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Rationale: Bronchiolitis obliterans syndrome is the leading cause of
chronic lung allograft dysfunction. We have demonstrated that
respiratory viral infection is a bronchiolitis obliterans syndrome
risk factor and virus-dependent injury induces expression of innate
airway epithelial genes belonging to the interleukin (IL)-12 family.
Thus, we hypothesized that epithelial cell IL-12 family members
could mediate lung allograft dysfunction.
Objectives: We used mouse and human allograft specimens to evalu-
ate the role of epithelial cell IL-12 family members in allograft
dysfunction associated with and without viral infection.
Methods: Murine and human IL-12 family members were character-
ized and manipulated in allografts and then correlated with epithe-
lial cell injury, immune cell accumulation, and collagen deposition.
Results: In a mouse model of lung transplantation, concurrent viral
infection and allogeneic transplantation increased epithelial injury
and this was followed by exaggerated accumulation of macro-
phages and collagen deposition. This virus-driven allograft dysfunc-
tion was associated with an epithelial innate response manifested
by a synergistic increase in the production of the macrophage che-
moattractant IL-12 p80 (p80), but not IL-12 or IL-23. Blockade or
overexpression of donor epithelial p80 resulted in a corresponding
abrogation or enhancement of macrophage accumulation and allo-
graft dysfunction. We extended these findings to human recipients
with viral infection and transplant bronchitis and again observed
excessive epithelial p80 expression that correlated with increased
macrophage accumulation.
Conclusions: These experiments support a role for an enhanced
epithelial innate response as a central process in allograft dysfunc-
tion and identify the macrophage chemoattractant p80 as an innate
epithelial effector of disease progression.
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Lung transplantation is a life-saving treatment option for pa-
tients with end-stage respiratory disease. Despite improved sur-
gical techniques, better allograft preservation, more potent im-
munosuppressants, and aggressive treatment of infections the
overall survival rate after lung transplantation is the lowest
among all solid organ transplants. A major contributor to this
posttransplantation mortality is chronic lung allograft dysfunc-
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tion. Although chronic allograft dysfunction is encountered after
transplantation of all solid organs, the high incidence (50% at
5 yr) and case fatality rates (25–30%) as well as the relatively
poor response to therapy make it the leading cause of late death
after lung transplantation (1).

Although the biochemical mechanisms responsible for chronic
lung allograft dysfunction remain unknown, identification of histo-
logic features and risk factors has provided important insights
into disease pathogenesis. Chronic lung allograft dysfunction is
characterized histologically by airway epithelial cell injury, mono-
nuclear cell influx, and fibrous obliteration of the small airways,
and is referred to as bronchiolitis obliterans (BO) (2, 3). The
clinical correlate of BO is bronchiolitis obliterans syndrome
(BOS) and is defined functionally as a persistent worsening of
airflow obstruction (4). Review of clinical conditions that are
associated with the subsequent development of BO and BOS
has identified acute vascular rejection, lymphocytic bronchitis
(referred to as transplant bronchitis in this article), and in some
studies cytomegalovirus (CMV) infection as disease risk factors
(5, 6). More recently, we have identified antecedent community-
acquired respiratory viral infection as a distinct risk factor for
chronic allograft dysfunction (7). Because these risk factors re-
sult in epithelial cell injury and allograft inflammation, our labo-
ratory and others have suggested that an exaggerated or abnor-
mal epithelial injury response initiates allograft inflammation
and chronic allograft dysfunction (3, 6, 8, 9).

To provide a molecular link between epithelial injury and
chronic allograft dysfunction, we proposed that induction of
innate epithelial injury response proteins initiates inflammatory
cascades that lead to chronic allograft dysfunction. In that regard,
we have previously demonstrated induction of the epithelial
injury response gene encoding interleukin (IL)-12 p40 during
paramyxoviral respiratory infection (10). The IL-12–related cy-
tokines are encoded by five independently regulated genes: p40,
p35, Epstein-Barr virus–induced gene-3 (EBI3), p19, and p28.
Because of alternative heterodimeric partnering and monomer
secretion, this family is composed of seven secreted proteins:
IL-12 (a p40 and p35 heterodimer), IL-12 p80 (a p40 homodi-
mer), p40 (a p40 monomer), IL-23 (a p40 and p19 heterodimer),
EBI3 (an EBI3 monomer), IL-27 (a p28 and EBI3 heterodimer),
and EBI3–p35 (an EBI3 and p35 heterodimer) (11–13). Al-
though the factors that regulate the dimerization of p40 with
other IL-12 family members are unknown, IL-12 p40 expression
in mouse and human airway epithelial cells resulted in the selec-
tive expression of IL-12 p80 (p80) and p40 but not IL-12 (10).
The IL-12–related cytokines have distinct biologic properties
and p80, but not the other p40-containing IL-12 family members,
is a macrophage chemoattractant that signals through IL-12 re-
ceptor �1 (IL-12R�1) (14, 15). Interestingly, exaggerated macro-
phage accumulation has been observed in animal and human
models of lung allograft dysfunction (16–19), and the IL-12 fam-
ily members have been implicated in kidney (20), liver (21),
bone marrow (22–24), and cardiac allograft dysfunction (25, 26).
Accordingly, we set out to examine whether innate epithelial
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injury response proteins belonging to the IL-12 family were
critical mediators that linked epithelial cell injury with macro-
phage accumulation and chronic lung allograft dysfunction.

