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Abstract

Although recipients of donor lungs from smokers have worse clinical outcomes, the underlying
mechanisms are unknown. We tested the association between donor smoking and the degree of
pulmonary edema (as estimated by lung weight), the rate of alveolar fluid clearance (measured by
airspace instillation of 5% albumin) and biomarkers of lung epithelial injury and inflammation
(bronchoalveolar lavage surfactant protein-D and IL-8) in ex vivo lungs recovered from 298 organ
donors. The extent of pulmonary edema was higher in current smokers (n=127) compared to non-
smokers (median 408g, IQR 364-500 vs. 385g, IQR 340 - 460, p=0.009). Oxygenation at study
enrollment was worse in current smokers versus non-smokers (median PaO,/FiO, 214 mmHg,
IQR 126-323 vs. 266 mmHg, IQR 154-370, p=0.02). Current smokers with the highest exposure
(=20 pack-years) had significantly lower rates of alveolar fluid clearance, suggesting that the
effects of cigarette smoke on alveolar epithelial fluid transport function may be dose related. BAL
IL-8 was significantly higher in smokers while surfactant protein-D was lower. These findings
indicate that chronic exposure to cigarette smoke has important effects on inflammation, gas
exchange, lung epithelial function and lung fluid balance in the organ donor that could influence
lung function in the lung transplant recipient.

INTRODUCTION

Donor smoking has been associated with both short and long term adverse effects in the lung
transplant recipient (1). Smoking may have a variety of harmful effects on the lung that
could contribute to lung dysfunction after lung transplantation. In experimental studies,
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exposure to tobacco smoke causes lung epithelial and endothelial injury, facilitates
leukocyte activation, and induces accumulation of neutrophils in the pulmonary circulation
(2-8). These observations may help to explain the recent observation that both active and
passive cigarette smoke exposure are associated with development of acute respiratory
distress syndrome (ARDS) in patients with severe trauma (9). However, the mechanisms by
which donor smoking leads to adverse outcomes in the lung transplant recipient have not
been studied.

Better understanding of the mechanisms by which donor smoking leads to adverse outcomes
in the lung transplant recipient could help to guide therapeutic interventions to improve
outcomes in recipients of lungs from smokers. Based on the potential deleterious effects of
cigarette smoking on the lung epithelium, we hypothesized that donor smoking would be
associated with lower rates of alveolar epithelial fluid clearance, more pulmonary edema,
and changes in bronchoalveolar lavage (BAL) lung injury biomarkers consistent with lung
epithelial injury in the ex vivo lung. To test this hypothesis, we studied human lungs that
were procured from 298 brain dead organ donors whose lungs were not utilized for
transplantation. Some of the results of these studies have been previously reported in the
form of an abstract (10).

METHODS

Donors

The study population was derived from brain dead organ donors who were managed by the
California Transplant Donor Network (CTDN) from April 2006 to April 2011. Donors were
eligible for inclusion in the current study if they were evaluated for inclusion in the Beta-
agonists for Oxygenation in Lung Donors (BOLD) study of albuterol vs. placebo (11), and
the next-of-kin authorized lung recovery for research (n = 661). As part of the BOLD study,
if the lungs were not used for transplantation and a qualified surgeon was available, the
intact lungs were recovered by standard protocol at the time of organ procurement for
physiologic and BAL evaluation (n = 302). Among these 302 donors, smoking history was
available from 298 donors and these donors form the study population for the current study.
Clinical data was obtained from the CTDN medical record and included demographics,
smoking and alcohol history and donor oxygenation as measured by the arterial to inspired
oxygen fraction (PaO,/FiO5) at the time that donor care was assumed by the CTDN. Donors
were managed during the study with a standard ventilator protocol (volume assist control, 10
cc/kg predicted body weight, PEEP 5 cmH,0). The smoking and alcohol history for each
donor was obtained by the CTDN in a face-to-face interview with the donor’s closest
relative and included quantity and duration of use of tobacco products and alcoholic
beverages.

