Virus-like particles (Methanocaldococcus jannaschii small
heat-shock protein 16.5, G41C protein cage nanoparticles)
were produced, purified, and characterized, as previously
described.1,26

Influenza virus

The mouse-adapted influenza virus A/PR8/8/34 was
produced at the Trudeau Institute (Saranac Lake, NY). Briefly,
10-day-old embryonated chicken eggs were infected for 55
hours, and resultant allantoic fluid was recovered and stored
at -80�C until used.

Animals and in vivo procedures

Female or male Thy1.1, C57BL/6, or HNT27 mice were bred
in-house at Montana State University, maintained in SPF con-
ditions in HEPA-filtered cages, and fed sterile food and water
ad libitum. All animal procedures were performed in accordance
with protocols pre-approved by the Montana State University
Institutional Animal Care and Use Committee (IACUC). Ex-
perimental results were confirmed by at least two independent
repetitions of similar design with 5 animals per group.

Virus-like particles and subsequent challenges were deliv-
ered intranasally (i.n.) in 50 lL volumes to mice lightly an-
esthetized with 5% inhaled isoflurane. VLP-treatment was
delivered in five doses of 100 lg spaced 3 days apart. Mice
were then rested for 72 h before challenge with 1.5 · 103

plaque-forming units (pfu) PR8 influenza virus, delivered in
50 lL volumes i.n. At indicated timepoints per experiment,
mice were sacrificed by an intraperitoneal (i.p.) injection of
sodium pentobarbital (90 mg/kg) and exsanguinated after no
pedal response could be elicited.

Bronchoalveolar lavage (BAL) samples were collected by
instilling the lung with 2 mL DPBS with 3 mM EDTA. Re-
sultant cells were spun at 209 g for 10 min at 4�C, and pellets
were then resuspended in FcR block (clone 93) prior to
staining for FACS. TBLNs and spleens were either homoge-
nized through a wire mesh screen to collect lymphocytes or
digested to collect macrophages and DCs. Total cells from
each tissue were counted by hemocytometer to allow for total
quantification by FACS.

For adoptive transfer studies, the spleens of naı̈ve HNT
mice27 (Thy1.2) were sterilely collected and homogenized.
Red blood cells were lysed, and remaining cells were labeled
with 5 lM CFSE (eBioscience; San Diego, CA). CD4 + T cells
were then positively selected by CD4 + T cell columns (R and
D Systems; Minneapolis, MN), washed, and resuspended in
sterile DPBS. 1.2 · 107 CD4 + T cells were then adoptively
transferred into VLP-treated or control mice (Thy1.1) in
200 lL intravenously (i.v.). Mice were rested for 24 h prior to
infection with 1.5 · 103 pfu PR8.

iBALT microdissection

To specifically obtain areas of iBALT that were not con-
taminated with additional cellular components of the lung,
whole lungs were instilled with 1% warm low-melt agarose
(Fluka Analytical; St. Louis, MO) in DPBS and excised en bloc
into ice-cold DPBS. 300 lM sections were then cut by vi-
bratome (Leica Microsystems; Wetzlar, Germany) and resul-
tant sections were floated in cold RPMI with 5% FBS (Atlas
Biologicals; Fort Collins, CO). Each section was then gently
arranged on a microscope slide and flooded with media.
Areas of iBALT were identified by dissecting microscopy ac-
cording to the characteristic density and location (areas of
airway bifurcation and adjacency to bronchi and blood ves-
sels), and excised with a scalpel. For control mice whose lungs
did not contain areas of iBALT, areas of the lung where iBALT
was observed to form in VLP-treated or influenza infected
mice were selected, despite the lack of iBALT present. Areas of
excised iBALT (or parallel control) were placed in cold RPMI
with FBS and remaining parenchymal areas of the lung sec-
tion were discarded. Total sections from the left lung were
analyzed and all areas of iBALT present were excised. For
controls, a similar amount of lung tissue was excised, al-
though the cellularity was noticeably decreased. Combined
iBALT areas per animal were then either digested in collage-
nase/DNase, or homogenized through a wire mesh screen.
Single-cell suspensions were then filtered through 100 lM
mesh, resuspended in FcR block, and subsequently stained for
FACS.