METHODS

See the online supplement for additional details.

Mice

C57BL/6J (H-2d), C57BL/6J IL-12 p40�/�, C57BL/6J IL-12 p35�/�,
BALB/cJ (H-2b), and BALB/cJ IL-12R�1

�/� mice were obtained from
Jackson Laboratory (Bar Harbor, ME). The Animal Studies Committee
of the Washington University School of Medicine (St. Louis, MO)
approved all animal studies.

Murine Heterotopic Subcutaneous Tracheal Transplantation,
Viral Infection, and Analysis of Tracheal Graft

Murine heterotopic subcutaneous tracheal transplantation was per-
formed as originally described (27). To assess airway epithelial cell
injury, immune cell accumulation, and collagen deposition grafts were
harvested on Days 5, 14, and 28, respectively. Intranasal inoculation of
Sendai virus (Fushimi strain, ATCC VR-105) or ultraviolet-inactivated
Sendai virus was performed as previously described (10, 14, 28). To
quantitate epithelial injury, the percentage of basement membrane
(BM) covered by epithelium was calculated. The mean values from
three representative sections of each graft were recorded as the percent-
age of denuded BM (length of denuded BM divided by total length of
BM, multiplied by 100). To quantitate collagen deposition, duplicate
measurement of allograft hydroxyproline was determined and com-
pared with a cis-4-hydroxyl-l-proline standard curve (0–100 �g/ml;
Sigma, St. Louis, MO). To immunolabel neutrophils, macrophages,
lymphocytes, and IL-12 p40 we incubated tissue with rat anti-mouse
neutrophil IgG (7/4 clone, 0.66 �g/ml; Serotec, Inc., Raleigh, NC), rat
anti-mouse Mac-3 IgG (M3/84 clone, 2 �g/ml; BD Biosciences Phar-
mingen, San Diego, CA), rabbit anti-CD3 polyclonal antibody (1:50,
vol/vol), or goat anti-mouse IL-12 p40 polyclonal antibody (2 �g/ml;
Santa Cruz Biotechnology, Inc., Santa Cruz, CA). To quantitate total
cell and immune cell accumulation in graft lumen, immunolabeled cells
were counted in three high-power (�400) fields from three representa-
tive sections of each graft. To quantitate IL-12 family member concen-
tration in grafts we used commercially available ELISA kits for mouse
IL-12 p80/p40 and IL-12 (R&D Systems, Inc., Minneapolis, MN) and
IL-23 (eBioscience, San Diego, CA).

Generation and Characterization of Clara Cell Secretory
Protein–p40 Transgenic C57BL/6J Mice

To achieve airway epithelial cell overexpression of mouse p40 we gener-
ated a C57BL/6J transgenic mouse strain, using 2.3 kb of the rat Clara
cell secretory protein (CCSP) promoter (kindly provided by J. Whitsett,
University of Cincinnati College of Medicine, Cincinnati, OH) (29).
Expression of the CCSP-p40 transgene was quantitated in bronchoal-
veolar lavage (BAL) fluid by ELISA and we detected a selective in-
crease in IL-12 p80/p40 but not IL-12 or IL-23.

Lung Transplant Recipient Care and Cohort Assembly

The Institutional Review Board of the Washington University School
of Medicine approved all human studies. All recipients underwent pre-
and post-transplantation care by the Lung Transplant Group at the
Washington University School of Medicine as previously described (7,
30). To analyze IL-12 p40 expression in lung transplant recipients we
performed three separate experiments. First, to analyze IL-12 p40 ex-
pression in allografts from recipients with a respiratory viral infection,
we performed IL-12 p40 immunolabeling of 10 biopsies from recipients
from whom transbronchial biopsies were obtained during respiratory
viral infection (7). Second, to further evaluate IL-12 p40 expression in
bronchitis we immunolabeled five open lung biopsy specimens for IL-
12 p40. Third, to analyze and quantitate IL-12 family member expres-
sion and to determine whether specific family members were selectively
increased in transplant recipients with a single type of allograft dysfunc-
tion, we prospectively collected BAL fluid and transbronchial biopsies.
All BAL fluid specimens underwent microbiologic analysis for the

presence of bacteria, fungus, mycobacteria, and virus according to stan-
dard microbiologic techniques and all transbronchial biopsies under-
went pathologic analysis for acute rejection and transplant bronchitis
according to the Lung Rejection Study Group (2). We prospectively
collected BAL fluid and transbronchial biopsies from 86 recipients. Of
these 86 specimens, we excluded 39 because infectious pathogens (n �
19) or two concurrent pathologic abnormalities (n � 20) were identified.
The remaining 47 recipients with a single abnormality were segregated
into four cohorts. Recipients without infection, acute rejection, or bron-
chitis constituted the Normal Transplant cohort (A0B0 without infection;
n � 16). Recipients with only acute rejection constituted the Acute
Rejection cohort (A1B0, n � 1; A2B0, n � 8; A3B0, n � 1 [total, n �
10]). Recipients with only CMV detected in the BAL fluid constituted
the CMV cohort (A0B0 with CMV pneumonitis, n � 4; A0B0 with
BAL positive for CMV by shell vial assay, n � 5 [total, n � 9]).
Recipients with only transplant bronchitis constituted the Bronchitis
cohort (A0B1, n � 7; A0B2, n � 5 [total, n � 12]). Normal nontrans-
plantation subjects had no clinical history of lung disease, normal spi-
rometry, and normal airway reactivity and constituted the Nontrans-
plant Normal cohort (n � 10).

