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Rationale: Autoimmunity has long been associated with pulmonary
hypertension. Bronchus-associated lymphoid tissue plays important
roles in antigen sampling and self-tolerance during infection and
inflammation.

Objectives: We reasoned that activated bronchus-associated lym-
phoid tissue would be evident in rats with pulmonary hypertension,
and that loss of self-tolerance would result in production of patho-
logic autoantibodies that drive vascular remodeling.

Methods: We used animal models, histology, and gene expression
assays to evaluate the role of bronchus-associated lymphoid tissue
in pulmonary hypertension.

Measurements and Main Results: Bronchus-associated lymphoid tissue
was more numerous, larger, and more active in pulmonary hyper-
tension compared with control animals. We found dendritic cells in
and around lymphoid tissue, which were composed of CD3" T cells
over a core of CD45RA™ B cells. Antirat IgG and plasma from rats with
pulmonary hypertension decorated B cells in lymphoid tissue, resis-
tance vessels, and adventitia of large vessels. Lymphoid tissue in
diseased rats was vascularized by aquaporin-1* high endothelial
venules and vascular cell adhesion molecule—positive vessels. Auto-
antibodies are produced in bronchus-associated lymphoid tissue
and, when bound to pulmonary adventitial fibroblasts, change their
phenotype to one that may promote inflammation. Passive transfer
of autoantibodies into rats caused pulmonary vascular remodeling
and pulmonary hypertension. Diminution of lymphoid tissue re-
versed pulmonary hypertension, whereas immunologic block-
ade of CCR7 worsened pulmonary hypertension and hastened
its onset.

Conclusions: Bronchus-associated lymphoid tissue expands in pulmo-
nary hypertension and is autoimmunologically active. Loss of
self-tolerance contributes to pulmonary vascular remodeling and
pulmonary hypertension. Lymphoid tissue-directed therapies
may be beneficial in treating pulmonary hypertension.
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AT A GLANCE COMMENTARY

Scientific Knowledge on the Subject

Autoimmunity has long been associated with pulmonary hy-
pertension, but little is known about the mechanisms that may
drive autoimmune-related pulmonary vascular remodeling.

What This Study Adds to the Field

Bronchus-associated lymphoid tissue—directed therapies
may be beneficial in treating pulmonary hypertension.

Pulmonary hypertension (PH) is characterized by progressive
increases in pulmonary artery pressure and pulmonary vascular
resistance resulting in right ventricular failure (1). The primary
histopathologic finding in PH is vascular remodeling, in which
the pulmonary vasculature becomes stiff, occluded, and fibrotic
(2). Vascular remodeling seems to require lung infiltration of
inflammatory cells, and continual influx likely sustains a cycle of
perpetual inflammation and remodeling by poorly defined
mechanisms (3).

The bronchovascular space is a structure that marries sterile
(vasculature) and nonsterile (airway) components. Bronchus-
associated lymphoid tissues (BALTSs) are tertiary lymphoid
organs that provide an elegant immune surveillance apparatus
ensuring airway and vessel homeostatic patency. They are histo-
logically similar to lymph nodes containing afferent lymphatic
connection, B cells, T cells, antigen-presenting cells, stroma,
and a vascular supply (4). The chief antigen-presenting cells in
BALT are dendritic cells (DC) expressing OX-62" (also known
as CD103) and/or CCR7" that organize around airways in
interconnected networks (5). DCs scavenge antigens, migrate
to CCL19 and CCL21-rich BALT by expression of the cognate
receptor CCR7, and orchestrate immune responses and nonres-
ponses (anergy) by T and B cells (5). CCR7 '~ mice spontane-
ously develop PH and display BALT rich in B and T cells, likely
because CCR7" DC are absent to suppress lymphocytes by
anergy (6). Recently, it was demonstrated that pulmonary lym-
phoid neogenesis accompanies idiopathic PH (7). In that study,
it was suggested that pulmonary tertiary lymphoid organs could
be directing local immune phenomena.

Associations between PH and autoimmunity have long been
recognized (8, 9). Antibodies against endothelial cells (10),
fibroblasts (11), phospholipids (12), and nuclear antigens (13)
have been described. Target antigens have been identified (11),
as have contractile effects of IgG binding to vascular cells (14).
These findings collectively suggest that local autoantibody pro-
duction in PH contributes to PH pathology.

We hypothesized that the hypoxia and monocrotaline (MCT)
induced models of PH cause lung injury sufficient to stimulate rat
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BALT, resulting in breakage of self-tolerance. We imagined that
subsequent autoantigenic labeling of vascular cells with autoan-
tibody may result from, and perpetuate, the inflammation and
vascular remodeling typical of PH. We found that, in PH com-
pared with control animals, BALT was expanded, demonstrated
an activated follicular organization, and was extensively vascu-
larized. In MCT rats and less so in hypoxic rats, we measured
high titers of plasma IgG that labeled lung vascular proteins
in a variety of experimental settings. To determine the pathobiologic
contributions of BALTs and autoantibodies in PH, we used pharma-
cologic, immunologic, and passive transfer strategies in distinct PH
models and genetic backgrounds. We found that BALT and
autoantibodies are sufficient to cause vascular remodeling and PH.