FACS staining and antibodies

Single-cell suspensions from indicated organs were filtered
through 100 lM mesh, and incubated with FcR block for
10 min on ice. Antibody cocktails were then added and the
cells were incubated on ice for an additional 20–30 min. Tet-
ramers were allowed to incubate for 45 min at room temper-
ature. Antibodies purchased from Biolegend (San Diego, CA)
included CD11c-PerCP-Cy5.5 (clone N418); CD4-PerCP-
Cy5.5 (clone GK1.5); and CD8-PE-Cy7 (clone IM7). Anti-
bodies purchased from BD Biosciences (San Jose, CA)
included CD44-PE (clone 515); and Siglec-F-PE (clone E50-
2440). APC-conjugated MHC I influenza tetramers H-2Db
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NP366–374 (NP) and H-2Db PA224–233 (PA) were purchased
from the Trudeau Institute Molecular Biology Core Facility
(Saranac Lake, NY). Samples were acquired on a FACSCanto
(BD Biosciences) and data was analyzed using FlowJo soft-
ware (Treestar; Ashland, OR). Briefly, forward and side
scatter plots were gated on the population of interest (lym-
phocytes or DCs/macrophages) as determined by size and
granularity. Cells were then further analyzed for the expres-
sion of appropriate combinations of surface antigens based off
negative staining controls. Each individual figure legend
further elaborates on the gating strategy used. Total cell
numbers were then calculated based off total hemocytometer
cell counts for each tissue.

Statistics

Statistical significance was determined by one-way ANOVA
with a Bonferroni post-test of multiple comparisons, or in
some cases an unpaired t-test using GraphPad Prism (La Jolla,
CA). Significance was indicated by *p < 0.05, **p < 0.01,
***p < 0.001, or ****p < 0.0001, and figure legends disclose the
use of statistics in each scenario. Figures are representative of
one independent experiment (n = 5 mice per group), and error
bars represent the standard error of the mean (SEM).

Results

Pre-formed iBALT protects mice
from influenza-associated morbidity

Wild-type mice were intranasally instilled with 100 lg
doses of VLPs (or DPBS) five times to develop the formation

of iBALT. Our VLPs of choice were derived from small heat
shock protein cage nanoparticles,28–30 which as we have
previously reported, do not replicate or induce toxic effects
upon delivery to the lung.1,31 Mice were then rested for 72 h,
and challenged with 1.5 · 103 pfu of A/PR/8/34 (PR8) in-
fluenza virus i.n. As we have previously reported,1 VLP-
exposed mice are protected from weight loss due to influenza
virus illness (Fig. 1A), indicating a contributory role for the
function of iBALT in the clearance of influenza.

VLP-exposure enhances dendritic cell, and alveolar
macrophage accumulation similarly in both
the iBALT and TBLNs

DCs are known to be both essential for the development
and maintenance of organized iBALT,10,19 as well as for their
antigen processing and presentation function during respi-
ratory virus infection. We thus hypothesized that an increased
accumulation of DCs and AMs, specifically in iBALT areas,
may beneficially impact the quality of the immune response to
influenza infection. We thus determined the role for iBALT-
resident AMs and DCs as compared to AMs and DCs in the
TBLNs at early timepoints after influenza challenge. Mice
were dosed with VLPs or DPBS to establish the formation of
iBALT, and were then challenged with influenza virus. At
12 h post-influenza infection, mice were euthanized and cells
isolated from live microdissected areas of iBALT, and whole
TBLNs were analyzed by flow cytometry for the presence of
DCs and AMs. Importantly, we found that in parallel to the
local TBLNs, areas of developed iBALT contained a signifi-
cantly increased accumulation of AMs and DCs (Fig. 1B-C).

FIG. 1. Pre-formed iBALT protects mice from influenza-associated morbidity and VLP-exposure enhances dendritic cell,
and alveolar macrophage accumulation similarly in both the iBALT and TBLNs. Wild-type (WT) mice were i.n. instilled with
100 lg VLPs or 50 lL DPBS in 5 doses spaced evenly over 2 weeks. All mice were then rested for 72 h, and infected with
1.5 · 103 pfu PR8 influenza virus. Body weight was measured over a 7-day infection course in (A), whereas in (B and C) mice
were euthanized at 12 h post-influenza infection and their lungs were inflated with warm agarose, sectioned by vibratome,
and total iBALT areas from live lung tissue were specifically microdissected from the left lobe. Total DCs and AMs in iBALT
(B) and TBLNs (C) were quantified by FACS and total cell counts. DCs, macrophages, and monocytes were gated on from
forward and side scatter plots. DCs were then identified by their high expression of CD11c and lack of Siglec-F, while
macrophages were CD11c + Siglec-F + . A t-test was utilized to determine statistical significance between groups (n = 5 per
group). *p < 0.05, **p < 0.01.
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We thus measured the downstream consequences of DC and
AM augmentation by determining the function and prolifer-
ation abilities of influenza-specific CD4 + T cells.