Human BAL Fluid Analysis

BAL fluid total cell count, differential, and IL-12 p80/p40 and IL-12
levels were determined as previously described (10). To measure human
IL-23, we performed a receptor-binding assay with reagents according
to the manufacturer’s recommendations (R&D Systems, Inc.). We se-
quentially incubated 96-well plates with recombinant human IL-23
receptor–Fc chimera protein (1 �g/ml for 18 h at 25�C), blocking buffer
(300 �l/well of 0.5% bovine serum albumin in phosphate-buffered saline
for 1 h at 37�C), BAL fluid or recombinant human IL-23 (100 �l/well
at 0–2,000 pg/ml; R&D Systems, Inc.), biotinylated anti-human IL-12
p40 (0.1 �g/ml for 2 h at 25�C, clone 8.6; Endogen, Woburn, MA),
streptavidin-conjugated horseradish peroxidase, substrate solution, and
stop solution. Values represent means of duplicate measurements of
optical density at 450 nm (with wavelength correction set to 540 nm).

Statistical Analysis

Murine variables were compared by Kruskal-Wallis test. Continuous
human variables were analyzed for statistical significance by one-way
analysis of variance, which included a random subject effect and a false-
discovery rate procedure to identify significant differences between
specific groups. Categorical human variables were compared by �2 test
or Fisher exact test, the latter if the expected cell size was less than 5
in more than 20% of cells. Correlation between human BAL fluid levels
of IL-12 p80 and immune cell accumulation was analyzed by Pearson
test (two tailed). For all tests a p value less than 0.05 was considered
significant. Data were analyzed with SPSS 10.0 (SPSS, Chicago, IL)
and SAS 9.1.2 (SAS Institute, Cary, NC).

RESULTS

Transplantation and Respiratory Viral Infection Combine to
Enhance Allograft Dysfunction

We have previously shown that respiratory viral infection of
lung transplant recipients with parainfluenza, respiratory syncy-
tial virus, influenza, and adenovirus is a distinct risk factor for
developing all stages of BOS and death (7). To explore the
role of airway epithelial cell injury and innate epithelial injury
response proteins in mediating this association we used a mouse
heterotopic tracheal transplantation model. This allogeneic tra-
cheal transplant model results in the sequential injury of airway
epithelial cells, accumulation of immune cells, and fibrous oblit-
eration of the allograft lumen (27, 31–33). The role of respiratory
viral infection in the progression of allograft dysfunction was
assessed on the basis of a well-characterized murine parainflu-
enza virus-1 (Sendai virus) infection that results in viral replica-
tion in the airway epithelial cells and induction of innate epithe-
lial injury response genes (10, 14, 28).

To examine the role of concurrent viral infection in the setting
of allogeneic transplantation we first documented that viral
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protein expression peaked in tracheal airway epithelial cells 5
d after infection (data not shown). Compared with syngeneic
or allogeneic transplantation conditions using uninfected donor
tracheas, allogeneic transplantation using donor tracheas from
infected mice resulted in enhanced epithelial cell injury charac-
terized by incomplete reepithelialization of the basement mem-
brane (Figures 1A and 1C; and see Figure E1 in the online
supplement). Interestingly, this enhanced virus-driven epithelial
injury was associated with a subsequent increase in the accumula-
tion of inflammatory cells within the allograft lumen on Day 14
(Figures 1B and 1D) and with exaggerated collagen deposition
on Day 28 posttransplantation (Figures 1E and 1F). This acceler-
ated allograft dysfunction was not observed in syngeneic grafts
from infected donors or allografts from donor mice that were
inoculated with ultraviolet-inactivated virus, indicating that the
virus-driven phenotype requires both an alloimmune mismatch
and active viral replication (Figures 1A–1F). Characterization
and quantitation of subsequent inflammatory cell accumulation
in the allograft lumen indicated that this virus-driven response
was associated with a significant accumulation of macrophages
but not of neutrophils or lymphocytes (Figure 2).