Measurements

In the 298 donors included in the study, lungs were recovered without perfusion and inflated
with room air to full inflation although the pressure and volume were not measured. Lungs
were then transported to our laboratory at University of California San Francisco on ice. All
lungs were subjected to the same standard evaluation, but for technical reasons, some
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measurements could not be made in every lung. The number of lungs included in each
analysis is indicated below. Upon arrival in the laboratory, intact lungs were weighed for
estimation of the extent of pulmonary edema (n = 570 lungs) and average lung weight was
calculated for each donor. If only one lung was available from a donor because the other
lung was transplanted or surgical issues prevented recovery (n = 16), then the weight of that
lung was used as the average lung weight for that donor. We chose to estimate the extent of
pulmonary edema using lung weight because this is the standard method used by
pathologists at autopsy; in a small subset of donors early in the study, we also measured the
lung wet-to-dry weight ratio in tissue samples from anterior and posterior aspects of each
lobe. However, these measurements were highly variable, likely reflecting heterogeneous
edema accumulation in the deceased donor lung, whereas the total lung weight correlated
well with radiographic assessment of the degree of pulmonary edema (12). After the lungs
were weighed, a BAL was done in a segment of a single upper lobe (n = 204). The other
upper lobe (n = 242) was reperfused using previously published methods (13-16). Briefly,
the lobe was suspended from a mass transducer to monitor lung weight and a pulmonary
artery (PA) catheter was inserted to monitor PA pressure. The lung was rewarmed to 37°C
by reperfusing with a solution of Dulbecco’s modified Eagle’s medium with low glucose
containing 5% bovine serum albumin using a peristaltic pump at an output of 0.3 L/min to
maintain a mean PA pressure of approximately 10 mm Hg. The pulmonary veins were not
cannulated, and venous drainage was passive (13). Perfusate was continuously recirculated
from a drainage reservoir. The lung was inflated with continuous positive airway pressure of
10 cm H,0 with 95% O,, 5% CO,. AFC was measured by airspace instillation of a 5%
albumin solution as previously described (14, 15). IL-8 (R&D Systems, Minneapolis, MN)
and surfactant protein D (SP-D, Yamasa Corporation, Tokyo Japan) were measured in
duplicate in BAL fluid by enzyme linked immunosorbent assay. Remaining lobes were used
for unrelated studies. Laboratory staff carrying out all measures were blinded to donor
smoking status.

Statistical Analysis

RESULTS

Donors

Normally distributed variables are expressed as mean + SD and compared between groups
using Student’s T-test. Non-normally distributed variables are expressed as median
(intraquartile range, IQR) and compared between groups using Mann-Whitney U Test or
Kruskal Wallis test. Categorical variables were compared by Fisher’s Exact Test.
Correlation between continuous variables was assessed using Spearman’s rank test. A p-
value < 0.05 was considered statistically significant.

Donor characteristics are summarized in Table 1. Donors whose lungs were recovered for
physiologic analysis were similar demographically to other donors in the study whose lungs
were not used for transplantation (data not shown). Smoking was common in the donors
included in the study: 43% of donors were current smokers and 58% of donors were ever
smokers. Among current smokers, the average number of pack years was 19 + 21. Among
ever smokers, the average number of pack years was 18 + 20. Current smokers were
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significantly younger and more likely to use alcohol than non-current smokers (Table 1).
Similar trends were observed for ever versus never smokers.

Pulmonary edema in the recovered lung

The degree of pulmonary edema was estimated by measuring the weight of the recovered
lung(s) for each donor (12). Compared to current non-smokers, current smokers had more
pulmonary edema as evidenced by significantly higher lung weights (median 408 g, IQR
364-500 vs. 385 g, IQR 340 - 460, p = 0.009), (Figure 1A). Similarly, compared to never
smokers, ever smokers had more pulmonary edema as evidenced by significantly higher
lung weights (median 408 g, IQR 364 - 496 vs. 374 g, IQR 331 - 452, p = 0.001) (Figure
1B). These differences persisted when adjusted for donor height. Compared to current non-
smokers, current smokers had higher lung weight/height (median lung weight/cm height 2.4
g/lcm, IQR 2.1 -2.8 vs. 2.3 g/cm, IQR 2.0 vs 2.7, p = 0.045). Compared to never smokers,
ever smokers had higher lung weight/height (median lung weight/cm height 2.4 g/cm, IQR
2.1-2.7vs.2.2g/cm, IQR 2.0 vs 2.6, p = 0.018).

