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Reinhard Pabstl, Lisa A. Miller2, Edward Schelegle?, Dallas M. Hyde?
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Abstract

The presence of bronchus-associated lymphoid tissue (BALT) and its size in humans largely
depends upon age. It is detected in 35% of children less than 2 years of age, but absent in the
healthy adult lung. Environmental gases or allergens may have an effect on the number of BALT.
Lungs of rhesus macaque monkeys were screened by histology for the presence, size, and location
of BALT after exposure to filtered air for 2, 6, 12, or 36 months or 12 and 36 months to ozone

or 2, 12, or 36 months of house dust mite or a combination of ozone and house dust mite for 12
months. In the lungs of monkeys housed in filtered air for 2 months, no BALT was identified.
After 6, 12, or 36 months, the number of BALT showed a significantly increased correlation
with age in monkeys housed in filtered air. After 2 months of episodic house dust mite (HDM)
exposure, no BALT was found. Monkeys exposed to HDM or HDM + ozone did not show a
significant increase in BALT compared to monkeys housed in filtered air. However, monkeys
exposed to ozone alone did show significant increases in BALT compared to all other groups. In
particular, there were frequent accumulations of lymphocytes in the periarterial space of ozone
exposed animals. In conclusion, BALT in rhesus monkeys housed under filtered air conditions is
age-dependent. BALT significantly increased in monkeys exposed to 0zone in comparison with
monkeys exposed to HDM.
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INTRODUCTION

Immune reactions of the lung are of important clinical relevance. Of the roughly 3 million
severe lower respiratory tract infections in young children, approximately 265,000 results
in acute mortality with 81% of deaths occurring outside a hospital (Nair et al., 2013).
Pneumonia is a global burden in children (~120 million episodes) with approximately
18% being caused by Streptococcus pneumonia (Walker et al., 2013). An additional health
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problem is an increasing incidence of allergic asthma in developed countries (Lambrecht

& Hammad, 2015). Infections of the lung have a great influence on the susceptibility to
autoimmunity and allergies (Bach, 2009). Therefore, there is a critical need for appropriate
animal models to study the pathophysiology and treatment strategies of lung diseases in
different age groups. Widely used mouse models have the advantage of an enormous number
of genetically modified strains, but several features of lung morphology in mice are different
from humans. In mice, there is a monopodial airway branching in contrast to humans that
have dichotomous symmetrical branching of airways. Additional differences are present in
prenatal and postnatal development (Pabst, 2008). Mice also lack bronchial arteries that are
present in humans (Pabst, 2008; Wenzel & Holgate, 2006). These differences warrant the
examination of other animal models that duplicate the morphology and development of the
human lung (Hein & Griebel, 2003).

Lung morphology and development of rhesus monkeys is similar to human lungs (Plopper
& Hyde, 2008). The development of the pulmonary immune system in rhesus monkeys
depends on the different cellular components (macrophages, lymphocytes, and neutrophils)
present in the developing airways during the postnatal period (Miller, 2004). Several aspects
of development and exposure interactions have been studied in rhesus monkeys such as
smooth muscle hypertrophy after HDM exposure (Schelegle et al., 2001, 2003; Tran et al.,
2004). The advantage of using rhesus monkeys as a model for COPD is summarized in
detail (Plopper & Hyde, 2008).

Different routes of vaccination such as intranasal, small aerosol droplets, and large droplets
were tested in rhesus monkeys, but histology was not performed to evaluate the potential
site of antigen uptake (Bolton et al., 2017). For newborn and adult African green monkeys
were infected with influenza virus, the systemic 1gG antibody response was similar between
age groups (Holbrook et al., 2015). In contrast, the respiratory tract of infant monkeys
infected with influenza showed an increased number of Treg cells and volume of bronchus-
associated-lymphoid tissue (BALT; Holbrook et al., 2015). Thus, the presence and function
of BALT in the African Green monkey model of influenza appears to be age-dependent.

BALT is one of many compartments that make up the immune system of the respiratory
tract and has been characterized as a special type of a tertiary lymphoid organ (Pabst, 2007).
Human BALT was initially described by Bienenstock and Mc Dermott (2005) and more
recently documented by Kawamata et al. (2009). Adhesion molecules of great relevance in
lymphocyte migration were expressed in a unique pattern: all high endothelial venules of
BALT expressed the addressing for peripheral lymph node and not gut-associated mucosa.
Most B cells expressed the a4 and L-selectin in contrast to T lymphocytes (43% a4 integrin
and 20% L-selectin; Kawamata et al., 2009). The epithelium of BALT bulges into the
bronchial lumen and contains specialized epithelial cells that are similar to the membranous
epithelial cells (M cells) of gut-associated lymphoid tissue. M cells function in the uptake
of particulate antigens (Wolf & Bye, 1984). In adult humans, BALT is absent (Pabst &
Gehrke, 1990), but it is found in approximately 35% of young children (Hiller et al., 2008).
The induction of specific protective immunoreactions has been proposed for BALT that is
of clinical importance (Pabst & Tschernig, 2010; Wenzel & Holgate, 2006). A different
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potential role of BALT has been suggested based on studies in rats where BALT expands in
pulmonary hypertension and produce autoantibodies (Colvin et al., 2013).