METHODS

Additional details of methodology are provided in the online supple-
ment.

Models of PH

The Institutional Animal Care and Use Committee of the institution
approved this study (#32910[02]1E to K.R.S., #91010[03]1E to M.E.Y.).
The characterization of the hypoxic mouse, cow, MCT, and chronic hyp-
oxia rat models has been previously summarized (15). For most rat
studies, we used male Wistar rats with a single subcutaneous injection
of MCT at 60 mg/kg at 6-8 weeks of age. Lung parenchyma from
animals was obtained as previously described (15). Hemodynamics
were assessed with a Millar catheter placed in the main pulmonary
artery by way of the right ventricle; correct placement of the catheter
was confirmed by observing a significant rise in diastolic pressure as the
catheter moved out of the ventricle. Systemic blood pressure was mon-
itored with another pressure catheter inserted in the femoral artery.
Cardiac performance was assessed with a pressure-volume system
(Scisense Inc, London, ON, Canada). For analyses, animals were anes-
thetized with 2% isofluorane, and their body temperature was main-
tained at 37°C. Total pulmonary vascular resistance index was
calculated as mean pulmonary artery pressure/cardiac index, where
cardiac index equals cardiac output divided by body weight. Hemody-
namic data from animals in the study are provided in the figures. In
some control animals and end-stage animals with PH, echocardio-
graphic analyses were performed using a Vevo770 (VisualSonics, Toronto,
ON, Canada). Pulse-wave Doppler of pulmonary outflow was recorded in
the parasternal short-axis view at the level of the aortic valve. Total
pulmonary vascular resistance index was calculated as mean pulmo-
nary artery pressure/cardiac index, where cardiac index equals cardiac
output divided by body weight, as described previously.

Passive Autoantibody Transfer

IgGs were purified from 4-week MCT rat plasmas. Alternatively,
unfractionated plasma was used in separate experiments. Autoantibod-
ies were injected at 1 mg/ml by tail vein injection twice per week for
3 weeks. Before any injections, preimmune plasma was centrifuged from
1 ml peripheral blood drawn from the tail vein that was collected once
per week for 2 weeks.

Statistical Analyses

For data from all studies, GraphPad Prism software (GraphPad, La
Jolla, CA) was used to generate graphs and analyze data. Analysis of
variance with Bonferroni post-test (P < 0.05) was used to determine
statistical differences between groups. Student ¢ test was used for com-
parison between two groups.

RESULTS
BALT Numbers Increase in PH

BALT has been shown to be involved in maintenance of self-
tolerance and prevention of autoimmunity (4). In the rat,
BALTSs are sparsely present compared with rats with lung
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inflammation and/or infection (16). We reasoned that differen-
ces between rat BALTs from control animals and from PH
would offer clues as to the development of BALT in humans.
To address this, we quantified the number and size of BALTSs
from control animals and from two (rat) models of PH. After
4 weeks of either hypoxia or 4 weeks post-MCT injection, BALTSs
were significantly more abundant and larger compared with con-
trol animals (Figure 1A). Similar results were found regardless
of rat strain (Wistar, Wistar Kyoto, Sprague-Dawley, and Lewis
strains, data not shown), and in hypoxic mice and two bovine
models of PH (Figure 1B; see Figure E1 in the online supple-
ment). Notably, the increased number of BALTs and their his-
tologic appearance closely mirror BALT in human idiopathic
pulmonary arterial hypertension (7). Thus, across species and
rat strains, BALTSs are associated with PH, consistent with hu-
man idiopathic pulmonary arterial hypertension.

BALTs in PH Lung Are Organized and Are
Immune-activated

We investigated the presence of immune cells and expression of
immune-modulatory proteins. PH BALTs contained abundance
of CD3™ T cells, CD45RA™ B cells, and DCs expressing either
CCR?7, CD1l1c, and/or OX-62 and in a more focal manner com-
pared with control animals (Figure 2, representative images). In
PH rats, DCs were present as a “network” underpinning the
adlumenal surface of the associated airway while more robustly
expressing the DC maturation marker CD83 (Figure 2). DCs in
control rats sparingly populated the bronchovascular milieu,
lacked appreciable organization, and expressed less CD83 (Fig-
ure 2). Lymphocytes organized into clusters of B cells and T
cells in PH BALTS but less so in control BALTs (Figure 2).
CD217 follicular DCs were rare and interspersed among the
CD11b™" cells (Figure 2). In MCT but not hypoxic rats, a pronounced
increase in proliferating cells was evident as Ki-67 positivity (Figure
2). Antibodies to either CD138 (plasma cells) or activation-induced
cytidine deaminase (AID; an enzyme required for antibody class-
switching) did not reliably produce staining above background
(not shown). Collectively, these results show that, in rats with
MCT PH compared with control animals, BALT is increasingly
populated with T cells, B cells, and DCs. Furthermore, the pat-
terns of cell clustering and segregation are similar to immune-
activated lymphoid tissues in disease contexts.