Donor gas exchange

To determine whether the increased lung weight observed in lungs recovered from smokers
was associated with lung dysfunction prior to lung recovery, we compared the PaO,/FiO,
ratio at study enrollment and prior to lung recovery between current and non-current
smokers as well as ever and never smokers. Non-current smokers had significantly better
enrollment oxygenation than current smokers (median PaO,/FiO, 266 mmHg, [IQR
154-370] vs 214 [126 — 323], p = 0.02) and a trend towards better oxygenation prior to lung
recovery (median PaO,/FiO, 310 mmHg, [IQR 235-415] vs 298 [210 — 401], p = 0.14)
(Figure 2A and B). Likewise, never smokers had significantly better oxygenation than ever
smokers both at baseline (median PaO,/FiO, 266 mmHg, [IQR 169-385] vs 224 [128 -
342], p = 0.01) and immediately prior to lung recovery (median PaO,/FiO, 320 mmHg,
[IQR 239-421] vs 296 [213 — 394], p = 0.05) (Figure 2C and D).

Alveolar fluid clearance in the recovered lung

Impaired alveolar epithelial fluid clearance is an important mechanism that affects net lung
fluid balance and can lead to accumulation of pulmonary edema in the airspaces of the lung
(17). Overall there was no difference in the mean rates of alveolar fluid clearance between
current and non-current smokers (Figure 3A) or between ever and never smokers (Figure
3B) and the rate of alveolar fluid clearance was not associated with lung weight. However,
among current smokers with the highest cigarette smoke exposure (=20 pack years, n = 35),
the median rate of alveolar fluid clearance was less than half that of subjects with less than
20 pack years (n = 48) (median 5.6%/h [2.6 — 12.5] vs. 12.2 %/h [IQR 7.8 - 15.0], p =
0.014) suggesting that the effects of cigarette smoke on alveolar epithelial fluid transport
function may be dose related (Figure 3C). Similar findings were observed comparing ever
smokers with = 20 pack years (n = 40) to those with < 20 pack years (n = 64) (median
5.3%/h [2.5 - 10.3] vs. 10.8 %/h [IQR 5.5 — 15.0], p = 0.009). In further support of a dose
response, the number of pack years of smoking was modestly but significantly inversely
correlated with the rate of alveolar fluid clearance among current smokers (rho = -0.28, p =
0.018) and among ever smokers (rho = —0.22, p = 0.037).
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Biomarkers of inflammation and lung epithelial injury

Biomarkers of inflammation and lung epithelial injury were measured in the BAL in a
subset of 204 donors. Current smokers had significantly higher levels of the
proinflammatory chemokine IL-8 in the BAL and significantly lower levels of the alveolar
epithelial type Il cell product surfactant protein D (Figure 4).

Potential confounding by alcohol use

To determine whether any of the findings related to cigarette use could be confounded by
heavier alcohol use in smokers compared to non-smokers, we compared physiologic
parameters between donors with and without a history of chronic alcohol use. There was no
difference in lung weight, donor oxygenation or rates of alveolar fluid clearance between
donors with and without a history of chronic alcohol use (data not shown). Biomarkers in
the BAL were also compared. BAL IL-8 levels were not different between donors with and
without a history of chronic alcohol use. However, SP-D levels were significantly lower in
chronic alcohol users compared to non-users (median 175 ng/ml [IQR 69 — 345] vs. 352
[168 — 565], p < 0.001). Donors who had a history of both alcohol use and current smoking
had the lowest levels of BAL SP-D (p = 0.003 by Kruskal-Wallis test) (Figure 5).