In chronic inflammation and autoimmune diseases, accumulations of lymphoid cells are
found in peribronchial, perivascular, and interstitial areas throughout the lung and called
induced BALT (iBALT; for review see Randall, 2010; Gilmour et al., 1993). In rhesus
monkeys sensitized and challenged with aeroallergen HDM, cellular proliferation studies
are consistent with induction of BALT in the wall of bronchi (Miller et al., 2005, 2009).
One significant question is whether peribronchial, perivascular, and interstitial iBALT play
a similar or differential role in lung pathophysiology. For example, iBALT that forms

in the perivascular and/or periarterial space may be of great relevance in lung edema,
transplantation, and allergic reactions (Pabst, 2000; Pabst & Tschernig, 2002). In lungs of
patients who died in status asthmaticus, an increase of mast cells was also found in the
periarterial space (Shiang et al., 2009). In chronic inflammation and autoimmune diseases,
accumulations of lung lymphoid cells have often been described as iBALT.

The primary aim of this study was to test whether early-life exposure to ozone or house
dust mite (HDM) will induce peribronchial and periarterial BALT in rhesus monkeys. A
secondary aim of this study was to evaluate whether the duration of filtered air, 0zone, or
HDM had an effect on the periarterial accumulation of immune cells in rhesus monkeys.

MATERIALS AND METHODS

Five micrometers of histologic sections of lung of 49 rhesus monkeys (Macaca mulatta)
were obtained from the Respiratory Disease Unit of the California National Primate
Research Centre at the University of California, Davis. Each of the rhesus monkeys was
enrolled in one of several previously published studies (Chou et al., 2005; Joad et al.,

2008; Kawamata et al., 2009; Miller et al., 2005; Moore et al., 2014; Murphy et al., 2012;
Schelegle et al., 2003). These studies examined the effect of exposure to filtered air, ozone,
house dust mite (HDM), or the combination of ozone plus HDMA. The studies varied in
whether the rhesus monkeys were sensitized to house dust mite, the specific sensitizing
HDM used (Der f or Der p), the age at which sensitization and exposure occurred, and

the age at necropsy (Table 1). The HDM sensitization was confirmed by skin testing (for
details see Schelegle et al., 2003). The protocol of the exposure is shown in Figure 1. All
protocols were approved by the University of California, Davis Institutional Animal Care
and Use Committee in compliance with the Animal Welfare Act and Public Health Service
Policy on Human Care and Use of Laboratory Animals. Monkeys selected for these studies
were the California National Primate Research Center colony born rhesus macaques. Care
and housing of animals before, during, and after treatment was performed by the California
National Primate Research Center, which is accredited by the Association for Accreditation
and Assessment of Laboratory Animal Care (AAALAC).

The lungs were fixed by 30 cm H,O inflation with glutaraldehyde/paraformaldehyde
(1%/1%) and sliced perpendicular to the long axis of the intrapulmonary conducting
airways. (Figure 2) The blocks of one lobe were numbered L1 — L9. As in previous studies
with these rhesus monkeys, one lobe is representative of the whole lung. The 5 um sections
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were stained with hematoxylin and eosin. The microscopic evaluation was performed at 10
times magnification. For some details, 25 times magnification was used. The total area of the
sections was quantified by a caliper. The mean evaluated area per section was 1.2 cm2. The
periarterial space was also screened for leukocyte infiltration.

The total number of BALT in the different parts of the lung was counted (L1-L9). L1
was the sample nearest to the lobe bifurcation and L9 the most distal airway sample. The
mean + standard error of the mean (SEM) were evaluated. Statistical analysis of BALT
per section was evaluated using Systat 13.1 (Systat Software Inc., San Jose, California,
www.systatsoftware.com) by age and relative to the filtered air group using Pearson
Correlation Coefficient. Group and age comparisons were done using Kruskal-Wallis
one-way analysis of variance and Dwass—Steel-Chritchlow—Fligner test for all pairwise
comparisons.

RESULTS

Lungs of monkeys from all groups were optimally fixed, enabling the identification of BALT
by low power magnification. Typical BALT was identified in proximal parts of the bronchial
tract (Figure 3) as well as the more peripheral parts (Figure 4). The numbers of sections
evaluated in each group are shown in Table 1. In lungs of monkeys housed in filtered air

for 2 months, no BALT was identified. The data between animals within one treatment
group varied. However, several differences reached the level of statistical significance as
indicated in the legend of the table. After 6, 12, or 36 months, the number of BALT showed
a significantly increased correlation with age (Table 1). After 2 months of episodic exposure
to HDM, no BALT was found. Monkeys exposed to HDM or HDM + ozone did not

show significant increases in BALT compared to filtered air monkeys. However, monkeys
exposed to ozone alone did show significant increases in BALT compared to other animal
groups. Further, after ozone exposure for 12 months, periarterial leukocyte infiltrations were
observed (data not shown).