Transplantation and Respiratory Viral Infection Generate a
Synergistic Increase in Allograft p80

To identify innate epithelial injury response mediators that may
account for enhanced macrophage accumulation during virus-
driven allograft dysfunction we focused on the IL-12 family
members because they have been implicated in allograft dysfunc-
tion (20–26), and we have previously described virus-driven in-
duction of the macrophage chemoattractant p80 (10, 14). Ini-
tially, we performed IL-12 p40 immunolabeling of the allografts
to determine whether IL-12 family members were expressed
after transplantation and, if present, to identify the cellular

Figure 1. Transplantation and respiratory viral infection
combine to enhance allograft dysfunction. In (A ), C57BL/
6J donor tracheas underwent heterotopic tracheal trans-
plantation into C57BL/6J recipient mice (C57 → C57) or
BALB/cJ recipient mice (C57 → BALB). C57BL/6J donor
mice underwent intranasal inoculation with Sendai virus
or ultraviolet-inactivated (UV) Sendai virus and 5 d later
the tracheas were harvested for heterotopic tracheal trans-
plantation into BALB/cJ recipient mice (Virus 	 C57 →
BALB and UV Virus 	 C57 → BALB, respectively). Five days
post-transplantation, the grafts were harvested and under-
went hematoxylin and eosin (H&E) staining. Arrows in the
Virus 	 C57 → BALB photomicrograph indicate denuded
basement membrane (BM). In (B ), 14 d posttransplanta-
tion grafts were harvested and underwent H&E staining.
Scale bar: 20 �m. In (C ), samples from conditions in (A )
underwent quantification of epithelial injury, designated
as percentage of denuded BM. In (D ), samples from condi-
tions in (B ) underwent quantification of total lumenal cells
per high-power field (HPF, �400). In (E ), grafts were har-
vested and underwent quantification of hydroxyproline on
the indicated posttransplantation days. In (F ), samples from
(E ) were used to calculate fold increase in hydroxyproline
between Days 7 and 28. Representative photomicrographs
are shown and quantitative values represent means 
 SEM
(n � 4 or 5). *p � 0.05 compared with C → C; **p � 0.05
compared with C → C and C → B.

source of their production. We detected p40 immunolabeling in
allografts with concurrent viral infection but not in syngeneic
grafts, allografts without viral infection, or allografts from donors
after inoculation with ultraviolet-inactivated virus. In addition,
this p40 immunolabeling colocalized predominantly with airway
epithelial cells (Figure 3A). More quantitative analysis of the
individual IL-12 family members in the grafts revealed that allo-
geneic transplantation induced p80 expression and that alloge-
neic transplantation with concurrent viral infection resulted in
a synergistic increase in p80, but not IL-12 or IL-23 (Figures
3B–3D).

Blockade of p80 Function Attenuates Virus-driven
Allograft Dysfunction

Given that we had demonstrated a synergistic increase in p80
expression during virus-driven allograft dysfunction, we next
reasoned that this phenotype would be attenuated in recipient
mice that could not respond to p80 (i.e., IL-12 receptor �1–
deficient mice). Compared with a wild-type recipient, virus-
driven allogeneic transplantation in an IL-12 receptor �1

�/� re-
cipient resulted in less epithelial cell injury on Day 5, macrophage
accumulation on Day 14, and collagen deposition on Day 28
(see Figure E2). These results further support a critical role for
p80 in mediating virus-driven allograft dysfunction.

Inhibition or Blockade of p80 Function Attenuates
Allograft Dysfunction

To test the possibility that epithelial cell p80 may be critical in
mediating allograft dysfunction in the absence of viral infection,
we initially employed a loss-of-function approach using donor
tracheas from IL-12 p40�/� mice that are unable to generate p80.
In the IL-12 p40�/� allografts we observed preserved epithelial
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Figure 2. Transplantation and respiratory vi-
ral infection combine to selectively enhance
macrophage accumulation. In (A–C ), trans-
plantation conditions were as described in Fig-
ure 1A. Fourteen days post-transplantation,
grafts were harvested and representative sec-
tions underwent immunolabeling with rat
anti-mouse neutrophil IgG to identify neutro-
phils (A), rat anti–Mac-3 to identify macro-
phages (B ), or rat anti-CD3 to identify lym-
phocytes (C ). For each condition nonimmune
IgG control gave no signal above background
(data not shown). Immunolabeled cells in the
lumen of the graft from each condition un-
derwent quantitation (cells per HPF, �400).
Values represent means 
 SEM (n � 4 or 5)
from representative slides. *p � 0.05 com-
pared with C → C and C → B.

integrity, decreased macrophage accumulation, minimal collagen
deposition, and abrogated lumen obliteration (Figures 4B–4D,
second columns; and see Figure E3). Similar to the results with
IL-12 p40�/� donor allografts, allogeneic transplantation into an
IL-12R�1

�/� recipient mouse also attenuated this dysfunction
(Figures 4B–4D, third columns). To exclude the possibility that
developmental or compensatory alterations in the IL-12 p40�/�

or IL-12R�1
�/� mouse strain may have contributed to this pheno-

type, we transiently blocked p80 by administering anti–IL-12
p40 neutralizing antibody to the recipient mouse. Relative to
administration of control IgG antibody, we observed that IL-12
p40 neutralization after allogeneic transplantation attenuated
allograft dysfunction (Figures 4B–4D, fifth columns). Taken to-
gether, blockade of p80 or inhibition of its function during alloge-
neic transplantation attenuated macrophage accumulation as
well as allograft dysfunction.