BALTs in PH Lung Are Well Vascularized and
Selectively Adhesive

Next, we determined whether BALTSs in PH were associated
with increased vascularity as seen in secondary immune organs
(17). PH BALTSs were vascularized comparably with control
BALTs when adjusted for increased size. PH lymphatic vessels
expressing aquaporin 1 (Figure 2) were evident, as were vascu-
lar cell adhesion molecule—positive (Figure 2) high endothelial
venules. Aquaporin 1 and vascular cell adhesion molecule
were expressed by high endothelial venule endothelium and by
cells lining sinuses consistent with previous localizations (18).
Antibodies against peripheral node addressin (PNAd) did not
distinguish BALT structures or cellular constituents above back-
ground in rat lungs (not shown). To functionally test adhesion dif-
ferences consistent with the expression differences we found,
we incubated purified rat spleen L-selectin®™ T cells labeled
with fluorescent dye on rat lung sections. We observed in-
creased binding of L-selectin® T cells to PH BALTs compared
with control BALTSs (Figures 3A-3C). This binding was blocked
by preincubation of lung tissue with PNAd-blocking antibody
(Figure 3D).
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Figure 1. Bronchus-associated lymphoid tissues (BALT) are more conspicuous in pulmonary hypertension (PH). BALTs are increased in number
(A, top left, and hematoxylin and eosin sections, top right) in rats with PH compared with control animals. (B) BALTSs are readily apparent in humans
and in bovine (representative images from cows, rats, and mice with PH). Representative images and measurements in A taken from lung sections
from n = 6 animals per group, with two to three sections per rat from three independent experiments. Bars = 20 um. Representative image using
human section (B, left) taken from analysis of n = 3 patient samples, three sections per sample. *P less than 0.05 compared with control, Student
t test. IPAH = idiopathic pulmonary arterial hypertension; MCT = monocrotaline.

Plasma from PH Rats Contains Antifibroblast Antibodies
Produced in BALTs

Tertiary lymphoid tissues are associated with maintenance of
self-tolerance and implicated in autoimmune disorders (19).
The presence of autoantibodies in humans with PH is well docu-
mented, and target antigens have been identified. We investi-
gated whether PH rat plasma contained autoantibodies as in
humans with PH, and looked for evidence of autoantibody pro-
duction occurring in BALT. To do this, we applied plasma from

MCT rats (12 of 15) to lung sections from control animals fol-
lowed by fluorescent-labeled secondary antibody against rat
IgG. We found intense adventitial staining (Figure 4B) and
small vessel staining (Figure 4B, insert) that was absent if we
applied control (Figure 4A, nonhypertensive) rat plasma. Sim-
ilarly, control rat plasmas applied to lung sections from PH
rats, either hypoxic lung (Figure 4C) or MCT (Figure 4D),
failed to generate a staining signal. In our 4-week hypoxia
experiments with mice, we did not find substantial evidence of



Colvin, Cripe, lvy, et al.: BALT in PH Produces Pathologic Autoantibodies

CD45RA

autoantibody production, similar to what we found in hypoxic
rats (see Figure E1). Plasmas from a few hypoxic rats (n = 3 of
15) weakly stained control rat lung tissue (not shown). Protein
G-mediated IgG removal or serial dilution of the PH plasmas
eliminated autoantibody staining (not shown), excluding the pos-
sibility of background contributions from the secondary antibody

MCT + PNAd ab
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Figure 2. Bronchus-associated lym-
phoid tissues (BALTs) in rats with
pulmonary hypertension (PH) are
highly organized and more vascu-
larized compared with control
animals. In PH versus control ani-
mals, CD3" T cells and CD45RA"
B cells adopt distinct segregational
localizations in PH BALT, and are
encircled by OX-62* dendritic cells,
and CD11b", CD11c", and CD83*
cells (left column of images and top
right images). VCAM™ structures are
more evident in PH versus control
animals, whereas aquaporin (AQP)-
1-positive structures seemed to be
proportional to BALT size in both
PH and control animals (right column
of images, middle). CD45RA™ cells
did not colocalize with ki-67 immu-
noreactivity in either control animals
or PH, even when control BALT sizes
were large (lowest control left image,
right column). Note robust ki-67-pos-
itive cells (red, lowest right image) in
adventitial of bronchovascular space.
Representative images and measure-
ments taken from lung sections from
n = 6 animals per group, with
two to three sections per rat from
three independent experiments.
All images, original magnification:
X100; bars = 20 pm where appli-
cable. CTL = control;, MCT =
monocrotaline; VCAM = vascular
cell adhesion molecule.

