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Abstract

Primary graft dysfunction (PGD) is the leading cause of early post-transplant morbidity and
mortality after lung transplantation. Clara cell secretory protein (CC16) is produced by the non-
ciliated lung epithelium and may serve as a plasma marker of epithelial cell injury. We
hypothesized that elevated levels of CC16 would be associated with increased odds of PGD. We
performed a prospective cohort study of 104 lung transplant recipients. Median plasma CC16
levels were determined at three time points: pre-transplant and 6 and 24 hours post transplant. The
primary outcome was the development of grade 3 PGD within the first 72 hours after
transplantation. Multivariable logistic regression was performed to evaluate for confounding by
donor and recipient demographics and surgical characteristics. Twenty-nine patients (28%)
developed grade 3 PGD within the first 72 hours. The median CC16 level 6 hours after transplant
was significantly higher in patients with PGD (13.8 ng/ml (IQR 7.9, 30.4 ng/ml)) than in patients
without PGD (8.2 ng/ml (IQR 4.5, 19.1 ng/ml)), p = 0.02. Elevated CC16 levels were associated
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with increased odds of PGD after lung transplantation. Damage to airway epithelium or altered

alveolar permeability as a result of lung ischemia and reperfusion may explain this association.
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INTRODUCTION

Lung transplantation has become an accepted therapy for many forms of advanced lung
disease, with 2,708 transplant procedures reported to the Registry of the International
Society for Heart and Transplantation in 2007 (1). However, both short- and long-term
outcomes lag significantly behind those of other solid organ transplants. From 1994-2007,
median survival after lung transplantation was only approximately 5.7 years compared to 10
years after heart transplantation (1,2).

Primary graft dysfunction (PGD) remains the leading cause of early post-transplantation
morbidity and mortality, although the exact incidence is unclear; reports indicate 10-25% of
lung transplant recipients are affected (3—7). Thought to be a form of ischemia reperfusion
injury, severe PGD leads to worse physical function, increased risk of BOS, and increased
risk of death (5,8-11).

Biomarker studies have suggested important mechanistic pathways in clinical PGD (12-19).
Injury to the distal airway epithelium is a common finding in PGD and acute lung injury
(ALI). Clara Cell Secretory Protein (CCSP), also known as CC16, is produced by the non-
ciliated lung epithelium and circulating plasma levels may reflect lung epithelial cell injury.
The function of Clara cells appears to be the protection and repair of respiratory epithelium,
detoxification of toxins and production of surfactant proteins (20). CC16, the primary
protein produced by these cells, has already been identified as a potential marker of airway
injury in other pathologic conditions, including ALI. A previous study showed that lower
median CC16 levels were associated with ALI compared to controls with cardiogenic
pulmonary edema (21). Serum CC16 levels were also decreased in patients with
bronchiolitis obliterans after lung and allogeneic stem-cell transplantation (22,23). Brief
exposure to smoke inhalation increases CC16 concentrations (24).

We hypothesized that elevated levels of plasma CC16 would be associated with the
development of high grade PGD after lung transplantation. Additionally, we aimed to
identify associations between pre-operative plasma CC16 levels and common diagnoses
leading to transplantation.

MATERIALS AND METHODS

Selection of Patients

The Lung Transplant Outcomes Group (LTOG) cohort in the United States is an ongoing
multi-center, prospective cohort of lung transplant patients that has been previously
described (13-15). In this study, we included subjects from two sites, the University of
Pennsylvania and Columbia, enrolled between October 2006 and May 2008. Blood samples
were collected before transplant and at 6 and 24 hours after allograft reperfusion. Plasma
samples were centrifuged within 30 minutes and then stored at —80°C for subsequent
analysis. Clinical data were collected prospectively for all patients as described in detail
elsewhere (6). The Institutional Review Boards at each site approved this study. Informed
consent was obtained from each patient enrolled in the cohort.
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Determination of PGD Grade