Overexpression of p80 Accelerates Allograft Dysfunction

To further implicate p80 as an innate effector of allograft dys-
function, we next examined transplantation conditions with allo-
grafts that overexpressed p80 in donor airway epithelial cells.
To achieve this, we generated a C57BL/6J transgenic mouse
strain that used the rat Clara cell secretory protein promoter to
selectively drive murine IL-12 p40 expression in airway epithelial
cells (29). Allogeneic transplantation using donor tracheas from
these transgenic mice that overexpressed p80 increased macro-
phage accumulation and tended to increase the degree of epithe-
lial cell injury and collagen deposition (Figures 5B–5D, second
columns). A second approach to examine the role of p80 overex-
pression used donor tracheas from the IL-12 p35�/� mouse. Our
previous results have demonstrated that IL-12 p35 deficiency
results in airway epithelial cell p80 overexpression under in-
flammatory conditions such as respiratory viral infection (10).
In agreement with these results, allogeneic transplantation with
donor tracheas from IL-12 p35�/� mice resulted in enhanced
p80 expression (64.4 
 4.6 pg/ml, mean 
 SEM) and accelerated
allograft dysfunction (Figures 5B–5D, third columns). To deter-
mine whether this accelerated phenotype relied on recipient
expression of IL-12R�1, we performed allogeneic transplantation
with IL-12 p35�/� donor tracheas and IL-12R�1

�/� recipient
mice. Loss of IL-12R�1 expression in the recipient mice attenu-

ated allograft dysfunction, indicating that the phenotype in IL-12
p35�/� allografts was mediated, at least in part, by expression
of IL-12 family members (Figures 5B–5D, fourth columns).

Recipient Alloreactivity Is Unchanged under Transplantation
Conditions that Overexpress or Block p80

To determine whether T-cell alloreactivity was altered under
transplantation conditions that either enhanced p80 expression
(viral infection, p40 transgenic, and IL-12 p35�/� donors) or
blocked p80 function (IL-12 R�1�/� recipient) we performed a
mixed lymphocyte reaction with recipient splenocytes harvested
after transplantation. Compared with alloreactivity measured in
naive spleen cells, we observed a significant increase in alloreac-
tivity from splenocytes in wild-type recipients that had under-
gone allogeneic heterotopic tracheal transplantation. However,
this allogeneic response was not different under transplantation
conditions that either enhanced p80 expression or blocked its
function (see Figure E4).

Enhanced Expression of Epithelial p80 in Human Transplant
Recipients Correlates with Transplant Bronchitis and
Accumulation of Macrophages

To test the possibility that p80 may also mediate virus-driven
allograft dysfunction in human lung transplant recipients, we
performed p40 immunohistochemical analysis of allograft tissue
obtained at the time of a concurrent respiratory viral infection
(n � 10). In contrast to absent p40 immunolabeling in normal
nontransplanted individuals (10), seven of these transplant allo-
grafts demonstrated p40 immunolabeling that colocalized to air-
way epithelial cells (Figure 6A, left column). Interestingly, all five
of the specimens with a histologic diagnosis of transplant bronchitis
demonstrated epithelial cell p40 expression. To further evaluate
p40 expression in biopsy specimens with a larger number of air-
ways containing preserved epithelium we immunolabeled open
lung biopsies from five recipients with transplant bronchitis, and
again demonstrated an increase in epithelial cell p40 expression
in all of these specimens (Figure 6A, right column).

To determine which IL-12 family members were generated
from this epithelial cell p40 expression we simultaneously
assayed BAL fluid for the IL-12 family members in prospectively
collected BAL fluid. In addition, to determine whether specific
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Figure 3. Transplantation and respiratory viral in-
fection generate a synergistic increase in allograft
p80. In (A ), C57BL/6J donor mice underwent intra-
nasal inoculation with Sendai virus and 5 d later
underwent tracheal harvest for heterotopic tracheal
transplantation into BALB/cJ recipient mice. Five
days post-transplantation, allografts were harvested
and underwent immunolabeling with rat anti–IL-12
p40 and detection with red chromogenic substrate.
Samples incubated with rat IgG control gave no
signal above background (data not shown). Scale
bar: 20 �m. In (B–D ), tracheas from control C57BL/
6J mice (column 1) and from mice after viral inocula-
tion only (Virus only, columns 2–5) were obtained
on the indicated day after viral inoculation. Trans-
plantation (TX) conditions were as described in
Figure 1A (columns 6–9) and harvested 5 d post-
transplantation (equivalent to 10 d after viral inocu-
lation). All tracheas underwent tissue sonication, de-
termination of protein concentration, and duplicate
measurements for p80 (B ), IL-12 (C ), and IL-23 (D ).
Values represent means 
 SEM (n � 4–6). For com-
parison of transplant cohorts, *p � 0.05 compared
with C → C; **p � 0.05 compared with C → C and
C → B.

alterations in IL-12 family member expression correlated with
certain types of allograft dysfunction we segregated subjects
into five cohorts: normal individuals (Nontransplant Normal),
transplant recipients without acute rejection, infection, or bron-