Exposure of the lungs to VLPs promotes
the expansion, and alters the trafficking
of influenza-specific CD4 + T cells

Mice with or without pre-formed iBALT were adoptively
transferred with CFSE-labeled naı̈ve transgenic CD4 + T cells
specific to the influenza hemagglutinin (HA126–138) peptide
from HNT mice.27 Twenty-four hours after the adoptive
transfer, all mice were infected with PR8 influenza, and the
transferred T cells were followed by FACS over the infection
course to determine division and activation. We determined
the CD4 + T cell responses specifically in microdissected
iBALT, as well as in the TBLN, spleen, and BAL (Fig. 2). In-
fluenza-specific CD4 + T cells migrated into areas of iBALT,
and expanded to a peak response at day 5 of infection, as
characterized by a loss of CFSE and upregulation of CD44
(Fig. 2A). This indicated that a highly potent and adept CD4 +

T cell response was occurring, specifically within areas of
iBALT in VLP-instilled mice, and was subdued in DPBS-
instilled mice. Additionally, this CD4 + T cell expansion in the
VLP-instilled mice was tightly regulated, and as the viral load
was beginning to be controlled [as indicated by weight loss
(Fig. 1A)], CD4 + T cells were significantly contracted. In the
TBLN, donor CD4 + T cells in mice with pre-formed iBALT

were considerably more rapid in division, and the upregula-
tion of CD44, achieving a significantly more robust early re-
sponse already by day 3 post-infection (Fig. 2B). As was seen
in iBALT areas, total numbers of activated T cells peaked at
day 5 and had been contracted significantly already by day 7
post-infection. CD4 + T cells present in the airway spaces
(represented by BAL) continued to accumulate in both groups
of mice. However, the potentially damaging accumulation of
T cells in the lung was dampened at day 7 in VLP-exposed
mice, indicating a likely decreased viral load and more closely
regulated T cell responses (Fig. 2C). We also noted that the
effects of pre-formed iBALT were not exclusive to the respi-
ratory tract, and in fact promoted immunity in distal sites
such as the spleen (Fig. 2D), which exhibited an almost
identical pattern of expansion, activation, and contraction as
we had observed in the local lymphoid sites of the lungs.
Thus, the presence of pre-formed iBALT accelerated the ex-
pansion and contraction of influenza-specific CD4 + T cells in
the iBALT, TBLN, and spleen, thus accelerating the rate of
activation and resulting reduced morbidity.

CD8 + T cell responses are not altered
by VLP-exposure

In a similar study, performed without adoptive transfer, we
determined the kinetics of influenza-specific CD8 + T cells
specifically within iBALT areas and TBLNs through com-
bined H-2Db NP366–374 (NP) and H-2Db PA224–233 (PA) MHC I

FIG. 2. Exposure of the lungs to VLPs promotes the expansion, and alters the trafficking of influenza-specific CD4 + T cells.
1.2 · 107 naı̈ve CFSE-labeled influenza-transgenic CD4 + T cells from Thy1.2 + HNT mice27 were transferred i.v. into Thy1.1 +

recipients who had been exposed to VLPs or DPBS i.n. Recipient mice were rested for 24 h post-transfer, then infected with
1.5 · 103 pfu PR8. At days 0, 3, 5, and 7 post-infection, one group was killed and CD4 + Thy1.2 + CD44hiCFSElo donor T cells
were quantified by FACS and total cell counts from microdissected iBALT (A), TBLNs (B), BAL (C), and spleen (D).
Lymphocytes were gated by forward and side scatter plots. CD4 + Thy1.2 + T cells were then examined for their expression of
CFSE and CD44. Total CD4 + Thy1.2 + CD44 + CFSElo T cells are shown. Each experiment was independently repeated at least
twice with n = 5 per group. A t-test was utilized to determine statistical significance at each timepoint. *p < 0.05, **p < 0.01,
***p < 0.001, ****p < 0.0001.
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influenza tetramer staining and FACS analysis. While CD8 + T
cells have historically been shown to be important in viral
clearance of influenza, neither their function1 nor their asso-
ciated kinetics (Fig. 3) seemed to be altered by the presence of
pre-formed iBALT. Thus, it appeared that enhanced antiviral
T cell responses after VLP-exposure were a contribution of the
accelerated CD4 + T cell trafficking and division only, and
were not dependent upon an enhancement of CD8 + T cell
activity.

