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Abstract

Primary graft dysfunction (PGD) is a major complication following lung transplantation. We
reported that anti-type V collagen (col(V)) T cell immunity was strongly associated with PGD.
However, the role of preformed anti-col(V) Abs and their potential target in PGD are unknown.
Col(V) immune serum, purified IgG or B cells from col(V) immune rats were transferred to WKY
rat lung isograft recipients followed by assessments of lung pathology, cytokines, and PaO,/FiO,,
an index of lung dysfunction in PGD. Immune serum, purified 1gG, and B cells all induced
pathology consistent with PGD within 4 days posttransfer; up-regulated IFN-y, TNF-a, and IL-1
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locally; and induced significant reductions in PaO,/FiO,. Depleting anti-col(V) Abs before
transfer demonstrated that IgG2c was a major subtype mediating injury. Confocal microscopy
revealed strong apical col(V) expression on lung epithelial, but not endothelial cells; which was
consistent with the ability of col(V) immune serum to induce complement-dependent cytotoxicity
only in the epithelial cells. Examination of plasma from patients with or without PGD revealed
that higher levels of preformed anti-col(\V) Abs were strongly associated with PGD development.
This study demonstrates a major role for anti-col(\V) humoral immunity in PGD, and identifies the
airway epithelium as a target in PGD.

Lung transplantation is considered a definitive therapy for many patients with end-stage
pulmonary disease. However, chronic rejection, known as obliterative bronchiolitis, is the
leading cause of death in these patients, and the primary reason why the 5-year survival rate
posttransplant is poor (~50%) (1). Many risk factors have been associated with obliterative
bronchiolitis or the clinical correlate, bronchiolitis obliterans syndrome (BOS),® including
acute cellular rejection and CMV infection (1). Recently, we reported that T cell-mediated
autoimmunity to a native type V collagen (col(V)) was a major risk factor for BOS, the level
of reactivity increasing with increased BOS severity (2).

Primary graft dysfunction (PGD) is a major cause of morbidity and mortality that occurs
early in the posttransplant period (3,4). In fact, PGD accounts for nearly 50% of early deaths
posttransplantation (5,6), and survivors of PGD have worse long-term mortality, consistent
with the hypothesis that the injured allograft is more prone to BOS (7). Although a specific
trigger for PGD has not been identified, recent reports demonstrating that PGD is a risk
factor for BOS suggest a common immunologic basis for these processes (8). Recently, we
reported in a rat model of lung transplantation and in humans that memory T cell immunity
to col(V) in the pretransplant period was associated with PGD (9). Cellular (T cell) mediated
immunity may give rise to Ag-specific humoral responses. Accordingly, data showing the
presence of anti-col(V) T cell-dependent cellular immunity in PGD suggest that anti-col(V)
humoral immunity could also have a key role in this disease process. A report from Lau et
al. (10) demonstrated the presence of panel reactive Abs may be associated with longer
postoperative mechanical ventilation. However, the potential role of preformed Abs against
an autoantigen, or any Ag, including col(V), in the pathogenesis of PGD has not been
reported.

Col(V) is a minor collagen, intercalated within fibrils of type I collagen, a major collagen in
the lung. Due to its location in the perivascular and peribronchiolar tissues, we have
considered col(V) a “sequestered Ag” in the normal lung. However, interstitial col(V) is
readily exposed in response to ischemia reperfusion injury, which occurs during the
transplantation procedure (11), and ischemia reperfusion injury is associated with release of
antigenic col(V) fragments in bronchoalveolar lavage (BAL) fluid (12). Although classically
described as an interstitial collagen, a report from Haralson and colleagues (13)
demonstrated that col(VV) may be expressed by an epithelial cell line. The study raises the
intriguing possibility that anti-col(V) Abs could in part mediate PGD by recognition of the
target Ag on lung epithelial cells. Although endothelial cell pathology is known to occur in
PGD (14), a recent report from Calfee and colleagues (15) has linked markers of epithelial,
but not endothelial, injury to PGD pathogenesis. However, the ability of primary lung
epithelial cell to express col(V) is unknown, and the ability of anti-col(\V) Abs to induce
cytotoxicity in these cells has not been reported.

S Abbreviations used in this paper: BOS, bronchiolitis obliterans syndrome; PGD, primary graft dysfunction; col(V), type V collagen;
HEL, hen egg lysozyme; BAL, bronchoalveolar lavage; COPD, chronic obstructive pulmonary disease; IPF, idiopathic pulmonary
fibrosis; IPAH, idiopathic pulmonary arterial hypertension.
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Using our model of systemic immunity to col(V) in WKY rats (2,9,11,12), we conducted
passive and adoptive transfer studies of col(V) immune serum or B cells, respectively, from
col(V) immune rats to WKY rat lung isograft recipients. Transfer of col(\V) immune serum,
purified anti-col(V) 1gG, or B cells from col(V) immunized rats induced lung pathology and
impaired systemic oxygenation, consistent with PGD in lung isograft recipients. Lung injury
was associated with increased local levels of TNF-q, IL-1p, and IFN-y. Confocal imagining
demonstrated that rat and human airway epithelial, but not endothelial, cells express col(V)
apically, and that these cells were susceptible to anti-col(V) Ab-mediated complement-
dependent cytotoxicity. Translational studies revealed that the presence of preformed serum
anti-col(V) Abs in the pretransplant period was strongly associated with developing severe
(grade 3) PGD posttransplantation. Collectively, these data support the concept that
humoral, as well as cell-mediated immunity to col(V) is a major risk factor for PGD, and
that preformed anti-col(V) Abs have a key role in this process.