or nonspecific binding of plasma proteins. To identify antigen
specificity, we incubated Alexa-594 conjugated vimentin (Figure
4E), phosphatidylinositol 3 kinase (Figure 4E), or Hsp27 (not
shown) with rat lung sections, because these were identified
as fibroblast autoantigens in human PH (11). Pulmonary artery
adventitia and lung parenchyma in PH rat sections, but not

Figure 3. Pulmonary hypertension (PH) lung bronchus-
associated lymphoid tissues (BALTs) are bound by T cells
by peripheral node addressin (PNAd). BALTs in experimen-
tal PH bind dye-labeled immunomagnetic bead sorted
spleen and thymic rat CD3* T cells (B and C), but control
lung sections (A) do not. The T-cell adhesion may be
largely attributed to binding to PNAd in BALTs (white
arrows) because preincubation of lung sections with PNAd
antibody attenuated T-cell adhesion to the BALT but not
the lung parenchyma (D, yellow arrows). Representative
images from tissue-cell incubations taken from lung sec-
tions from n = 6 animals per group, with two to three
sections per rat from three independent experiments.
Bars = 20 pm. All binding experiments were performed
in triplicate. A = airway; MCT = monocrotaline.
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Figure 4. Rats with pulmonary hy-
pertension (PH) circulate autoanti-
bodies. (A) Control (CTL) lung
sections incubated with plasma
from normal (no PH) rats is not
bound by sequentially applied
Alexa 488-conjugated antirat 1gG.
In contrast, control lung sections
incubated with plasma from rats
with monocrotaline (MCT) induced
PH can be bound by antirat IgG (B,
green signal indicated by yellow
arrows) indicating that the PH
plasma contains IgG that bind self-
antigens (autoantibodies). The inset
in B shows resistance sized vessels
(50-500 pm internal diameter) are
also labeled with autoantibodies in
PH plasma. (C and D) Lung sections
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bodies that increasingly recognize a wider array of tissue lysates, peaking at 4 weeks post-MCT. Representative images taken from lung sections from n =
6 animals per group, with two to three sections per rat from three independent experiments. Bars = 20 um. ELISAs were performed in three separate
experiments in triplicate on rat plasmas from n = 3 rats per group. Immunoblots shown are representative of tissue lysates run in three separate experiments.
Blotting used pools (n = 3) of indicated rat plasmas, performed independently using three separate pools.

control animals (not shown), were labeled with these fluoranti-
gens, suggesting the presence of autoantibodies for those anti-
gens. Binding could be competed away with unlabeled antigens
(not shown). Double staining for CD45RA and antirat IgG
colabeled a distinct population of cells in BALTs from MCT
rats but not control animals (Figure 4F, arrow). These results
suggest that in situ autoantibody production is ongoing in
MCT rat BALTs and plasma cells. We quantified plasma
IgG as PH developed in the MCT rats (Figure 4G) and found
that MCT rats were increased over control animals at 7 days
(1,120 = 24 pg/ml, tapering at Week 2 [2,400 = 74 pg/ml]
and Week 3 [1,280 *= 68 pg/ml]), but then dramatically in-
creasing at 4 weeks (4,160 = 74 pg/ml). To determine the
extent of tissue antigenicity, we electrophoresed control rat
tissue lysates and immunoblotted with PH rat plasma as pri-
mary sera and antirat IgG as secondary (Figure 4H). Blot-
ting with pooled (n = 3) control rat plasma produced a single
band in all lanes at the size expected for IgG. In contrast,
blotting with pooled (n = 3 per time point) MCT plasmas
produced additional bands in lung, thyroid, heart, and

skeletal muscle lysate lanes beginning at Week 1 post-
MCT, and continuingly evident in 2- and 3-week MCT plasmas.
Plasma from 4-week MCT rats produced banding in a range of
sizes in all tissue lysates. This finding is consistent with
reports of interepitope and intraepitope autoimmune spreading
(20, 21).