Figure 4. Inhibition or blockade of p80
function attenuates allograft dysfunc-
tion. In (A–D ), wild-type C57BL/6J (C) or
C57BL/6J IL-12 p40�/� (p40�/� C) donor
tracheas underwent transplantation into
wild-type BALB/cJ (B) or BALB/cJ IL-12
R�1

�/� (R�1�/� B) mice. Additional co-
horts of wild-type BALB/cJ recipients re-
ceived IgG or anti–IL-12 p40 neutralizing
antibody (�-p40 Ab, 1.0 mg administered
intraperitoneally) every 4 d beginning 1 d
before transplantation. At 14 or 28 d post-
transplantation, grafts underwent H&E
staining (A ), quantification of the per-
centage of denuded BM (B ), immune cell
accumulation (C ), and hydroxyproline
(D ) as described in Figure 1. Values repre-
sent means 
 SEM (n � 4 or 5). *p �

0.05 compared with C → B.

chitis (Transplant Normal), recipients with only acute rejection
(Acute Rejection), recipients with only CMV infection (CMV),
and recipients with only transplant bronchitis (Bronchitis). De-
mographic characteristics were indistinguishable in all cohorts
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Figure 5. Overexpression of p80
accelerates allograft dysfunction. In
(A–D), wild-typeC57BL/6J (C), Clara
cell secretory protein (CCSP)–p40
transgenic C57BL/6J (Tg-p40 C), or
IL-12 p35�/� C57 (p35�/� C) donor
tracheas underwent transplantation
into wild-type BALB/cJ (B) or BALB/
cJ IL-12R�1

�/� (R�1�/� B) mice. At
14 or 28 d post-transplantation,
grafts underwent H&E staining (A),
quantification of the percentage of
denuded basement membrane (B),
immune cell accumulation (C), and
hydroxyproline (D) as described in
Figure 1. Values represent means 


SEM (n � 4 or 5). *p � 0.05 com-
pared with C → B.

(Table 1). Interestingly, BAL concentrations of p80/p40 were
selectively increased in the cohort with transplant bronchitis. As
seen in the mouse transplant model, the increase in epithelial
cell p40 expression resulted in a specific increase in BAL p80/

Figure 6. Enhanced expression of epithelial p80 in
human recipients with transplant bronchitis. In (A ),
lung tissue from recipients with allograft dysfunction
due to respiratory viral infection (n � 10, left) and
transplant bronchitis (n � 5, right) underwent de-
tection of IL-12 p40 as described in Figure 3 (bottom
row). IgG gave no signal above background (top
row), arrows indicate immune cells, and representa-
tive photomicrographs are shown. Scale bar: 20 �m.
In (B–D ), BAL fluid from nontransplanted normal
individuals (NL, n � 10), normal transplanted recipi-
ents (Transplant NL, n � 16), transplant recipients
with acute rejection only (n � 10), transplant recipi-
ents with cytomegalovirus only (CMV, n � 9), and
transplant recipients with bronchitis only (n � 12)
was concentrated 10-fold and duplicate samples
were used to measure p80/p40 (B ), IL-12 (C ), and
IL-23 (D ) by ELISA. Values represent means 
 SEM.
*p � 0.05 compared with normal transplanted
cohort.

p40 because the levels of IL-12 and IL-23 were not increased
(Figures 6B–6D). Consistent with the observation that p80 is
a macrophage chemoattractant, in the subjects with transplant
bronchitis we observed a significant correlation between BAL
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TABLE 1. CHARACTERISTICS OF STUDY POPULATION

Nontransplant Transplant Acute
Normal Normal Rejection CMV Bronchitis
(n � 10) (n � 16) (n � 10) (n � 9) (n � 12) p Value

Female, n (%) 8 (80) 6 (38) 4 (40) 4 (44) 7 (58) 0.25
Age at transplantation, yr (mean 
 SD) 34.3 
 8.7 48.6 
 13.6 45.3 
 17.5 55.0 
 14.5 45.3 
 17.5 0.07
Pretransplantation disease, n (%) 0.15

COPD/�1-AT 8 (50) 7 (70) 4 (44) 3 (25)
CF/bronchiectasis 5 (31) 3 (30) 2 (22) 8 (66)
Other 3 (19) 3 (33) 1 (8)

Type of transplant, n (%) 0.56
Single 1 (6) 1 (11) 1 (8)
Bilateral 15 (94) 10 (100) 8 (89) 11 (92)

FEV1 at bronchoscopy, L (mean 
 SD) 3.37 
 1.13 2.80 
 0.87 2.43 
 0.96 2.39 
 0.98 2.16 
 0.78 0.07
Time from transplantation to bronchoscopy, d, median

(interquartile range) 182 (55–502) 76 (46–109) 88 (57–255) 226 (54–723) 0.21

Definition of abbreviations: �1-AT � �1-antitrypsin deficiency; CF � cystic fibrosis; CMV � cytomegalovirus; COPD � chronic obstructive pulmonary disease.

fluid concentrations of p80 and accumulation of macrophages,
but not of neutrophils or lymphocytes (Figure 7).