Materials and Methods

Animal studies

Collagens

Pathogen-free male Wistar Kyoto (WKY) rats were used for the study. All animals weighed
between 250 and 300 g. All rats were purchased from Taconic Farms or Charles River
Breeding Laboratories and housed in the Laboratory Animal Resource Center at Indiana
University School of Medicine (Indianapolis, IN) in accordance with institutional
guidelines. All studies were approved by the Laboratory Animal Resource Center at Indiana
University School of Medicine.

Bovine col(V) was isolated and used for all immunizations as reported previously (11).
Because the current studies were conducted in rats, rat-derived col(V) was considered for
these studies. However, similar to our prior studies (11), bovine col(V), and not rat col(V),
was used due to the ability of isolating sufficient quantities of bovine col(V), but not rat
col(V), for in vivo use.

Immunization with col(V) or hen egg lysozyme (HEL)

WKY rats were immunized at the base of the tail with 200 g of bovine col(V) or HEL
emulsified in 200 ul of CFA (Difco) as reported previously (11). To boost the initial
immunization, rats received an injection of 200 pg of col(V) emulsified in 200 pl of IFA
(Difco) at the base of the tail 21 days after the initial immunization. Ten days after boosting,
rats were sacrificed, serum isolated from blood, and inguinal lymph nodes harvested. Serum
was pooled from 10 individual rats and used in this study. Individual B cells (CD45RA*)
were isolated from lymph node cells. In brief, lymph nodes were mechanically digested by
mincing with scissors in medium (RPMI 1640; Invitrogen), passed through a cell strainer to
remove large particles, and washed. Any remaining RBCs were lysed with ammonium
chloride. CD45RA" cells (>90% pure) were selected by autoMACS using rat CD45RA
Micro Beads (Miltenyi Biotec). The cells were resuspended in 1% sterile (PBS) before
adoptive transfer. The serum obtained from centrifuged blood was stored at —80°C until
serum transfer.

Flow cytometry detection of serum anti-col(V) and anti-HEL Abs

Flow cytometric examination of anti-col(V) or anti-HEL coated beads were used to confirm
that immunization induced systemic Ab production. In brief, after washing in PBS,
streptavidin-coated beads (5 um, binding capacity 10-20 pg, 1 x 107 beads; Polysciences)
were suspended in 100 pl of PBS with human col(V) (40 pg/ml) or HEL (2 pg/ml). After 60
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min of incubation at 4°C, beads were washed in PBS containing 10% FCS and stored at 4°C
until use. For each assay, 1 x 106 conjugated beads were washed two times in PBS, and
incubated in 100 pl of PBS plus 50 pl of human or rat serum, incubated for 30 min at room
temperature, and washed in PBS containing 10% FCS. After incubation with anti-human or
anti-rat PE-conjugated 1gG Abs (Sigma-Aldrich), the beads were washed and analyzed on a
FACSCalibur cytofluorograph (BD Biosciences). Positive controls were generated by
following the same procedure described, but incubating the beads with biotinylated rabbit
anti-human col(V) Ab or biotinylated anti-HEL (20 pg/ml) Abs.

Quantitation of serum total IgG and anti-col(V) IgG subtypes

Total 1gG in the immunized or untreated rats was quantitated by ELISA using rat 1gG
ELISA quantitation kit (Bethyl Laboratories) per the manufacturer’s protocol. Anti-col(V)
or HEL specific 1gG, IgM, and IgG subclasses were measured using ELISA starter
accessory kit (Bethyl Laboratories) with modifications. In brief, microtiter plates were
coated 1 h at room temperature with bovine col(V) or HEL (5 ug/ml) in coating buffer (0.05
M carbonate-bicarbonate (pH 9.6)). Subsequently, the plates were blocked with blocking
solution (50 mM Tris, 0.14 M NacCl, 1% BSA (pH 8.0)) for 30 min at room temperature and
washed with wash solution (50 mM Tris, 0.14 M NaCl, 0.05% Tween 20 (pH 8.0)). Serum
samples were diluted 1/56,000 ~ 5600 in sample/conjugate diluent (50 mM Tris, 0.14 M
NaCl, 1% BSA, 0.05% Tween 20; Sigma-Aldrich) and 100 ul of diluted sample were added
to each well. Purified rabbit anti-human col(V) IgG-biotin conjugate (Santa Cruz
Biotechnology) was used as a standard. Plates were incubated for 1 h at room temperature,
washed, and incubated with 100 ul (in sample/conjugate diluent) polyclonal goat anti-rat
IgG-HRP conjugate (Bethyl Laboratories) or polyclonal goat anti-rat 1gG1, 1gG2a, 1gG2b,
1gG2c, or IgM-HRP conjugate (AbD Serotec) and avidin-HRP conjugate (eBioscience) for
standard for 1 h. Plates were washed again, and 100 pl of tetramethylbenzidine (Bethyl
Laboratories) were added to each well. After a 5- to 10-min incubation in the dark,
absorbance was read at 450 nm on a microplate reader (Spectra max; Molecular Devices).

Purification of serum IgG Abs and depletion of anti-col(V) IgG Abs

IgG was purified from serum of immunized rats using ImmunoPure IgG Purification Kit, per
the manufacturer’s protocol (Pierce). In some experiments, anti-col(V) Abs were depleted
from the col(V) immune serum by incubating with col(V)-coated beads (described earlier).
In brief, the beads were placed into a protein A column (Pierce) and washed three times with
PBS buffer. One milliliter of immune serum was applied to the column and fractions of
purified serum were collected.