The severity of PGD was graded according to the International Society for Heart and Lung
Transplantation criteria (25). Chest radiographs were examined by two trained physicians to
assess for the presence and severity of PGD with adjudication. These assessments were done
immediately after transplantation (TO) and at 24, 48, and 72 hours post-transplant and scores
were reported at each time point. All patients with PGD had radiographs revealing diffuse
alveolar infiltrates involving the lung allograft(s); the native lung was spared in patients
undergoing single lung transplant. The severity of PGD was graded by determination of the
PaO,/FiO; ratio. Grade 3 PGD was defined as PaO,/FiO, <200 with exclusion of secondary
causes (6,13,15,25,26). The primary outcome in this study was defined as grade 3 PGD at
any time point within 72 hours post transplant. Sensitivity analysis was performed using
grade 3 PGD present at the 72 hour time point post-transplant as the outcome.

Measurement of Plasma CC16 levels

Plasma CC16 concentrations were measured in duplicate using a commercially available
sandwich enzyme-linked immunosorbent assay (Biovendor; Candler, NC). The intraassay
coefficient of variation for this assay was 2.95%.

Statistical Analysis

Continuous variables were compared using two sample t-tests or Wilcoxon rank sum tests as
appropriate. Proportions across the two groups were compared using two-group proportion
tests while characteristics with greater than two variables were assessed with Kruskal-Wallis
rank tests. Spearman rank correlation was used to evaluate the relationship of total ischemic
time as a continuous variable with CC16 concentration and Wilcoxon rank sum tests to
assess the association of ischemic time as a categorical variable to CC16 level. Ischemic
time was additionally categorized as high or low using a cutoff of 330 minutes (27).
Fractional polynomial fitting was used to evaluate the linearity of the relationship between
CC16 and predicted probability of PGD. The relationship of PGD with CC16 at 6 hours
after transplant was evaluated using logistic regression. Previous studies of ALI used plasma
and BAL sample CC16 levels measured after the development of radiographic and
physiologic changes (21). An a priori defined analysis stratified by pre-transplant diagnosis
was performed. Additionally, the interaction of CC16 with pre-transplant pulmonary
diagnosis leading to transplantation (idiopathic pulmonary fibrosis (IPF) vs. other) was
assessed using interaction terms. We assessed donor and recipient age, race, and sex, total
ischemic time, cardiopulmonary bypass, pulmonary artery systolic pressure, packed red
blood cell and platelet transfusion, and transplant type individually as potential confounders
(defined as > 20% change in beta coefficient upon addition of a covariate to the model).
Based on the number of events in the cohort, a maximum of three covariates could be
included in a multivariable model (28). Generalized estimating equations (GEE) were
utilized to assess differences in CC16 profiles over time between PGD and non-PGD
subjects. A sensitivity analysis of the time course of CC16 levels with the development of
PGD was performed by subdividing the cohort into “early PGD” (PGD in the first 24 hours,
“not early PGD” (all patients without PGD in the first 24 hours), “later PGD” (PGD
developing after 24 hours), and “no PGD”. For all of the statistical analysis, a p-value < 0.05
was considered statistically significant; p-value < 0.1 was considered significant for logistic
regression interaction terms. The Bonferroni correction was utilized to account for multiple
comparisons. Reported CC16 concentrations are median values. All statistical analysis was
done using STATA 10.1 (STATA Corp., College Station, TX).
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There were 104 patients in the study sample. Sixty-six had pre-transplant samples, 104 had
samples at 6 hours post-reperfusion, and 98 had samples at 24 hours post-reperfusion.
Twenty-nine (28%) developed grade 3 PGD within the first 72 hours post-transplant. Table
1 shows recipient, donor, and surgical characteristics for the study sample. The distribution
of pre-transplant diagnoses was different between the two groups (p=0.01), with more
pulmonary fibrosis in the PGD group and more cystic fibrosis (CF) in the non-PGD group.
In addition, intra-operative cardiopulmonary bypass was used more frequently and intra-
operative PASP was significantly higher in patients who developed grade 3 PGD than in
those without PGD.