We wanted to visualize bona fide autoantibody binding of
cellular targets in vitro. When culturing rat pulmonary artery
adventitial cells, we found that MCT plasmas and a few hyp-
oxic rat plasmas, but not control animals, contained antibodies
predominantly to fibroblasts, and to a lesser extent a smooth
muscle actin expressing pulmonary artery cells and pulmo-
nary artery endothelial cells (Figure 5B). Staining patterns
varied between individual rat plasmas, ranging from intense
nuclear, to cytoplasmic, to perinuclear, or filamentous. Preincu-
bation of PH plasma with protein G eliminated staining of vas-
cular cells (not shown). Identical results were obtained using
human pulmonary artery fibroblasts incubated with human
PH plasmas (Figure 5A), mirroring previously published results
with human aortic vascular smooth muscle cells (14).
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Figure 5. Human and monocrotaline (MCT) rat autoantibodies label pulmonary artery fibroblasts. (A) Compared with control (CTL) human plasma,
plasma from patients with pulmonary hypertension (PH) (verified in clinical laboratory workup to have autoantibodies) label human lung fibroblasts
in nuclear, punctate, and filamentous patterns. (B) Similarly, rat plasmas label rat lung fibroblasts in nuclear, punctate, and filamentous patterns. IgG
from PH rats, but not human IgG or preimmune plasma IgG, stimulate PA fibs toward a phenotype that is proinflammatory (C, increased IL-6 and
CCL2 secretion) and proadhesive (D, increased expression of intercellular adhesion molecule [ICAM]). Cell cultures and ELISAs were performed in
three separate experiments in triplicate with rat plasmas from the indicated rats per group, compared with n = 3 control media experiments.
Quantitative polymerase chain reaction was performed in triplicate using mRNA isolated from fibroblasts used in three independent experiments. All
images, original magnification: X100; bars = 20 pm where applicable. *P less than 0.05 compared with control, Student ¢ test.
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PH Plasma Antifibroblast Antibodies Stimulate Pulmonary
Adventitial Fibroblasts to Produce Proadhesive and
Proinflammatory Cytokines and Chemokines

Binding of autoantibodies induces proinflammatory phenotypes
in target cells, including fibroblasts (22). Because we found ev-
idence of autoantibodies against pulmonary vascular cells pri-
marily in the MCT PH rat plasmas, we tested whether binding
of autoantibodies to pulmonary adventitial fibroblasts would mod-
ulate their function. In both human cell’/lhuman plasma and rat cell/
rat plasma contexts, we found that PH plasmas (MCT for rats), but
not controls, stimulated pulmonary adventitial fibroblasts to se-
crete IL-1B and IL-6 (Figure 5C), and to express intercellular
adhesion molecule-1 (Figure 5D).

Strategies Aimed at Diminution of BALT Biology Prevent and
Reverse PH

To test for functional roles for BALT and autoantibody produc-
tion in PH, we first reviewed the literature and considered four

potential control nodes: (/) monocrotalinogenic lung cell apo-
ptosis, (2) CCR7-mediated cell homing, (3) lymphatic vasculari-
zation, and (4) BALT formation and maintenance. Accordingly,
we chose salubrinal, a cell stress protectant, to modulate the
unfolded protein response toward a survival phenotype, away
from a proapoptotic phenotype (control node 1). This was based
on our recent observations that salubrinal protects against MCT-
induced pneumotoxicity and pulmonary vascular remodeling (23).
Salubrinal, when coadministered with MCT and then twice per
week thereafter for 4 weeks, significantly reduced BALT size and
number and largely prevented autoantibody formation in rats
(Figure 6A). Conversely, salubrinal administered with the same
regimen but initiated 2 weeks after MCT did not prevent MCT-
induced increases in BALT size, number, or autoantibody de-
velopment. Similar results were obtained with the vascular
endothelial growth factor receptor 3 inhibitor MAZ-51 (control
node 3, lymphatics), which attenuated all endpoints by preven-
tion but less so by reversal regimen (Figure 6B). Antagonism of
CCR7 by CCR7-Ig potentiated MCT-PH, BALT, and plasma

A
g o Representative
e, [ :
o © :‘E : =5 € - Laser-Capture
.:U.é * g 3 E Microdissection
w - = Nevipds TRV
K Y + 7R
o . cE ¥
3 T, FS =
P o= l—_’__r] E
* v - . .
MCT Sal MCT Sal MCT Sal
B
5 @ o &
£. o :E: 0] —2et —
~ [
8 M= SES € o
& i &g S :
E i =y < ——
24l [ 3= 5]
MCT Maz MCT Maz MCT Maz
c
c
5. : g []
7] = = I .
@ == - = i
2 e et E * ——
[ —I= @ = a - - *
= ) < —
= 2=, = 3
® o X E .
MCT CCR7-lg MCT CCR7-ig MCT CCRT7-lg
D 1
; = 23 [
o e = — e :
@ 5 [ 3 £ 5
8 S5 o
s k) o<,
= * <= ° * a .
M &% E —i—
1 0.54 1
MCT LTBR-Ig MCT LTBR-lg MCT LTBR-Ig