Rat lung transplantation

The orthotopic transplantation of left lungs were performed as previously described
(2,9,11,16). Survival exceeded 90% in all transplantation groups. No immunosuppressive
therapy was given at any time during the experimental period.

Serum and Ab transfer

One milliliter of col(V) immune serum was injected by tail vein twice daily into lung
isograft recipients for 2 days, beginning on the first postoperative day. This dosing schedule
was determined based on preliminary studies showing that single injections did not induce
lung pathology. In some studies, 1gG (1 mg) purified from col(V) immune serum was
transferred by tail vein injection once daily beginning on the first postoperative day for three
consecutive days. Serum was isolated from rats on the third or fourth day
posttransplantation. Controls for these studies used serum transfer to normal WKY rats (not
transplanted or immunized).

J Immunol. Author manuscript; available in PMC 2010 December 7.
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Adoptive transfer

In parallel studies, pure B cells (CD45RA™ lymphocytes) were isolated from inguinal lymph
nodes of col(V)-immunized rats by magnetic beads (Miltenyi Biotec) and were adoptively
transferred by tail vein injection (2 x 107 cells) of WKY rats, 24 h after isograft lung
transplantation to WKY rats. CD45RA™* cells were pooled from two rats for injection into
two recipient rats. Adoptive transfer procedures were conducted similarly to prior studies
(11,16).

Arterial blood gas analysis

In parallel studies, arterial blood gas analyses were conducted and used to determine the
arterial oxygen tension per fraction of inspired oxygen (PaO,/FiO,) ratio as a measure of
acute lung injury, as previously reported (9). In brief, all animals were studied 72 h
posttransplantation. Rats were anesthetized with an i.m. injection of ketamine and xylazine,
intubated through a tracheostomy, and cannulated via the left carotid artery. The rats were
mechanically ventilated with a rodent ventilator (model 683; Harvard Apparatus) with 100%
oxygen and isoflurane at a minute ventilation to maintain the PaCO, level at 40 torr. Arterial
blood samples were assayed by using an IRMA SL blood analysis system (Diametrics
Medical).

Collection of BAL fluid

BAL from native and transplanted lungs was performed in ketamine-anesthetized rats on the
day of sacrifice as reported (9,11,12,17). Cell-free BAL fluid supernatants obtained from
centrifuged specimens were stored at —80°C until use.

Pathological grading

Native and transplanted lungs were harvested, fixed by an intratracheal instillation of 6%
glutaraldehyde, sectioned, stained with H&E, and examined under light microscopy.
Grading for rejection pathology was performed in a blinded manner using standard criteria
as reported (11).

Quantitation of cytokines

IL-1B, IFN-y, and TNF-a, were measured in unconcentrated isograft BAL fluid by ELISA
using Cytoscreen immunoassay Kits (BioSource International) per the manufacturer’s
protocol.

Anti-col(V) Ab ELISA

The 96-well microtiter plates (Immunolon 11, Thermo Fisher Scientific) were coated with
col(V) (1 pg/ml), diluted in coating buffer (0.2 M sodium phosphate (pH 6.5)). Plates were
covered and incubated overnight at 4°C. After aspirating wells and washing with PBS-
Tween 20 (0.05% PBS in Tween 20; Sigma-Aldrich), plates were blocked with PBS-10%
FBS (Hy-Clone Laboratories) for 1 h at room temperature. Patient serum samples (100 pl)
were added to duplicate wells, incubated for 2 h at room temperature followed by washing
with wash buffer. Anti-human IgG HRP conjugated Abs (1/1000 dilution; Sigma-Aldrich)
were added to each well, and aspirated after a 1-h incubation at room temperature. Plates
were developed by addition of TMB Substrate Reagent (BD Pharmingen) to each well (100
pl/well). Reactions were stopped after 30 min of incubation in the dark by addition of 2 N
H»SO, to each well, and absorbance was read at 450 nm.

J Immunol. Author manuscript; available in PMC 2010 December 7.
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Immunocytochemistry and confocal imaging

Primary rat lung epithelial cells (L2 cells) from American Type Culture Collection (ATCC)
were seeded at 1.2 x 10° cells/ml Ham’s/F-12 medium (HyClone Laboratories) plus 10%
FBS. Primary rat microvascular lung endothelial cells, a gift from Dr. T. Stevens (University
of South Alabama College of Medicine, Mobile, AL), were seeded at 1 x 10° cells/ml
DMEM with 4.5 g/L glucose (Mediatech) plus 10% FBS into Lab-Tek Permanox chamber
slides (Nalge Nunc International).

After a 24-h incubation (37°C, 5% CO,), cells were washed, fixed with methanol, and
blocked by incubating in 10% goat serum (Invitrogen). Each well of cells were incubated
with a primary Ab to type I, 1V, or V collagen diluted in PBS/1.5% normal goat serum
(Rabbit anti-collagen I; Abcam); chicken polyclonal Ab to Col4A3BP (C-178; Novus
Biologicals); and rabbit polyclonal Ab to rat collagen type V (Biodesign International). For
type | and type V collagens, the cells were incubated with goat anti-rabbit IgG Rhodamine
red (Invitrogen); and to detect for type IV collagen, the cells were incubated with goat anti-
chicken IgG FITC (Novus Biologicals). After washing and attaching coverslips, the slides
were examined by fluorescent microscopy.