PGD subjects had higher median CC16 levels at 6 hours after reperfusion than did subjects
without PGD (13.8 ng/ml vs. 8.2 ng/ml, uncorrected p=0.01, corrected p=0.04) (Figure 1).
There was no significant difference between PGD and non-PGD median CC16 levels
measured pre-transplant (9.4 ng/ml vs. 5.7 ng/ml, p=0.08) or at 24 hours (8.5 ng/ml vs. 6.9
ng/ml, p=0.7). The results were similar when we defined PGD at the 72 hour time point.

The median pre-transplant CC16 concentration was 5.0 ng/ml (IQR 2.92, 6.93) in patients
with underlying chronic obstructive pulmonary disease (COPD), 4.25 ng/ml (IQR 2.57,
5.64) in patients with CF, and 13.87 ng/ml (IQR 6.1, 19.15) in patients with IPF (Figure 2).
Pre-operative CC16 concentrations were higher in IPF patients than in patients with CF or
COPD regardless of transplant type, while post-operative levels at 6 and 24 hours were not
statistically different across predisposing diagnosis.

Longitudinal GEE analysis of biomarker profiles across all time points identified a
significant association between CC16 level over time and PGD in the overall cohort (= 0.4,
95%CI 0.1, 0.6, p=0.01). There was a linear relationship between CC16 level at 6 hours after
transplantation and the predicted probability of PGD. The OR for PGD was 1.6 for every 15
ng/ml increase in CC16 at 6 hours (p=0.03). The odds ratio for developing PGD was
determined per 15 ng/ml change based on the standard deviation of plasma CC16
concentrations. There was no association between CC16 levels pre-transplant (OR=2.1, 95%
Cl1 0.9, 4.9) or at 24 hours (OR=1.2, 95% CI 0.8, 1.8) and PGD.

When stratified by pre-transplant diagnosis, GEE analysis demonstrated a significant
association among non-I1PF patients (=0.8, 95%CI 0.4, 1.3, p<0.001) but not for IPF
patients (B=—0.1, 95%CI —0.6, 0.3, p=0.5). In logistic regression models, the p for
interaction for CC16 level and IPF diagnosis was significant at 6 hours (p=0.1) and at 24
hours (p=0.05). While the median CC16 levels at 6 hours after transplant in IPF patients
with PGD (13.8 ng/ml, IQR 6.3, 16.5) and those without (8.0 ng/ml, IQR 5.5, 14.5) were
similar in magnitude to the values of the overall cohort, the difference did not meet
statistical significance in this subpopulation (p=0.3). Some of this discrepancy is explained
by the wider interquartile range for the non-IPF patients with PGD and by the effect of the
outliers in the IPF subpopulation (Figure 3). Additionally, the OR for PGD for every 15 ng/
ml increase in CC16 at 6 hours was 2.1 (95%ClI 1.2-3.7, p=0.01) in non-IPF patients and 1.1
(95%CI 0.6-2.0, p=0.7) in IPF patients. For these reasons, we focused on patients without
IPF in multivariate analyses using the 6 hour CC16 level (Table 2). The association of 6
hour CC16 levels and PGD remained significant when individually controlling for recipient
and donor race, sex and age, cardiopulmonary bypass, transplant type, packed red blood cell
or platelet transfusion, and ischemic time (all p<0.04; Table 2). Intra-operative pulmonary
artery systolic pressure attenuated the relationship between CC16 level and PGD (p=0.05).

Given previous identification of a correlation between allograft ischemia and PGD and the
transient association of CC16 level with PGD, we further assessed the association between
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total ischemic time and CC16 level. Spearman rank correlation revealed no association of
CC16 level measured at 6 or 24 hours after transplant and total ischemic time when subjects
were categorized as single or bilateral transplant (p>0.3 for all comparisons). Similarly,
when the total ischemic time was categorized as high or low, there was no association
between CC16 concentration at 6 or 24 hours and ischemic time category for single or
bilateral transplant recipients (p>0.1 for all comparisons).