MCT
4 wk

Figure 6. Strategies aimed at diminution of bronchus-associated lymphoid tissues (BALTs) biology prevent and reverse pulmonary hypertension
(PH). (A) Preventing lung cell apoptosis (and presumably self-antigen burden) by salubrinal (Sal), an unfolded protein response modulator, prevents
and reverses pulmonary vascular remodeling and PH in a manner associated with decreased BALT size and number. (B) Pharmacologic VEGFR3
antagonism prevents and reverses monocrotaline (MCT)-PH and is associated with decreased macrophage influx, decreased blood and lymphatic
vascularization, and smaller BALT size and numbers. (C) CCR7 controls migration of lung CCR7* dendritic cells (DC) and CCR7™ T cells into BALT;
pharmacologic CCR7 antagonism worsens MCT-PH and is associated with larger BALT size and numbers. (D) Lymphotoxin B receptor (LTBR) control
animals BALT formation and maintenance; pharmacologic LTBR antagonism prevents and reverses MCT-PH and is associated with decreased blood
and lymphatic vascularization, and smaller BALT size and numbers. In A-D, pressure measurement, BALT counts, and representative lung section images were
taken from n = 6 animals per group, with two to three sections per rat from three independent experiments. All images, original magnification: X 100. *P less
than 0.05 compared with control, Student ¢ test. (E) Representative laser capture microdissection of BALT from rat lung section. Black arrows show the
microdissected BALT region. The table lists the mRNAs isolated from the rat groups and their respective mean fold changes in expression relative to the control
lung BALT. n = 2-3 BALT per section, 3-5 sections per rat, n = 6 animals per group. For each fold change equal to or greater than =+ 1.2 fold, P less than 0.05
compared with control using Student ¢ test. CTL = control; Maz = Maz51 VEGFR3 inhibitor.
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IgG, with lung remodeling highly similar to the CCR7 ™/~ mouse
phenotype (Figure 6C, control node 2). CCR7 antagonism in
MCT rats was associated with increased AID, decreased CCR7,
CCL19, CCL21, lymphotoxin B receptor (LTBR), and CXCL13
in BALT. Finally, we applied LTBR blockade (LTBR-Ig, con-
trol node 4) and found prevention and reversal of MCT-induced
PH and vascular remodeling. BALTs were almost completely
absent in LTBR-Ig-treated MCT rats, and we could not detect
plasma autoantibodies (Figure 6D). Laser capture microdissec-
tion and quantitative polymerase chain reaction of BALT showed
dramatically decreased expression of lymphotoxin a receptor,
CXCL13, and AID (tightly linked with class switching recombi-
nation and somatic hypermutation events occurring in B cell se-
lection [24]) compared with control and MCT rats (Figure 6E).
These genes were chosen for analysis based on studies of acti-
vated lymphoid tissue in disease associated with immune dysfunc-
tion and autoimmunity (4, 5, 24). Figure 7 summarizes results
from pharmacologic and immunologic interventions in MCT rats,
in either prevention or reversal mode.

Passive Transfer of Autoantibodies Causes Pulmonary
Vascular Remodeling and Hypertension

To confront the question of whether autoimmune-related pa-
thologies directly contribute to development of PH, we turned
to a “gain of function” strategy. We injected autoantibody-
containing plasmas from MCT rats into naive rats. Compared
with injection of preimmune plasmas or adjuvant (saline) alone
(Figure 8A), or human IgG (Figure 8B), injection of either
autoantibody-positive plasmas (Figure 8C) or purified IgG from
MCT rats (Figure 8D) induced BALT, and bronchovascular and
resistance vessel remodeling (Figures 8C and 8D, far left and
middle images) that led to moderately severe PH with right
and left ventricular hypertrophy and fibrosis (Figures 8C and 8D,
far right images, blue collagen deposition). We again found high titers
of plasma IgG in autoantibody-injected PH rats (Figure 8E, upper)
that, when isolated, labeled lung vascular cells in culture and in tissue
sections (Figure 8, lower).

DISCUSSION

BALT in PH displays unique cellular consistency, vascular ar-
chitecture, and genomic programming permissive for production
of autoantibodies. BALTSs increase in size and number, are

Treatment Increased mean PA pressure,
BALT Size mm Hg
Type & BALT #
Mode =3 prevent/reverse prevent/reverse
CCR7 Antagonism Yes/Yes 83/82
n=5/group
LTbR No/No 15/18
Antagonism
n=5/group
Passive Antibody Transfer Yes 42
n=3/group
Unfolded protein response No/Yes 28/40
modulation
(Salubrinal, cell death
protectant)
VEGFR3 No/Yes 28/45