In parallel studies, L2 cells were examined by confocal microscopy to determine the
distribution of collagens I and V in the cells. In brief, slides were incubated with chicken
polyclonal Ab to Col4A3BP(C-178), and detected with goat anti-chicken 1gG FITC (Novus
Biologicals). To detect col(V) on in the same specimen, slides were washed and incubated
with rabbit anti-col (V) Ab (Biodesign International), and detected by an incubation with
goat anti-rabbit IgG Rhodamine red (Invitrogen). The cover-slips were mounted and slides
examined with a Zeiss UV LSM-510 confocal microscope system that is mounted on a Zeiss
Axiovert 100 inverted microscope. A C-Apochromat 40X/1.2 W Corr objective was used to
acquire Z-stack images.

For immunostaining of lung tissue sections, 5-um thick paraffin-embedded tissue sections
were dewaxed, hydrated, rinsed with TBS, and digested by a 5-min incubation in proteinase
K (DakoCytomation) (11). After rinsing and incubation in 3% H,0O, for 10 min, slides were
incubated with primary rabbit anti-rat col(\V) Abs or control Ab (1/40 dilution; Chemicon
International) for 60 min, and rinsed. Ab detection was performed by 30 min of incubation
with biotinylated donkey anti-rabbit Abs, rinsed, then incubated with streptavidin-HRP
(DakoCytomation) for 30 min, and developed by 5 min of incubation with diaminobenzidine
(DakoCytomation). Slides were then rinsed and counterstained with hematoxylin. Tissues
were then examined by light microscopy.

Complement-dependent cytotoxicity assays

Primary rat airway epithelial cells (L2 cells; ATCC) were grown to confluence in complete
medium at 37°C, 5% CO, (F-12 complete medium; HyClone Laboratories). The optimal
conditions for these assays were determined by using varying quantities of serum or
complement in preliminary studies. The 100 pl of heat-inactivated col(V) or HEL immune
serum was added to each 1 ml of medium. After 20 min of incubation, 10 pl or preadsorbed
rabbit complement (Pel-Freez Biologicals) was added to each 1 ml of medium. Following 12
h of incubation, cells were stained with propidium iodide (Sigma-Aldrich) and examined by
flow cytometry to detect dead cells (propidium iodide-positive) per the manufacturer’s
protocol (Beckman Coulter).

Apoptosis assay

To investigate whether treatment with col(\V) Ab or complement-induced L2 cell apoptosis,
we measured the activation levels of executioner caspases in cell lysates. Caspase-3 activity

J Immunol. Author manuscript; available in PMC 2010 December 7.
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was measured with the EnzChek Caspase-3 Assay kit No. 1 (Invitrogen) using a specific
aminomethylcoumarin-derived casaspe-3 substrate Z-DEVD-AMC, which yields a bright,
blue fluorescent product upon proteolytic cleavage. Following the manufacturer’s
instructions and buffers, after treatment cells were lysed in the cell lysis buffer, the debris
were pelleted after centrifugation at 5000 rpm for 5 min, and the supernatant was incubated
in a multiwell plate with the substrate for 30 min at room temperature. The fluorescence was
measured using a fluorometer at 342/441 nm. The results were expressed as relative
fluorescence units.

Human studies

We performed a nested case control study, within a prospective cohort study of patients
undergoing first lung transplantation at a single center. Specimen collection was conducted
according to Declaration of Helsinki principles. All subjects had standard
immunosuppression including induction with IL-2R antagonist, followed by maintenance
with a calcineurin inhibitor, azathioprine and methylprednisolone at 0.5 mg/kg dose. PGD
cases were defined as International Society of Heart and Lung Transplantation (ISHLT)
grade 3 PGD at 72 h with the following: chest radiographs with diffuse infiltrates involving
the lung allografts; PaO,/FiO, less than 200 mm Hg; and no other secondary cause of graft
dysfunction identified (4). This definition is similar to the acute respiratory distress
syndrome and has been used in prior studies illustrating association with poor outcomes
(3,6). Controls were subjects who did not have any evidence of lung injury during the
posttransplant course (ISHLT PGD grade 0). A total of five PGD cases and five non-PGD
controls were chosen to provide 80% power to detect a difference of 2 SDs in the col(V) Ab
assay between cases and controls, at an alpha level of significance of 0.05. To control for
possible confounding, controls were selected as a population to contain the same number of
subjects within a diagnosis category (i.e., three subjects with chronic obstructive pulmonary
disease (COPD), two with idiopathic pulmonary fibrosis (IPF), and one with idiopathic
pulmonary arterial hypertension (IPAH)), no patients underwent cardiopulmonary bypass,
and all ischemic times were below 330 min (18,19). Informed consent for this study was
obtained before organ transplantation. Blood samples were obtained in citrated VVacutainers
at 6, 24, 48, and 72 h after removal of the pulmonary arterial cross-clamp. Samples were
centrifuged within 30 min of collection and aliquoted plasma was stored at —80°C. Clinical
variables were categorized and defined using methods previously published (20,21).

Statistical analyses

Results

Data are expressed as the mean + SEM, or as medians with intraquartile ranges if non-
normally distributed. Statistical analysis was conducted using one-way ANOVA test and
post hoc comparisons using Tukey’s test for multiple comparisons. Wilcoxon rank sum test
was used for analyses of skewed data. A value of p < 0.05 was considered significant.
Statistical comparisons were performed using STATA (version 9.2).

We initially determined that immunization with col(V) or HEL can induce systemic anti-
col(V) or anti-HEL Abs in rats (Fig. 1A). Using a flow cytometry based bead assay, as
described in Materials and Methods, Fig. 1A shows that immunization with col(V) or HEL
induces Ag-specific Ab production systemically. Specifically, anti-col(V)-coated beads only
detected anti-col(V) Abs from col(V)-immunized rats, and anti-HEL Abs only detected anti-
HEL Abs in HEL-immunized rats.