We assessed the relationship between CC16 levels measured at 6 hours and the timing of
onset of PGD. Twenty-one patients developed “early PGD” after transplant and had a
median CC16 concentration of 14.7 ng/ml (IQR 7.9, 37.3). There was a statistically
significant difference in median CC16 level when comparing these 21 “early PGD” patients
to the “not early PGD” group (8.5 ng/ml, IQR 4.9, 19.2), p=0.03. We then further analyzed
the “not early PGD” group and identified 7 patients who developed “later PGD”. There was
no statistically significant difference between the median CC16 concentration in the “later
PGD” group (10.7 ng/ml, IQR 7.9, 30.1) and the “no PGD” group (8.2 ng/ml, IQR 4.5,
19.1), p=0.2.

DISCUSSION

Elevated post-operative CC16 levels were significantly associated with the risk of
developing severe PGD. Longitudinal analysis also demonstrated significant differences in
CC16 profiles over time between PGD and non-PGD subjects. This relationship was not
seen in patients with IPF, a disease associated with baseline elevation of serum CC16 levels.
In non-IPF patients, the association of elevated CC16 levels 6 hours post-transplant was
independent of multiple donor, recipient, and surgical characteristics. This is the first study
to evaluate the potential role of CC16 as a biomarker for the subsequent development of
PGD and may provide additional insight into the role of lung epithelial injury in the
pathogenesis of PGD and subsequent development of long-term complications such as BOS.

Rat models of lipopolysaccharide-induced acute lung injury have shown elevated plasma
and decreased bronchoalveolar lavage fluid CC16 levels to be associated with acute lung
injury (29). However, human studies of patients with acute lung injury have shown mixed
results. For example, one study reported that CC16 levels were significantly lower in
patients with ALI compared to those with cardiogenic pulmonary edema (21). In contrast,
elevated CC16 levels were found in patients with ALI developing after ventilator-associated
pneumonia (30). Our findings suggest that peri-transplant injury to the respiratory
epithelium and subsequent disruption of the alveolar capillary barrier increases permeability
and results in leakage of CC16 into the plasma. However, to further assess this would
require concurrent measurement of CC16 in bronchoalveolar lavage fluid, measurements
that were beyond the scope of the current evaluation as concurrent post-transplant BAL
samples were not prospectively collected on the study subjects.

CC16 concentrations measured 24 hours after reperfusion were not associated with the
presence or development of PGD, indicating that release or secretion of CC16 may be
closely associated temporally with the ischemia-reperfusion injury initiated intra-
operatively. Epithelial cell damage resulting in Clara Cell dropout early after reperfusion is a
possible explanation for these findings. In vitro, both CC16 and phospholipase-A2 (PLA)), a
potent pro-inflammatory protein, were induced by tissue necrosis factor-alpha (TNF-a).
CC16 inhibits PLA, function, suggesting an anti-inflammatory role (31-33). An alternative
explanation to epithelial cell injury is that CC16 production may actually be upregulated in
response to ischemia-reperfusion injury in the allograft, perhaps in an attempt to modulate
inflammatory cascades. It is also unknown what the effect of high dose corticosteroids,
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administered intra-operatively, and other immunosuppressive medications have on the
function or activity of CC16.

Plasma levels of CC16 were not associated with increased odds of severe PGD in IPF;
patients with IPF had a higher baseline CC16 level compared to others. Small sample size
prevented a subgroup analysis of IPF subjects to evaluate the differential effect of the
remaining IPF native lung on CC16 levels in single lung transplantation. The baseline
elevation in CC16 in IPF may have masked any temporal changes related to transplantation.
Indeed, other serum biomarkers have performed differently in lung recipients with IPF
compared to other causes of end stage lung disease when evaluated prior to lung
transplantation. Surfactant protein-D differentiates IPF from acute respiratory distress
syndrome, chronic beryllium disease, progressive systemic sclerosis, and normal controls
(34). Endothelin-1 levels in bronchoalveolar lavage fluid were found to be significantly
higher in patients with IPF, fibrosing alveolitis in systemic sclerosis, and sarcoidosis
compared with COPD, occupational lung disease, and healthy controls (35). Matrix
metalloproteinase-1 and -7 have been shown to differentiate IPF from COPD,
hypersensitivity pneumonitis, and sarcoidosis (36). While the sample size of IPF patients
with PGD was small and may have limited our ability to detect statistically significant
differences in CC16 concentrations compared to non-PGD IPF patients, the interaction term
for IPF diagnosis in the multivariable regression analysis was significant and the direction
and magnitude of the association between CC16 and PGD was also identified in the
unadjusted base model. Pre-transplant CC16 levels in IPF patients were similar to post-
transplant levels in non-IPF PGD patients, suggesting that significant epithelial injury may
also be a component of IPF. A future direction of study is a more detailed investigation of
the association of CC16 and PGD in larger numbers of non-1PF patients.