DISCUSSION

Several recent studies have associated cigarette smoking in the organ donor with adverse
outcomes in the lung transplant recipient. For example, in a prospective cohort study of
1255 lung transplant recipients by the Lung Transplant Outcomes Group, donor smoking
was an independent risk factor for primary graft dysfunction after lung transplantation (18).
In another study of 1295 lung transplant recipients in the UK Transplant registry, those who
received lungs from donors who were smokers had significantly lower three-year survival
(19). The current study was designed to investigate potential mechanisms for these reported
relationships between donor smoking and short and long-term adverse outcomes in lung
transplant recipients.

In lungs recovered from 298 donors, we found that current or ever smokers had significantly
higher recovered lung weights, suggestive of increased pulmonary edema. This finding was
associated with poorer donor oxygenation during the donor management period. To
determine whether the increases in pulmonary edema as estimated by lung weight were due
to lung epithelial dysfunction, we measured the rate of alveolar epithelial fluid clearance in
recovered lungs. Although there were no significant differences in mean rates of net alveolar
fluid clearance between smokers and non-smokers, donors with the highest cigarette smoke
exposure (= 20 pack years) had slower rates of alveolar fluid clearance, suggesting that
detrimental effects of cigarette smoke on alveolar epithelial fluid transport function may be
dose related. Although we have previously reported that alveolar fluid clearance rates are
impaired in lung transplant recipients with primary graft dysfunction (20), this is the first
study, to our knowledge, to systematically measure the rate of alveolar fluid clearance in a
large number of donor lungs. Since intact alveolar fluid clearance mechanisms are critical to
the resolution of both acute lung injury (21) and primary graft dysfunction (20), the finding
of an inverse association between pack years of smoking and rates of alveolar fluid
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clearance suggests one potential mechanism to explain the reported association between
donor smoking and primary graft dysfunction in lung transplant recipients (18).

Levels of SP-D, a biomarker of alveolar epithelial type Il injury, were lower in the BAL in
current or ever smokers. Decreased levels of SP-D in the pulmonary edema fluid have been
previously reported as a marker of lung epithelial injury in the acute respiratory distress
syndrome (22). In addition, in one study of 110 healthy volunteers, BAL SP-D levels were
lower in smokers compared to non-smokers (23). Interestingly, the median SP-D levels in
the BAL were substantially higher (~600 ng/ml in non-smokers) in that study compared to
the levels that we report in donor lungs. Although these differences could be due to different
immunoassay and bronchoalveolar lavage methods, another potential explanation is that
lower levels in the BAL reflect lung epithelial injury even in non-smoking donors perhaps
due to mechanical ventilation, critical illness or the underlying insult leading to brain death.

Levels of the proinflammatory chemokine IL-8, a chemokine that is produced abundantly by
activated lung epithelium (24), and induced in the lung epithelium by cigarette smoke (25)
were increased in the BAL from smokers. This finding is in contrast to several prior reports
of BAL IL-8 levels in healthy volunteers that found no significant differences (26-28)
perhaps due to the small numbers of patients enrolled (n = 18 — 39). Kuschner and
colleagues (29) did report higher BAL IL-8 levels in smokers (n = 16) compared to hon-
smokers (n = 14). Of note, in all prior studies where actual IL-8 levels are available, the
levels in the BAL were substantially lower than levels measured in the current study with
median levels in the 30 pg/ml range compared to medians of 834 pg/ml in non-current
smokers and 1888 pg/ml in current smokers in this study. Although the higher IL-8 levels in
the current study could be due to methodologic differences in immunoassays and BAL, the
high levels are comparable to the levels measured in normal volunteers after LPS challenge
(28) and may reflect brain death-related (30) or ventilator-induced lung inflammation (31) in
the critically ill donor population. There was no difference in the mean time from brain
death to organ procurement between current smokers and current non-smokers (data not
shown), indicating that differences in IL-8 were not due to the timing of organ procurement
with relation to the early pro-inflammatory and late immunosuppressive effects of brain
death. When taken together, the findings of higher IL-8 and lower SP-D in the BAL of
smokers suggest that donor smoking is associated with significant lung epithelial
dysfunction and release of proinflammatory mediators that could contribute both to pre-
transplant lung dysfunction as manifested by pulmonary edema and to post-transplant lung
dysfunction including primary graft dysfunction and long term graft and recipient survival.
Furthermore, the high BAL IL-8 levels in smokers may have contributed to the lack of
efficacy of albuterol in the parent BOLD trial of albuterol vs. placebo (11) since we have
recently reported that IL-8 can impair beta-adrenergic agonist stimulated upregulation of
AFC (32).