Our prior reports demonstrated that adoptive transfer of col(V)-reactive lymphocytes from
col(V)-immunized rats induced “rejection-like” pathology in WKY rat lung isografts (11).

J Immunol. Author manuscript; available in PMC 2010 December 7.
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To determine whether humoral immunity could induce lung injury and histology possibly
consistent with PGD, col(V) or HEL immune serum was passively transferred to WKY lung
isograft recipients followed by an assessment of lung pathology. Col(V) immune serum
induced perivascular, peribronchiolar, and alveolar neutrophilic infiltrates in the isograft but
not native lung (Fig. 2A). To determine whether the soluble mediator in serum was IgG,
these studies were repeated by passively transferring 1gG affinity purified from col(V)
immune serum to isograft recipients. Indeed, purified 1gG also induced similar pathologic
lesions (Fig. 2B). Consistent with a role for Abs in the process, adoptive transfer of splenic
B cells from col(V)-immunized rats recapitulated rejection-like pathology in isograft lungs
(Fig. 2C). In contrast, HEL immune serum or 1gG purified from HEL immune serum did not
induce any pathologic lesions (Fig. 2, D and E, respectively).

1gG subclasses may vary in their ability to induce injury in many animal models. To
investigate which subtypes could induce injury after passive transfer, we first determined the
1gG subtypes present in col(V) immune serum. The relative proportions of 1gG1, 1gG2a,
1gG2b, and Ig2c in these samples were similar to those observed in the normal rat (Fig. 3A),
although the concentration of total 1gG tended to be higher in immunized compared with
normal WKY rats (data not shown). To determine the subtypes of anti-col(V) Abs, we used
the col(V)-coated beads to deplete anti-col(V) Abs from immune serum, followed by an
assessment of 1gG subtypes. The quantity of total col(V)-specific 1gG was 12.2 mg/ml. The
concentrations of 1gG1, 1gG2a, and 1gG2b were reduced slightly after treatment with col(V)-
coated beads. However, the 1gG2c level, originally at 4 mg/ml was reduced after adsorption
to below the limit of detection in the assay, suggesting that this may be the predominant
subclass induced by col(V) immunization (Fig. 3B). However, we cannot totally exclude that
nonspecific absorption to the beads could have contributed, in part, to the reduction of
1gG2c observed.

Data described demonstrate that passive transfer of anti-col(V) immune sera or 1gG induces
acute injury in lung isografts. To determine whether the pathologic lesions correlated with
altered physiology, we next determined the PaO2/FiO2, a commonly used index of acute
lung injury (4), in untreated isograft recipients and in isograft recipients after passive
transfer of col(V) immune serum preparations. Similar to our prior report (9), the PaO,/FiO,
ratio approached 500 in untreated isograft recipients, indicating a mild degree of lung injury
that results from ischemia reperfusion injury at the time of transplantation (the PaO,/FiO5 in
a normal rat approaches 600, data not shown). Transfer of HEL immune serum or purified
IgG from HEL immune serum did not affect the PaO,/FiO, compared with untreated
isograft recipients (Fig. 4). In contrast, passive transfer of col(\V) immune serum, or 1gG
purified from immune serum, resulted in significant reductions in the PaO,/FiO, compared
with untreated isograft recipients or isograft recipients posttransfer of HEL immune serum
or HEL-1gG (p < 0.01 and p < 0.001 for col(V) serum or col(V)-1gG, respectively). In
contrast, transfer of anti-col(\V) Ab-depleted serum restored the PaO,/FiO, to baseline levels
(Fig. 4A), and did not induce lung pathology (Fig. 4B) strongly implicating a role for anti-
col(V) Abs in the pathogenesis of lung injury.

We have reported that clinical PGD that was associated with col(V)-reactive T cells resulted
in up-regulation of IFN-y, TNF-a, and IL-1p (9). To determine whether anti-col(V) humoral
immunity was associated with a similar cytokine profile, we quantified these cytokines in
BAL fluid 3 days after isograft transplantation. Although modest levels of IFN-y were
detected in controls, transfer of immune serum or purified 1gG each significantly elevated
IFN-y levels (p < 0.001 for each) (Fig. 5A), whereas depletion of anti-col(V) Abs
significantly reduced local production of IFN-y compared with other passive transfer groups
(p < 0.01) to levels similar to those of untreated isograft recipients. Similarly, transfer of
col(V) immune serum or IgG purified from immune serum significantly induced TNF-a
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expression in BAL fluid (p < 0.05) compared with untreated isograft recipients, which had
no detectable TNF-a. Depleting anti-col(V) Abs from serum before transfer lowered the
local levels of TNF-a (Fig. 5B), but did not abrogate the increase in IL-1f induced by the
transfer of anti-col(V) immune serum or purified 1gG (p < 0.05 for each) (Fig. 5C).

We reported previously that col(V) is considered a sequestered Ag in the lung interstitium,
but that it becomes highly exposed after ischemia reperfusion injury in the transplanted lung
(2,11). Although endothelial injury is an established component in PGD, very recent studies
report that epithelial cell injury may occur within 4 h of postreperfusion in lung transplant
recipients, and that this pathologic process may be more closely associated with morbidity
than endothelial cell injury in PGD (15). Our prior data demonstrating that anti-col(V)
immunity is associated with PGD suggest that col(V) expression by lung epithelial may
explain why these cells are a target of attack during PGD. However, there are no studies
reporting that col(V) is expressed by lung epithelial cells in situ. To address this question,
we used immunohistochemistry to detect col(V) expression in native and isograft lungs.
Notably, col(V) was expressed strongly on the apical surface of the bronchiolar epithelium
in lung isografts (Fig. 6, see arrows showing brown deposits), but such staining was detected
inconsistently in the native lung. As expected, col(V) was detected in the sub-epithelial,
subendothelial, and other interstitial tissues (Fig. 6). We did not detect staining for col(V) on
endothelial cells (Fig. 6).