In the only other study of CC16 in lung transplant patients, CC16 levels in serum and BAL
measured at the time of screening bronchoscopy greater than 2 weeks after transplant were
decreased in patients with bronchiolitis obliterans syndrome (BOS) (23). PGD has been
shown to be a risk factor for later BOS (10,11,37,38). While the function is not completely
defined, CC16 is thought to have an immunomodulatory role in the lung. Additionally,
CC16 has anti-oxidant activity in rat and mice models of ozone exposure and oxidant stress
(39). Oxidant stress has been implicated in the pathogenesis of both PGD and BOS (40,41).
The independent associations of elevated CC16 levels with PGD and later decreased levels
with BOS provides an intriguing possible pathogenic connection between the two
conditions.

There were several limitations to our study. First, there was the potential for
misclassification of PGD grade. In this study, PGD grade was determined by two
investigators according to a well-validated scoring system. Altering the definition of severe
PGD from any grade 3 PGD by the 72 hour time point to presence of grade 3 at 72 hours did
not significantly alter the differences in median CC16 levels between PGD and non-PGD
patients. The potential for bias due to loss to follow up was reduced in this study because the
outcomes of interest were determined within three days of transplant. There was also
potential for bias secondary to missing data. Some of the subjects were not fully
characterized by clinical or surgical covariates, although these values appear to be missing at
random, limiting the potential for bias. While we hypothesize that epithelial cell damage
leads to increased CC16 serum concentrations, the absence of concurrent BAL fluid
measurements limits the conclusions that can be drawn from these data. We were also
unable to conclude a causal relationship between CC16 and PGD although this study does
suggest a potential mechanistic role for CC16 in the clinical syndrome of PGD. We were
able to identify concurrence of CC16 elevation and the development of PGD but the ability
to demonstrate a predictive role for PGD was limited by the small number of subjects who
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developed PGD greater than 24 hours after reperfusion and because the presence or absence
of PGD at the exact time the plasma sample was taken is unknown. Further evaluation of
CC16 as a potential predictive biomarker is an avenue for future study. While we lacked
separate measurements for warm and cold ischemic times, we saw no effect when adjusting
for total ischemic time. Finally, there is the potential for unmeasured confounders, including
occult bacterial colonization of the allograft, to give a false positive result. However,
patients in this cohort were prospectively enrolled with careful characterization of clinical
and surgical characteristics. In addition, we performed bivariable logistic regression to
assess for confounding by previously documented clinical and surgical independent risk
factors for PGD.

In summary, we identified increased postoperative CC16 plasma levels to be strongly
associated with severe PGD. This study provides increasing support for the possible role of
significant epithelial cell injury in the pathogenesis for severe PGD and builds on several
prior reports of the role of epithelial injury in PGD (14,42). These findings should be further
investigated by prospectively evaluating CC16 levels in BAL fluid and plasma of patients
with and without severe PGD over time until the development of BOS.
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Figure 1.

Plasma CC16 concentration 6 hours after transplant in all patients stratified by the
development of Grade 3 PGD any time in the first 72 hours. Horizontal line indicates
median concentration. The upper and lower limits of the box indicate the interquartile range.
Solid circles represent outliers. P-value reported is from Wilcoxon rank sum test and is
corrected for multiple comparisons.
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Figure 2.

Plasma CC16 concentration pre-transplant, 6 hours post-transplant, and post-operative day 1
stratified by the three most common diagnoses leading to transplant in all patients. P-values
reported are for Kruskal-Wallis equality-of-populations rank test.