DISCUSSION

Our studies in mice and humans demonstrate that an enhanced
innate epithelial cell response occurs during conditions associ-
ated with subsequent chronic allograft dysfunction. We observed
that concurrent viral infection and allogeneic transplantation re-
sulted in an exaggerated innate epithelial response characterized
by a synergistic increase in epithelial cell injury and expression
of IL-12 p40. The induction of epithelial IL-12 p40 resulted in a
selective increase in p80 and these levels correlated with macro-
phage accumulation. In addition, modification of the epithelial
response using genetically modified mouse strains that blocked or
enhanced p80 function abrogated or accelerated chronic allograft
dysfunction, suggesting this epithelial cell response is an initial
event that may drive the chronic phenotype. Extension of these
findings to human subjects demonstrated an enhanced epithelial
cell response in recipients with community-acquired respiratory
viral infection and transplant bronchitis, specific conditions that
are also associated with subsequent allograft dysfunction. Taken
together, we propose that the innate epithelial cell protein p80
is an effector protein that serves to initiate biologic processes

Figure 7. p80 expression in human
recipients with transplantation bronchitis
correlates with BAL fluid macrophage ac-
cumulation. In (A–C ), BAL p80 concentra-
tions from transplant recipients with
bronchitis were correlated with BAL neu-
trophils (A ), macrophages (B ), and lym-
phocytes (C ). r � correlation coefficient.

that culminate in chronic allograft dysfunction. Identification of
a role for epithelial p80 expression in the development of chronic
allograft dysfunction provides novel insight into disease patho-
genesis and provides a potential target for studies aimed at
modifying disease progression.

We have previously identified respiratory viral infection as
a distinct risk factor for chronic allograft dysfunction and death
in lung transplant recipients. The current studies identify epithe-
lial cell expression of p40 during respiratory viral infection, and
also suggest that p80 may mediate virus-driven allograft dysfunc-
tion. Identification of the virus-driven mediators of subsequent
allograft dysfunction is critical because evidence indicates that
the true burden of viral infections on chronic allograft dysfunc-
tion is still underappreciated. Previous studies have captured
recipients with viral infections retrospectively and therefore may
have underestimated the true incidence of viral infection (7, 34).
Prospective protocols to track viral symptoms and identify virus
with polymerase chain reaction–based assays have demonstrated
a much higher incidence of respiratory viral infection (0.66–1.56
infections per patient-year of follow-up) (35–37). Likewise, the
detection of viral genomes in human cardiac and renal allografts
has been increased using polymerase chain reaction–based tech-
nology, and the detection of viral genomes in these allografts
is also associated with chronic allograft dysfunction (38–41).
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Accordingly, viral infection of lung and other solid organ allo-
grafts has been increasingly recognized as a risk factor for chronic
dysfunction, and identification of the proteins, such as p80, that
mediate this postviral allograft dysfunction provides novel in-
sight into the mediators of disease progression.

We have modeled postviral allograft dysfunction in humans
using an animal model and demonstrated that respiratory viral
infection in the setting of allogeneic transplantation accelerated
chronic allograft dysfunction. Although this lung transplant
model is limited by the subcutaneous placement of the allograft,
it does provide a reductionist model to examine airway epithelial
cell injury response gene induction in an allogeneic setting. We
demonstrated a synergistic increase in p80 during allogeneic
transplant and viral infection, thus identifying p80 as a potential
mediator of this phenotype. This synergistic increase in p80 ex-
pression may result from a direct effect of the virus on the
epithelial cells or indirectly through the virus-driven induction
of additional cytokines that may then induce p80. For example,
viral infection may directly increase p80 secretion by enhancing
known transcriptional activators of the IL-12 p40 gene (i.e.,
nuclear factor-B, Ets-2, CCAAT enhancer–binding protein-�,
PU.1, ICSBP, AP-1, IRF-1, and p300) or by inhibiting transcrip-
tional repressors (i.e., histone deacetylase-1 and erythroid
Kruppel-like factor). Alternatively, the viral infection may di-
rectly enhance p80 secretion by increasing IL-12 p40 mRNA
stability as has been demonstrated for CCL5 (RANTES [regu-
lated upon activation, T-cell expressed and secreted]), an addi-
tional chemokine that is induced by paramyxoviral infection
(42). Whether the synergistic increase in p80 results from viral
induction of additional cytokines and or alterations in mRNA
stability is currently being investigated.

The selective expression of epithelial cell p80 in virus-driven
allograft dysfunction and in human recipients with transplant
bronchitis indicates that specific mechanisms exist which re-
gulate the secretion of various IL-12 family members. Simultane-
ous measurement of the IL-12 family members in BAL fluid
specimens allowed for direct comparisons between the family
members, and demonstrated a selective increase in p80 but not
in IL-12 or IL-23. In addition to allograft transplantation, we
have also noted this same pattern of expression in mouse viral
bronchiolitis and human subjects with asthma (10). Accordingly,
we now postulate that epithelial cells may be intrinsically pro-
grammed for p40 homodimerization. One possibility that may
favor p40 homodimerization is a relatively high level of p40
monomer with or without a low abundance of additional p40-
binding partners, such as p35 and p19. Although the biochemical
mechanism resulting in p80 secretion remains unknown, the se-
lective expression of epithelial cell p80 in these disease states
suggests that p80 possesses unique biologic properties, and this
is in agreement with our previous observations that demon-
strated p80, but not other IL-12 family members, is a macrophage
chemoattractant (14).