To address the potential relevance of the in vivo immunostaining described above, we next
determined whether primary rat alveolar epithelial cells express col(V), and whether the
distribution is either apical or basal. Fig. 7 shows col(V) staining on lung epithelial cells, but
not lung endothelial cells. Moreover, confocal imaging confirms the apical location of
col(V) on the airway cells (Fig. 7 and supplemental video).® Notably, the epithelial cells did
not express type | collagen, a major lung collagen.

Data in the current study demonstrating that anti-col(V) Abs induce lung injury in vivo and
that epithelial cells express col(V) suggest that col(V) immune serum could induce
cytotoxicity in lung epithelial cells. To address this question, we incubated rat lung epithelial
cells with col(V) or HEL immune serum, in the presence or absence of complement
followed by an assessment of cytotoxicity. Our data show that col(V), but not HEL, immune
serum induced complement-dependent cytotoxicity (Fig. 8). Lung endothelial cells, which
do not express col(V), were not susceptible to Ab-induced cytotoxicity (data not shown).
Ab-mediated injury may also be associated with induction of apoptosis in target cells.
However, caspase-3/7 activity, a marker of apoptosis, was not significantly increased in cells
undergoing Ab-mediated cytotoxicity (data not shown).

To determine the relevance of these findings in clinical lung transplantation, we examined
plasma from patients with PGD hours after reperfusion for the presence of anti-col(V) Ab
and compared results with patients with no PGD. The presence of higher levels of anti-
col(V) Ab was strongly associated with PGD; for all time points combined, the median OD
at was 1.38 (OD range 1.06 —2.30) in PGD subjects vs 0.76 (range 0.36 —1.29) in non-PGD
controls (p < 0.001) and p < 0.05 for each individual time point comparison beyond 24 h
(Fig. 9 and Table I). Humoral responses to any Ag require several weeks to develop.
Therefore, data showing detection of serum 1gG anti-col(V) Abs within 24 h posttransplant
in patients with PGD indicates the presence of preformed anti-col(V) Abs, and possibly
activation of col(V)-specific memory B cells in the recipient.

6The online version of this article contains supplemental material.
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Discussion

The key findings of this study are that anti-col(V) Abs induce pathology and physiology
consistent with PGD in rat lung isografts in vivo, and that expression of col(V) by alveolar
epithelial cells contributes to this process. Furthermore, translational studies demonstrated
that preexisting anti-col(V) humoral immunity was associated strongly with PGD in lung
transplant recipients. The findings reported in the current study may in fact represent a link
between early lung injury and later BOS, perhaps explaining the novel observations of Daud
and colleagues (8). In addition, our results and a recent report from Goers et al. (22)
highlight the role of autoantibodies in the induction of lung allograft pathology.

Col(V) is considered a minor collagen in the lung and is sequestered within the fibrils of
type | collagen, the major pulmonary collagen (23). We have reported previously that
cellular immune responses to col(V) are a major risk factor for obliterative bronchiolitis/
BOS (2). Moreover, memory T cell responses to col(V) are also associated with onset of
PGD (9). Because Ag-specific T cells may induce Ag-specific B cell immunity, we extended
our studies to examine the possible involvement of anti-col(V) Abs in lung posttransplant
pathology. Notably, anti-col(V) 1gG Abs were readily detected in allograft BAL fluid in
patients that developed anti-col(V) cellular immunity. Although specific for the a4 chain of
col(V) (data not shown), the same Ag recognized by col(V) reactive T cells (2,11), detection
of these Abs was not associated with acute rejection or BOS during clinical lung
transplantation (W. J. Burlingham and D. S. Wilkes, unpublished data).

Based on these studies and our prior report showing that anti-col(V) memory T cell
responses are associated with PGD, and that the transplant procedure itself induces exposure
of antigenic col(V) (2,11), we hypothesized that systemic anti-col(V) humoral immunity
present in the pretransplant period would be associated with lung injury posttransplantation.
Our prior studies showed that col(V) immunization in rats induces vigorous cellular immune
responses in regional lymph nodes (11,16). The current studies extend these observations
and demonstrate that systemic humoral immunity also results from the immunization
procedure. Data showing that 1gG2c, and not IgM, directed against col(V) could be related
to the timing of serum collection postimmunization, to the types of adjuvants used for these
procedures, or to genetics-dependent immunity in the rats used for these studies. Indeed,
Firth et al. (24) reported that type 1l collagen immunization in rats induces 1gG subtype
specific responses other than 1gG2c.

Ab-mediated injury during lung allograft rejection has been associated with complement
activation, as evidenced by deposition of C4d on the endothelium and epithelium in animal
models; and on the endothelium of human lung allografts (25-27). In the current study, Ab-
mediated injury induced by passive transfer studies did not result in C4d deposits in the
vascular endothelium, a finding that is consistent with our inability to detect col(V) by
immunostaining in primary rat endothelial cells. Although lung epithelial cells express
col(V) in vivo, and in vitro, and col(V) immune serum induces complement-dependent
cytotoxicity in L2 cells, we did not consistently detect C4d deposits in our passive transfer
studies (data not shown). Because complement activation could result in time-dependent
complement deposition in tissues, then future studies will determine whether C4d deposits
occurred either earlier or later passive posttransfer. However, the current studies do not
exclude a role for immune complex-mediated injury and this question will be addressed in
future studies.