Antagonism (MAZ51,
lymphangiogenesis
inhibitor)
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vascularized to facilitate T-cell binding, and are a source for local
production of activating antifibroblast antibodies. Intracellular
proteins vimentin and Hsp27 are potential autoantigens in rats
with MCT-induced PH. Autoantibodies induce phenotypic
change in pulmonary adventitial fibroblasts consistent with a
proinflammatory phenotype. The distinct gene expression pro-
grams of BALT from control versus PH rats mirror other studies
of activated lymphoid tissue capable of producing autoantibodies.
We established that the signaling networks of CCR7, VEGFR3,
LTBR, and the unfolded protein response all impact the biology
of BALT, autoantibodies, and PH by distinct yet converging mech-
anisms. In so far as (/) finding plasma IgGs that bound lung vas-
cular autoantigens, (2) isolating autoantibodies, (3) causing disease
by introduction of either isolated autoantibodies or immunizations
that induce them, and (4) reisolating autoantibodies, we conclude
that autoantibodies contribute to the pathobiology of PH. Thus,
lung vascular cells are important sources of autoantigens in PH,
and BALTs may be principal sites of autoantibody production.
This work provides mechanistic evidence that locally produced
autoantibodies against lung vascular antigens can cause pulmonary
vascular remodeling and PH.

PH remains a disease without a cure. The specific disease
mechanisms remain elusive, despite the recent emphasis to de-
scribe the contributions of inflammation to vascular remodeling.
Evidence of autoimmunity in some forms of PH has been estab-
lished for more than 40 years. Our data address fundamental ques-
tions related to the natural history of autoimmune phenomena
associated with PH.

In humans, ectopic lymphoid tissues form in response to local
infection or sterile inflammation. Recirculating lymphocytes enter
lymphoid tissues by high endothelial venules and leave by lym-
phatics. BALTs provide an environment to optimize encounters
between DCs, macrophages, and other antigen-presenting cells
with T and B cells. This facilitates anergy, maintenance of self-
tolerance, and mobilization of appropriate adaptive immune
responses. BALT develops after sustained signaling of IL-6 in
the lung (25), in the absence of CCR7 (6), and with the require-
ment of IL-17 (26). Here, the BALT in MCT rats are bona fide
lymphoid follicles and not lymphocytic aggregates by virtue
of lymphocyte segregation, the presence of high endothelial ve-
nule, the presence of follicular DCs, gene expression repertoire,
and antibody class switching. These characteristics were absent
from lymphoid follicles in control rat lungs, which were also
smaller and less numerous. We speculate that the duration and

Pulm Vasc Autoabs
Remodeling
prevent/reverse prevent/reverse
[ Vv
cHE / Figure 7. Summary of in vivo
data from experiments aimed
at bronchus-associated lym-
-+ v phoid tissues (BALT) biology.
LTBR = lymphotoxin B recep-
tor; PA = pulmonary artery.
I+ v
-f+ -V
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Figure 8. Pulmonary hypertension (PH) can be caused by autoantibody passive transfer from monocrotaline (MCT) rats into naive rats. (A) Naive
rats injected with either preimmune sera, adjuvant (saline) alone, or adjuvant mixed with control human IgG (B) do not develop pulmonary vascular
remodeling or PH. Lung (left and middle images) and heart (right images) histology is normal, as is pulmonary artery pressure (PAP) in these rats. (C)
Lung remodeling and heart fibrosis with elevated PAP in rats injected with plasma (C) or purified IgG (D) from MCT rats. Note the more intense blue
staining in heart sections from rats receiving autoantibody transfer (far right images, C and D). (E) High titers of IgG in rats 4 weeks after cell
immunizations or passive antibody transfers have ceased. Note low titers in control rat groups. IgG from rats, 4 weeks after apoptotic lung cell
immunizations or autoantibodies have ceased, label nuclei and perinuclear compartments of cultured pulmonary artery fibroblasts. Representative
images and measurements taken from lung sections from n = 6 animals per group, with two to three sections per rat from three independent experiments.
Cell cultures and ELISAs were performed in three separate experiments in triplicate with rat plasmas from the indicated rats per group, compared with n = 3
control media experiments. All images, original magnification: X100; bars = 20 um where applicable. BALT = bronchus-associated lymphoid tissues.

extent of lung injury are critical factors that influence BALT
development and loss of tolerance. MCT is a broad pneumotoxin
that causes lung cell apoptosis, airway cytokine flux, airway
constriction, and decreased respiratory compliance. We re-
cently found that MCT causes a robust activation of the
unfolded protein response and CCAAT/enhancer-binding
protein homologous protein (CHOP)-mediated apoptosis (23)
in bronchial epithelium within 48 hours of MCT administration.
Salubrinal-mediated unfolded protein response modulation re-
duced the number and extent of apoptotic cells. We speculate
that the mechanism by which reduced apoptosis correlates with
reduced BALT numbers and size is related to a decrease in self-
antigen processing. In hypoxia, the pattern of apoptosis induced is
cell type-specific in acute hypoxia (27) versus chronic hypoxia
(15). Furthermore, the extent of apoptosis is much less obvious
compared with MCT. Therefore, we speculate that autoimmunity
occurs as a secondary event during the course of PH and perhaps
in proportion to severity. Accordingly, PH may develop in the
absence of autoantibody production, likely caused by variable