Although our results suggest that p80 is the IL-12 family
member that mediates chronic allograft dysfunction, it is possible
that additional IL-12 p40–containing family members may con-
tribute to the observed phenotypes. Because the p40 protein is
common to multiple IL-12 family members (e.g., p80, IL-12,
IL-23, and p40 monomer), the IL-12 p40–deficient mouse strain
is deficient in all these proteins. Likewise, IL-12R�1 is required
for appropriate IL-12 family member signaling, so that the
IL-12R�1–deficient stain is incapable of responding to p80 as
well as the remaining family members. Accordingly, phenotypes
observed in experiments with these mice may also be attributed
to manipulation of IL-12 and IL-23 as well as p80. However,
the experiment using the p40 transgenic strain with selective
overexpression of p80, but not of IL-12 or IL-23, suggests these

cytokines are not necessary to mediate chronic allograft dysfunc-
tion. Furthermore, for IL-12 or IL-23 to contribute to the ob-
served phenotype the levels of these cytokines would have to
increase or decrease. Because we observed no significant changes
in IL-12 or IL-23 levels during allograft dysfunction (in mice or
humans), we believe it is unlikely that IL-12 or IL-23 is sufficient
to mediate the observed phenotype.

We observed a relationship between p80 expression, macro-
phage accumulation in the allograft, and subsequent allograft
dysfunction. This cascade of events places macrophage recruit-
ment as a central process in chronic lung allograft dysfunction
and is in agreement with previous studies (16–19). Because we
have previously demonstrated that p80 does not activate macro-
phage phagocytosis or oxidative burst (14), we suggest the mac-
rophage may promote allograft dysfunction by amplifying allo-
graft inflammation. In that regard, p80-dependent induction of
inducible nitric oxide synthetase and tumor necrosis factor-� in
macrophages has been reported previously (43, 44). Additional
studies in our laboratory indicate that p80 can induce expression
of the chemokines CCL5 (RANTES) and IL-8 in primary culture
murine macrophages (L. Yan and M.J. Walter, unpublished re-
sults). Of note, all four of these immunomodulatory proteins
have also been implicated in chronic lung allograft dysfunction.
Taken together, p80 may amplify allograft inflammation through
its dual capacity to recruit macrophages and to induce their
secretion of additional proinflammatory proteins.

Our data support a critical role for p80-dependent macrophage
accumulation in mediating allograft dysfunction. To examine
whether p80 also altered additional components of the alloimmune
response, we measured T-cell alloimmunity under conditions with-
out and with altered p80 expression. We did not observe an associ-
ation between degree of alloimmunity, p80 expression, and allo-
graft dysfunction. For example, we failed to demonstrate increased
alloimmunity under conditions of enhanced p80 expression and
accelerated allograft dysfunction. Likewise, we did not document
decreased alloimmunity under conditions with blockade of p80
function and attenuated allograft dysfunction. Although this sug-
gests p80 expression did not alter alloimmunity, we cannot ex-
clude the possibility that p80-dependent effects on additional
lymphocyte functions, such as cytokine secretion, may have par-
tially contributed to the observed phenotypes.

Our findings support the proposal that an enhanced innate
epithelial cell response is an initial event in chronic lung allograft
dysfunction (8). Consistent with our findings, others have also
demonstrated epithelial cell expression of inflammatory media-
tors during allograft dysfunction. For example, epithelial cell
production of monocyte chemoattractant protein-1, IL-8, and
inducible nitric oxide synthase has been demonstrated in recipi-
ents with acute vascular rejection and/or allograft dysfunction
(16, 45–47). In addition, epithelial cell upregulation of intercellu-
lar adhesion molecule-1 as well as class I and II major histocom-
patibility complex antigens has been observed in some (48–50),
but not all, human studies (51, 52). To our knowledge, the current
study is the first to identify a specific pattern of an epithelial cell
inflammatory protein in post–lung transplant bronchitis and the
first to demonstrate a transplant-specific induction of p80, rela-
tive to other IL-12 family members. This epithelial response was
unique to viral infection (in mice) and transplant bronchitis (in
humans) but was absent in other conditions such as acute rejection
and CMV infection. These results, along with a study that identi-
fied different gene transcript profiles between subjects with trans-
plant bronchitis and acute rejection (53), support the concept that
distinct pathophysiologic mechanisms (and mediators) are likely
responsible for mediating these various conditions.

In summary, we have identified epithelial cell expression of the
macrophage chemoattractant p80 in conditions that are associated
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with chronic lung allograft dysfunction (i.e., viral infection and
bronchitis). These findings support a role for p80 as an innate
epithelial cell effector that mediates chronic lung allograft dys-
function, and because epithelial cell injury, viral infection, and
macrophage accumulation are observed in renal, liver, and car-
diac allograft dysfunction, we propose that p80 may also mediate
allograft dysfunction after transplantation of these organs.
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