Chronic alcohol ingestion has also been associated with adverse effects on the lung (33)
including reduced antioxidant capacity (34), propensity to develop acute lung injury (35,
36), and lung epithelial dysfunction including alterations in alveolar epithelial barrier
properties (37), ion transport and fluid clearance. Chronic alcohol consumption was
common in the donor population studied and was significantly more common in current or
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ever smokers. This finding raised the concern that alcohol use might be confounding the
association between smoking and increased pulmonary edema, decreased oxygenation, and
decreased SP-D and increased IL-8 in the BAL. When chronic alcohol users were compared
to non-users, there were no significant differences in lung weight, oxygenation, alveolar
fluid clearance rates or BAL IL-8 levels. However, BAL SP-D levels were lower in alcohol
users consistent with more severe epithelial injury in this group; the lowest BAL SP-D
levels were observed in donors who both smoked and drank alcohol, suggesting a possible
additive effect of cigarette smoke exposure and alcohol use on the lung epithelium. These
findings are important, in that studies of the impact of cigarette smoking on lung function do
not typically take into account possible confounding by alcohol use. In addition, alcohol use
can be difficult to quantify without the use of standardized validated questionnaires (38, 39).
Future prospective studies of the impact of cigarette smoking on donor and lung transplant
recipient outcomes should aim to collect quantitative measures of alcohol use.

One question that arises from the current study is whether the findings support a limitation
on the use of lungs from donors with cigarette smoke exposure. A detailed analysis of
outcomes in the UK Registry study suggested that limiting the use of lungs from smokers
would lead to increased death on the waiting list for lung transplantation that would not be
offset by improved survival in lung transplant recipients (19). Our study focused on the
effect of donor smoking on lung epithelial function in order to understand mechanisms of
disease, and by necessity did not include clinical outcomes in transplant recipients;
therefore, drawing conclusions related to clinical practice would be premature. Rather than
limit the use of lungs from donors that smoked, one potential benefit of the current study is
to provide targets for potential therapeutic interventions that might be used to improved
outcomes in recipients who received lungs from donors that smoked. The current findings
suggest that therapies that target the lung epithelium and/or the pro-inflammatory response
might be helpful.

This study has several strengths. First, to our knowledge, it is one of the only studies to date
to quantify the effects of long term cigarette smoke exposure on physiologic and
biochemical indices of lung epithelial injury in the explanted human lung. Close to 300
explanted human lungs were studied, providing a robust sample size for analysis. Second,
the study includes predominantly young and otherwise healthy organ donors without chronic
lung disease, making it likely that the observed changes are related to cigarette smoke
exposure and less likely that they are due to advanced cigarette smoke-related lung disease.
Indeed, only a small minority of the donors studied had any history of chronic lung disease.
Finally, the experimental model which includes measurement of rates of alveolar fluid
clearance in the isolated perfused human lung is a novel feature of this study that has not
previously been applied to such a large number of human lung explants.