exposure to self-antigen epitopes. Although beyond the scope
of our efforts here, it would be interesting to examine autoimmu-
nity in the vascular endothelial growth factor receptor-2 blockade
(sugen 5,416) plus hypoxia model. For a severe PH model, we
chose the MCT rat over the sugen-hypoxia rat model because
the bronchovascular remodeling (the niche where BALT arises)
seems to be more intense in the MCT model. Because the sugen-
hypoxia model seems to be apoptosis-dependent, we anticipate
that BALT will be more numerous and larger compared with
control animals. The question of whether autoantibodies are gen-
erated in sugen-hypoxic rats needs to be investigated.

In PH rats, we found more BALT that was larger, more or-
ganized, and vascularized. This is likely a response to increased
sampling load of self-antigens following lung injury and thus
favors more interactions between DC and lymphocytes, partic-
ularly in the context of anergy. Our data implicate CCR7 as a crit-
ical chemokine required for DC egress from the lung parenchyma
to lymphoid tissues, similar to its roles in gut inflammation (28).
Although we found localized gene expression and cytokines
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supportive of lymphoid neogenesis, the mechanics of the process
are not addressed here. Blockade of LTBR impacts several
aspects of BALT neogenesis and maintenance (29). In our stud-
ies, BALT was required for autoantibody generation and PH
induced by MCT. It could be argued that, because we inter-
vened with LTBR-Ig at 14 days post-MCT, the disease process
was not fully established. However, we found autoantibodies
within the first week post-MCT and moderate PH is present at
2 weeks (~35 mm Hg).

After DCs clear apoptotic lung cells, they must interact with
immune cells using costimulatory molecules displayed on the re-
ciprocal cell surfaces. PH in athymic rats is prevented by immune
reconstitution with FoxP3™ Tregs (30). Our data synergize with
those findings in that CCR7 blockade inhibits the ability of DCs to
coordinate an appropriate Treg response. An alternative expla-
nation is that subpopulations of Tregs exist (possibly even FoxP3
negative or low) that are CCR7 ™. If these cells are prevented from
migrating properly to lymphoid tissues, they cannot engage in
anergistic interactions with DC. Tregs and TH17 cells may be
instrumental in modulating the activity of self-reactive B cells.
B cells can be activated by both innate (Toll-like receptors) and
acquired immune mechanisms, and can reciprocally influence
T cells and DC. In this regard, it is interesting that we observed
increased binding of T cells to BALT and vascular structures in
the lung, which we could block by antibodies to PNAd (Figure 3).
Thus, BALT in the setting of PH seems to have differential ex-
pression (Figure 2) of proteins that play critical roles in immune
cell function. Along these lines, myeloid-derived suppressor cells
may also play a role in the autoimmune pathogenesis of PH. We
have observed increased numbers of circulating myeloid-derived
suppressor cells in patients with PH (31), and similar phenotypic
cells (DC-SIGN or CD11b"/MHCII") localize to remodeled
pulmonary vasculature in human (32) and animal models (15)
of PH. Establishing the functionally cooperative roles of subsets
of regulatory myeloid and lymphocytic cells in the development of
PH and BALT is possible using the models and approaches we
present here.

We induced pulmonary vascular remodeling, PH, and cardiac
fibrosis in naive rats by injecting them with MCT-derived plasma
autoantibodies. One of the most striking differences was the extent
of the fibrosis in both ventricles of the heart of the autoantibody-
recipient rats, which we attribute to epitope spreading. An alter-
native explanation is that rats 4 weeks post-MCT are undergoing
multiorgan failure and produce autoantibodies accordingly. We
found no obvious histopathology in organs other than lung and
heart (spleen, kidney, liver, skeletal muscle, thyroid) harvested
from rats that were given autoantibodies. However, given the
clear evidence in Figure 4H that these organs contain autoanti-
genic targets, further investigation is warranted. Future studies
will address the mechanism and extent of the autoantibody binding
in lung, the kinetics of the putative pathology that ensues, and
interepitope autoimmune spreading. It will be important to
determine whether the autoantibody production remains a local
phenomenon (BALT), or is a systemic process (lymph nodes).
In addition, future studies will test whether vascular cell senes-
cence caused by autoantibody binding contributes to the pheno-
typic remodeling in the pulmonary vasculature.

Autoimmune phenomena in PH have been described for
40 years. This work builds on the observations of dozens of labo-
ratories over that time. Recent findings in inflammation and auto-
immune biologyin PH are reshaping current research perspectives
in the field. Here we report that autoantibodies in PH can be path-
ologic, and strategies aimed at their diminution can be therapeu-
tically efficacious.

Author disclosures are available with the text of this article at www.atsjournals.org.
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