Conclusions

Dendritic cells are known to be essential to both influenza
virus clearance32 and the maintenance of iBALT.10,19 Ad-
ditionally, viral infection is known to increase the number and
rate of DC trafficking from the lungs to the lymph node,
which is especially dynamic at early stages of infection.33,34

Consistent with the literature, we found that in the lungs of
VLP-primed mice, DCs preferentially accumulated in areas of
organized iBALT, as well as in the TBLNs. Moreover, we
additionally found that AMs followed the same pattern.
Therefore, our data suggest an important role for the antigen-
presenting abilities of both DCs and AMs in terms migration
to the iBALT, as well as to the TBLN. Importantly, such AM
antigen translocation is well documented, although often
ignored.35,36

Proficient influenza virus clearance is dependent on both
innate and adaptive immunity. Thus, while APC antigen
uptake, processing, and trafficking are important in the ini-
tiation of immunity, T cell presentation and co-stimulation
also represent essential APC functions. The established en-
hanced innate immunity in the lungs of VLP-primed mice
likely facilitated a jump-start in CD4 + T cell expansion. In-
deed, in VLP-exposed mice, influenza-specific naı̈ve CD4 + ,
but not CD8 + T cells, proliferated, upregulated activation
markers, and then contracted in the iBALT, TBLN, and spleen,
at an accelerated rate. We and others have previously shown
that CD4 + T cells, and especially T follicular helper cells (TFH)
are essential components to iBALT, as they are capable of T
cell priming directly in iBALT areas, and mediate GC reac-
tions, including the differentiation of plasma cells, and the
promotion of clearance of virus.1,8,10,21 We have additionally
shown previously that VLP-exposure augments and acceler-

ates the production of both local and systemic antibody.1,21

Furthermore, recent evidence suggests that CD4 + T cells are
capable of antiviral functions that have been historically as-
sociated with CD8 + T cells, including cytolytic activity and
the production of perforin, granzyme B, and IFN-c.37–39 Thus,
we find that in our model CD4 + T cell responses, and
not CD8 + T cell responses, can be enhanced during iBALT-
mediated influenza clearance to great benefit.

Some debate remains about the benefits and drawbacks of
the presence of pre-formed iBALT in the lung given an indi-
vidual’s current immune status.16,17,40–42 However, we and
many others would argue for the benefits of iBALT-mediated
local immunity during infection. Moyron-Quiroz et al. have
demonstrated that mice who lack secondary lymphoid or-
gans, but are able to develop iBALT in response to influenza
infection, clear influenza virus (albeit delayed as compared to
fully immunocompetent controls) and exhibit reduced col-
lateral damage to great benefit.8 Van Panhuys et al. further
argue that effector lymphoid tissue at the site of pathogen
entry is of crucial benefit, as its location at sites of repeated
pathogen entry may allow for the local sequestration of an-
tigens and pathogens, thereby limiting the ability of the
invader to access the lymph node where it may inspire un-
necessary inflammation.43 These and other studies would
indicate that iBALT may serve as a general priming site by
which T cells may be activated by DCs, regardless of the
antigen specificity which had induced the formation of
iBALT.10,19 In this regard, it has been suggested by many
groups that iBALT holds potential for exploitation as a site for
the delivery of drugs and vaccines,24,44 and furthermore, that
a locally-regulated response to infection is correlative with
decreased collateral damage.1,25

In agreement with the literature, our results suggest that
the presence of pre-formed iBALT provides augmented, yet
highly controlled immunity to antigenic challenge, despite
distinct disparities in the antigenic identity that elicited the
initial formation of iBALT. Moreover, we speculate that the
more rapid clearance of virus and protection from morbidity
was not solely due to the presence of pre-formed iBALT, but
also incorporated systemic responses in the lymph nodes and
spleen. Indeed, while such sites are locationally disparate,
they are certainly immunologically integrated via vasculature
and lymphatic connections.

FIG. 3. CD8 + T cell responses are not altered by VLP-exposure. Mice were exposed to VLPs or vehicle i.n, rested for 72 h,
and then challenged with 1.5 · 103 pfu PR8. Total MHC I influenza NP and PA tetramer + CD8 + T cells were quantified from
microdissected iBALT (A), and TBLNs (B) over 9 days of infection. Lymphocytes were gated by forward and side scatter
plots. CD8 + Tetramer + T cells were then quantified. Each experiment was independently repeated at least twice with n = 5 per
group. A t-test was utilized to determine statistical significance at each timepoint. *p < 0.05, **p < 0.01.
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We thus illustrate a mechanism by which we can harness the
pulmonary mucosa to provide accelerated site-specific immu-
nity to a primary challenge with a distinct pathogen similarly
to a lymph node. Furthermore, we suggest that the utilization
of noninfectious and nonpathogenic VLPs, sharing no cross-
reactive epitopes to influenza, may provide a novel model by
which we may begin to further understand the complex inter-
play between iBALT, the local and systemic secondary lym-
phoid tissues, heterologous immunity, and memory responses.
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