Due to its associated morbidity and mortality, and lack of clear etiology, the pathogenesis of
PGD remains an area of intense investigation. Our recent study and the current report
support a major role for col(V) autoimmunity in this process. Furthermore, the current
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findings highlight the importance of col(V) location within the lung, in areas readily
accessible to attack by the immune system. The interstitial distribution of col(V) has been
well documented (2,11). We believe a novel finding of the current study is the
demonstration of col(V) expression on the apical surface of primary rat lung epithelial cells.
This finding was not limited to this epithelial cell type, as we also observed apical col(V)
expression in H441 cells, which are derived from human Clara cells (our unpublished
observations). Interestingly, we did not detect col(V) staining in human or rat endothelial
cells. The differential expression of col(V) could have implications in the PGD
pathogenesis. For example, PGD is associated with varying degrees of noncardiogenic
pulmonary edema suggesting endothelial cell dysfunction. However, a recent study
demonstrated that increases in serum RAGE (Receptor for Advanced Glycation End-
products), a marker of alveolar type | epithelial cells, but not endothelial cells, was
associated with PGD (15). These data are consistent with findings in the current study
showing that serum anti-col(\V) Abs induced cytotoxicity in lung epithelial, but not
endothelial cells. However, it is important to note that the relationship of systemic anti-
col(V) Abs and epithelial cell expression of this Ag does not rule out a key role for
endothelial cells in PGD. It is conceivable that the loss of endothelial cell integrity must
occur first before serum rich in anti-col(V) Abs would have access to the epithelial surface
where they could induce further injury.

In our prior study reporting the association of col(V)-specific memory T cells and PGD, we
demonstrated that proinflammatory cytokines such as IL-1p and TNF-a were increased in
both human lung transplant recipients as well as our rat model that mimics the human
condition (9). IFN-y, classically associated with delayed type hypersensitivity, was increased
as well. Similar findings were reported in the current study, passive posttransfer of immune
serum. Because immune cells were not present in the immune serum, the induction of
cytokines is likely related, at least in part, to the Fc portion of the anti-col(V) Abs binding to
and activating local immune cells. The specific mechanisms involved in this process are the
subject of ongoing studies.

The risk factors for PGD have been reported extensively, and recent studies have refined the
definition of this serious disease (4,28,29). However, a specific mechanism for PGD has
been elusive but likely includes elements of the complement cascade, coagulation factors,
and other pathways either acting alone or in concert to induce lung injury. Indeed our prior
study invokes T cell mediated immunity to col(V) in PGD in clinical lung transplantation
(9). In the current report we extend our human translational studies by examining a carefully
matched phenotype representing the severest form of PGD. Future studies aimed at
examining the clinical utility of autoimmunity to col(V) will include patients with the full
spectrum of lung injury, and will focus on pretransplant samples not available in the current
study. Our prior and current studies implicate recipient-derived cellular and humoral
autoimmunity to col(V) collectively in the development of clinical PGD. However, these
data do not exclude other pathways in PGD pathogenesis. Although the sample size of the
patients reported in the current study is relatively small, the finding that anti-col(V) Abs
were higher in all PGD cases is striking, as the PGD and non-PGD subjects had no overlap.
Furthermore, we do not believe that preexistent clinical factors confounded our results, as an
equal number of patients with COPD, IPF, and IPAH were represented in each group, and
subjects who underwent cardiopulmonary bypass or had prolonged ischemic times were
excluded from our analysis (28,30). We therefore believe these data may have profound
implications for the risk stratification and potential management or treatment of PGD.
Before the significance of these findings are fully understood, ongoing studies will need to
determine whether specific lung diseases are associated with anti-col(V) Abs, the titer of
these Abs and their relationship to grade of PGD, and whether other autoimmune
phenomena, other than col(V) reactivity are associated with PGD, by focusing on
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pretransplant samples not available in the current study. The answer to these questions may
also yield insights into the pathogenesis of COPD, IPF, and pulmonary hypertension, which
are the major indications for lung transplantation. Indeed, there have been recent reports of a
potential role for autoimmunity in the pathogenesis of emphysema (31) and IPAH (32)
(formerly known as primary pulmonary hypertension).

Although anti-col(V) Abs induced lung injury in the current study, the interpretation of these
results is limited by the fact that rats do not spontaneously develop anti-col(V) Abs, but did
so after immunization. However, anti-col(V) preformed Abs could participate in PGD
pathogenesis. Because Ag-specific Ab production requires several weeks to develop after
Ag exposure, then data showing detection of anti-col(V) Abs in the serum of patients within
6 h after onset of PGD suggests the presence of these Abs in the pretransplant period. In
addition, these data also suggest that certain lung diseases that are indications for lung
transplantation may be associated with production anti-col(V) Abs. Validation of our
findings in other clinical populations may lead to targeted therapy trials of tolerance
induction strategies in subjects with preexisting autoimmunity, and not limited to col(V).