DISCUSSION

The factors responsible for the induction of BALT are unknown. One suspected microbial
agent is mycoplasma because it is well documented to be a causative agent in pigs;
Sarradell and colleagues described the lymphocyte subsets and macrophages in BALT in
the lung of naturally infected pigs with Mycoplasma pneumoniae (Sarradell et al., 2003). In
calves experimentally infected with Mycoplasma pneumoniae, BALT was hyperplastic with
cells expressing TNFa, IL-4, and IFNg (Rodriguez et al., 2015). The lungs of mice with
lymphoid infiltrates also have increased numbers of cytokine-producing T-cell (Shilling et
al., 2013). It is not known whether the presence of BALT is positive or negative with regard
to human lung disease. In chronic obstructive pulmonary disease (COPD), BALT is found
with increasing incidence with the stage of the disease (Holbrook et al., 2015).

In contrast with humans, we observed that the number of BALT in rhesus monkeys housed
under filtered air conditions significantly increased with age. It cannot be excluded that
lipopolysaccharide (LPS) was present in filtered air housing for rhesus monkeys. LPS
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administration as a model for acute lung injury by the intraperitoneal route in adult rats
showed that 18 hr following treatment, BALT hyperplasia was found in 10 out of 13
animals (Banfi et al., 2009). A different exposure protocol to HDM and/or ozone might

be tested. There are no data known to us on the effects on the bronchus epithelium which
might explain the difference between monkeys exposed to ozone alone and ozone + HDM.
Ozone and HDM exposure did not increase the number of BALT. In future experiments,
the TLR2/6 agonist MALP-2 might be an option to induce BALT in rhesus monkeys and
then test these structures as entry sites for antigens for vaccinations as suggested previously
(Pabst & Tschernig, 2010).

Holbrook et al. (2015) studied the influenza-specific antibody response in infant and adult
African green monkeys. The infection in infants resulted in more pathology and higher viral
load compared to adults. The lower response in adults was associated with an increased
prevalence of T-Reg and lowered levels of BALT (Holbrook et al., 2015). Thus, it is not
clear whether the presence of BALT was advantageous or not. BALT had been induced and
therefore called iBALT (for review see Randall (2010)). Some of these accumulations for
lymphoid cells, however, were not localized in the wall of a bronchus and therefore the term
bronchus-associated is misleading. The accumulation of lymphoid cells in different organs
is called “tertiary lymphoid organs” (Pabst, 2007). We previously proposed to differentiate
BALT either as a normal, physiological tertiary lymphoid organ or a pathological form
(Pabst & Tschernig, 2010). More recently interesting new data here been published for
iBALT in the mouse. There is a synergism between iBALT and local draining lymph nodes
during an antiviral CD4 T-cell response. This is a further observation for the presence of
lymphatics running from iBALT to draining nodes (Richert et al., 2013). Thus, iBALT seems
to play a much more relevant role in lung diseases than previously thought.

Ozone is known to interfere with the development of distal airways in infant rhesus monkeys
(Fanucchi et al., 2006) and the frequency of immune cells in the lung (Miller et al., 2009).
Chronic exposure to ozone had negative effects on lung function in young adults (Tager

et al., 2005). The significant increase of BALT in monkeys breathing ozone alone in the
present study can be interpreted as a positive reaction of the organism to increase antigen
uptake as discussed previously (Pabst & Tschernig, 2002).

The periarterial space of the lungs is a compartment for lymphoid cells in the lung (Pabst,
2000). Normally this space is more or less free of immune cells. However, in allergic

and inflammatory reactions, immune cells rapidly accumulate here (for review see Pabst
and Tschernig (2002)). In the lung of patients who died of fatal asthma, the periarterial
space showed significantly more mast cells, eosinophils, and neutrophils, but no significant
differences were observed in B- and T-cell subsets (Shiang et al., 2009). In the present study,
phenotyping of immune cells in the perivascular space of rhesus monkeys could not be
performed on H & E stained sections. Future studies might include immunohistochemistry
similar to that described by Miller et al. (2005), which documented an increase of CD4 T
cells, CD25* cells, dendritic cells, and eosinophils after HDM challenge in the bronchial
wall of rhesus monkeys. Moreover, there were distinct differences with respect to a greater
frequency of immune cells in more peripheral parts of the bronchial tract (Miller et al.,
2005).
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In conclusion, in this study, BALT development was age-dependent on rhesus monkeys in
contrast to humans. Thus, the rhesus monkey may not be an optimal animal model for the
study of human BALT in this respect.
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FIGURE 1.

The house-dust-mite and ozone exposure of the monkeys (for details see Joad et al. (2008),
Kajekar et al. (2007), Moore et al. (2014), Murphy et al. (2012), Schelegle et al. (2003))
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FIGURE 2.
Schematic drawing of the lung of rhesus monkeys
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FIGURE 3.
BALT in the lung of a rhesus monkey proximal part of the lung after breathing filtered air

for 12 months. Insert higher magnification
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FIGURE 4.
BALT in the peripheral parts of the lung of a rhesus monkey breathing house-dust-mite and

ozone (12 months). The insert documents the BALT at on higher magnification
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