Horizontal line indicates median concentration. The upper and lower limits of the box
indicate the interquartile range.
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Figure 3.

Plasma CC16 concentration 6 hours after transplant in IPF or Non-1PF patients stratified by
the development of Grade 3 PGD any time in the first 72 hours. Horizontal line indicates
median concentration. The upper and lower limits of the box indicate the interquartile range.
Solid circles represent outliers. P-value reported is from Wilcoxon rank sum test.
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Table 1

Donor and recipient characteristics stratified by Primary Graft Dysfunction Status

Variables PGD(n=29) NoPGD (n=75) p-value
Recipient
Age, yr 53 (49, 58) 52 (49, 55) 0.6
Female Gender 41% 51% 0.4
Race 0.04
Caucasian 2% 89%
African American 24% 8%
Hispanic 0% 3%
Asian 3% 0%
Donor
Age, yr 39 (33, 44) 36 (32, 39) 0.4
Female Gender 41% 53% 0.3
Race 0.3
Caucasian 69% 56%
African American 17% 27%
Hispanic 10% 8%
Asian 3% 5%
Other 0% 3%
Recipient Diagnosis 0.01
Chronic Obstructive Pulmonary Disease 28% 37%
Cystic Fibrosis 7% 24%
Pulmonary Fibrosis 41% 35%
Pulmonary Arterial Hypertension % 1%
Sarcoidosis 14% 1%
Transplant Type, single 17% 36% 0.06
Use of Cardiopulmonary Bypass 66% 39% 0.01
Time on Bypass, min 218 (187, 250) 230 (209, 250) 0.5
Ischemic Time, min 305 (285, 325) 322 (286, 357) 0.4
Pulmonary Artery Systolic Pressure, mmHg 47 (42, 51) 40 (38, 41) 0.008
Packed Red Blood Cells, ml 464 (206,722) 456 (277,635) 0.9
Fresh Frozen Plasma, ml 820 (542, 1099) 698 (482, 914) 0.5
Platelets, ml 296 (0, 662) 141 (27, 255) 0.3

Donor and recipient characteristics stratified by Primary Graft Dysfunction Status

PGD is defined as any grade 3 PGD during first 72 hours.

Continuous variables are expressed as means with 95% confidence intervals, while dichotomous and categorical variables are expressed as

percentages, which may not exactly total 100% because of rounding.
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Table 2

Odds ratios for the development of Primary Graft Dysfunction in logistic regression models

Model Odds Ratio per 15 ng/ml increase in [CC16] (95% CI) p-value
Unadjusted Base Model (n=103) 1.6 (1.03, 2.3) 0.03
Non-IPF only (n=67) 21(1.2,37) 0.01
IPF only (n=36) 1.1 (0.6-2.0) 0.7
Non-IPF Adjusted for:
Cardiopulmonary Bypass (n=67) 2.0(1.1,3.6) 0.02
Transplant Type (n=67) 2.1(1.2,3.8) 0.01
Recipient Age (n=67) 2.0(1.2,3.6) 0.02
Recipient Sex (n=67) 21(1.2,37) 0.01
Recipient Race/Ethnicity (n=67) 1.9 (1.04, 3.5) 0.04
Donor Age (n=60) 22(1.2,43) 0.01
Donor Sex (n=65) 2.0(1.1,3.6) 0.02
Donor Race/Ethnicity (n=64) 2.2(1.2,4.0) 0.01
Total ischemic time (n=66) 2.1(1.2,3.9) 0.01
PASP (n=66) 1.8 (1.0-3.4) 0.05
Packed Red Blood Cells (n=43) 2.3(1.1,4.8) 0.02
Platelets (n=47) 23(1.2,44) 0.02

Odds ratios for the development of Primary Graft Dysfunction in logistic regression models per 15 ng/ml increase in [CC16].
IPF = Idiopathic Pulmonary Fibrosis
PASP = Pulmonary Arterial Systolic Pressure

OR determined using 6 hour [CC16]

1duasnuey Joyiny vd-HIN

wduosnue Joyiny vd-HIN

Am J Transplant. Author manuscript; available in PMC 2012 March 1.