This study also has some limitations. First, both smoking history and alcohol history were
obtained from the donor social history. The donor social history is usually obtained by the
organ procurement organization from the closest available relative of the brain dead organ
donor and may not be completely accurate. In addition, quantitative exposure estimates,
particularly for alcohol, but also for duration and number of cigarettes smoked are likely to
be inaccurate. Moreover, exposure to secondhand cigarette smoke, which might also be
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harmful, is not captured in the social history. In future studies, measurement of biomarkers
of cigarette smoke exposure in organ donors such as serum cotinine or urine NNAL (4-
(methylnitrosamino)-1-(3-pyridyl)-1-butanol) (40) could provide better quantification of
cigarette smoke exposure. A second limitation is that all the lungs that were studied were
deemed to be not suitable for transplantation. It was not possible in this study to obtain
samples of lungs that were utilized for transplantation, and thus it is not possible to
determine if any of the observed changes in the lungs that were recovered for this study
might have had an impact on lung function if transplanted. A third limitation is that the
measure used to assess pulmonary edema, total lung weight, may not be as quantitative as
gravimetric methods. However, in initial studies in the BOLD cohort, we observed that the
lung wet-to-dry weight ratio was highly variable and inconsistent, likely reflecting
heterogeneity in distribution of excess lung water, particularly between dependent and non-
dependent lung regions. By contrast, total lung weight was highly correlated with the extent
of radiographic infiltrates as scored on the anterior-posterior chest radiograph (12). For this
reason, it is likely that the total lung weight is actually more accurate as a global index of
pulmonary edema than the lung wet-to-dry weight ratio. In addition, these lungs have very
little intravascular blood volume so this means that the wet weight measurement should
primarily reflect extravascular lung water. A final limitation is that certain variables in the
study could not be controlled; for example, the lungs were not flushed at the time of
resection, and retained blood volume may have been variable. Likewise, the cold ischemic
time prior to reperfusion for measurement of alveolar fluid clearance was also variable.

In conclusion, chronic exposure to cigarette smoke results in more pulmonary edema (as
estimated by lung weight) and worse oxygenation in the potential organ donor.
Mechanistically, these findings may be explained in part by more alveolar inflammation
(elevated IL-8) and a dysregulated alveolar epithelium (impaired alveolar epithelial fluid
clearance and reduced levels of SP-D), findings that may be exacerbated by chronic alcohol
use. These abnormalities in lung fluid balance, gas exchange, and alveolar epithelial
function could be important determinants of the risk of acute and chronic lung dysfunction
following lung transplantation in donor lungs exposed to cigarette smoke.
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Figure 1.

Pulmonary edema as measured by lung weight is higher in current smokers (n = 121)
compared to current non-smokers (n = 167) (Panel A) and in ever smokers (n = 124)
compared to never smokers (n = 164) (Panel B). Data shown in boxplot format (horizontal
bar represents the median, boxes encompass the 25t to 75! percentile and error bars
encompass the 10™ to 90t percentile), groups compared by Mann Whitney U test.
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Figure2.
Oxygenation was worse in current smokers (n = 120) compared to non current smokers (n =

163) (Panel A) and ever smokers (n = 122) compared to never smokers (n = 161) (Panel B)
as measured by the PaO,/FiO; ratio at enrollment (baseline) and prior to organ procurement
(final). Data shown in boxplot format (horizontal bar represents the median, boxes
encompass the 25 to 75™ percentile and error bars encompass the 10t to 90t percentile),
groups compared by Mann Whitney U test.
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Figure 3.
The rate of alveolar fluid clearance did not differ between current smokers (n = 102) and

current non-smokers (n = 135) (Panel A) or between ever smokers (n = 129) and never
smokers (n = 95) (Panel B). Among current smokers, donors with > 20 pack years of
smoking (n = 35) had significantly slower rates of alveolar fluid clearance than donors with
< 20 pack years (n = 48) (Panel C). Data shown in boxplot format (horizontal bar represents
the median, boxes encompass the 25t to 75t percentile and error bars encompass the 10t to
90t percentile), groups compared by Mann Whitney U test.
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Figure4.
Current smokers had higher levels of BAL IL-8 (Panel A) and lower levels of Surfactant

Protein D (Panel B). Data shown in boxplot format (horizontal bar represents the median,
boxes encompass the 25t to 75t percentile and error bars encompass the 10t to 90t
percentile), groups compared by Mann Whitney U test.
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Figureb5.
Donors who were both current smokers and current alcohol users had the lowest levels of

Surfactant Protein D in the BAL (p = 0.003 for significant difference between groups by
Kruskal Wallis test). Data shown in boxplot format (horizontal bar represents the median,
boxes encompass the 25t to 75t percentile and error bars encompass the 10t to 90t
percentile.
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