Identifying the Ag that triggers an immune response creates the opportunity to develop
strategies to suppress this process or induce immune tolerance. We reported that acute and
chronic lung allograft rejection could be prevented by col(V)-induced oral tolerance in our
rat models (17,33). Those studies were focused on examining regulation of cellular (T cell-
mediated) immunity. Suppressing an Ag-specific T cell response is also likely to down-
regulate humoral immunity to the same Ag. Therefore, we hypothesize that targeting
sensitized lung transplant candidates with col(V)-based immunomodulation strategies in the
pretransplant period may minimize the risk of PGD onset. Such techniques could potentially
involve pretransplantation col(V)-induced tolerance, plasmapheresis, and B cell depletion.
These approaches could also be combined with other strategies that may be involved in PGD
such as targeting phagocytes or coagulation cascades, and immune modulation. These
questions will be addressed in both ongoing preclinical and clinical studies.
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FIGURE 1.

Detection of systemic anti-col(V) or anti-HEL Abs. Serum was collected from rats there
were immunized with col(V) or HEL and incubated with Sepharose beads coated with
col(V) or HEL. Flow cytometry was used to detect IgG Abs bound to col(V) or HEL-coated
beads. Data shown are derived from serum collected from an individual rat immunized with
col(V) or HEL and are representative of n = 5-6 rats immunized with each Ag.
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FIGURE 2.
Passive transfer of col(V) immune serum or purified 1gG, or adoptive transfer of purified B
cells from to isograft recipients induces rejection-like pathology in isograft lungs. Col(V) or
HEL immune serum or purified IgG or B cells from col(V)-immunized rats were isolated
and transferred to lung isograft recipients and lung tissues collected posttransfer as described
in Materials and Methods. A, Passive transfer of col(V) immune serum. B, Passive transfer
of 1gG purified from col(V) immune serum. C, Adoptive transfer of B cells from col(V)
immunized rats. D, Passive transfer of HEL immune serum. E, Passive transfer of 1gG
purified from HEL immune serum. No pathologic lesions are observed in isograft lungs of
rats that received HEL immune sera or IgG purified from HEL-immunized rats (A and B,
respectively). Arrows indicate perivascular and peribronchiolar infiltrates (A—C). Data are
representative of n = 4-6 rats in each group. Magnification of H&E stained lung sections is
x20.
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FIGURE 3.

Quantitation of 1gG subtypes col(V) immune serum. IgG subtypes were quantified in serum
from col(V)-immunized rats by ELISA as reported in Materials and Methods. A, 1gG
subtypes in immune serum. Data representative of mean = SEM of 1gG subtypes present in
serum isolated from n = 4 immunized rats. B, 1gG subtypes present in 1gG-purified from
immune serum then incubated with anti-col(V) beads to deplete anti-col(\V) Abs. Data
derived from serum pooled from n = 4 col(V)-immunized rats. N.D., Not detected.
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FIGURE 4.

PaO,/FIO, as a function of treatment groups. A, Ratio determined as reported in Materials
and Methods for untreated (normal) WKY rats and WKY isograft recipients posttransfer of
serum or purified 1gG. Data represent mean + SEM of n = 34 rats in each group. *, p <0.01
and **, p < 0.001. B, Histology of isograft lungs posttransfer of purified 19gG depleted of
anti-col(V) Abs. Data are representative of n = 3 rats per group. magnification with H&E
stain is x20.
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FIGURE 5.

Cytokine profiles in BAL fluid. Cytokine IFN-y (A), TNF-a (B), and IL-1p (C) levels in
BAL fluid in untreated isograft recipients and isograft recipients passive posttransfer of
serum or 1gG preparations. Data represent mean + SEM of n = 3 rats in each group. *, p <
0.001; **, p < 0.01; and ***, p < 0.05. N.d., Not detected.
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FIGURE 6.

Immunohistochemical staining for col(V) in native and isograft lungs. Native and isograft
lungs were harvested from WKY rats 4 days posttransplantation and stained for col(V)
performed as described in Materials and Methods. Arrows indicate airway epithelium or
vascular endothelium. Col(V) staining identified by brown. Data are representative of n = 3
rats per group. Magnification is x40.
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FIGURE 7.

Confocal microscopy expression of col(V) on apical but not basal surface of airway
epithelial cells. Primary rat airway epithelial cells were stained for col(V) (Rhodamine red),
type IV collagen (col(IV) FITC, green), and nuclei identified by DAPI (blue) staining.
Confocal imaging was used to scan sections from apical (left) to basal (right) surface as
shown. Data are representative of three separate experiments with similar results.
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FIGURE 8.

Col(V) immune serum induction of complement-dependent cytotoxicity in airway epithelial
cells. After growing to confluence, rat airway epithelial cells were incubated with HEL or
col(V) immune serum in the presence or absence complement. After an incubation period,
cells were stained with propidium iodide (PI) and analyzed by examined by flow cytometry
to detect dead cells (propidium iodide-positive) by side scatter light (SS) analysis. Data are
representative of two experiments with similar results.
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FIGURE 9.

Circulating Ab levels in patients with PGD and in non-PGD controls during the first 3 days
after lung transplant. Box plots represent medians with intraquartile ranges, with whiskers
representing full ranges. *, p < 0.05 for the comparison at each time point between PGD and
non-PGD. p < 0.001 for comparisons across all time points.
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The median OD and range of anti-col(V) Ab?

Anti-col(V) ELISA OD

Time (h) PGD non-PGD p ValueP
6 1.70 (1.20,2.20)  1.08 (0.87, 1.29) 0.25
24 1.37(1.10,2.00)  0.69 (0.61, 0.77) 0.05
48 1.38(1.06,2.30) 0.78 (0.50, 1.04) 0.02
72 1.32(1.08,2.15) 0.75(0.51, 1.17) 0.05

aMedian OD and range of anti-col(V) Ab read at 450 nm for each time point, by PGD status.

b . . . .
The p value is derived using the Wilcoxon rank sum test.
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